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Abstract

Glycogen storage disease type Ia (GSD-Ia) is caused by a deficiency in glucose-6-phosphatase-α 
(G6Pase-α or G6PC), a key enzyme in endogenous glucose production. This autosomal recessive 

disorder is characterized by impaired glucose homeostasis and long-term complications of 

hepatocellular adenoma/carcinoma (HCA/HCC). We have shown that hepatic G6Pase-α 
deficiency-mediated steatosis leads to defective autophagy that is frequently associated with 

carcinogenesis. We now show that hepatic G6Pase-α deficiency also leads to enhancement of 

hepatic glycolysis and hexose monophosphate shunt (HMS) that can contribute to 

hepatocarcinogenesis. The enhanced hepatic glycolysis is reflected by increased lactate 

accumulation, increased expression of many glycolytic enzymes, and elevated expression of c-

Myc that stimulates glycolysis. The increased HMS is reflected by increased glucose-6-phosphate 

dehydrogenase activity and elevated production of NADPH and the reduced glutathione. We have 

previously shown that restoration of hepatic G6Pase-α expression in G6Pase-α-deficient liver 

corrects metabolic abnormalities, normalizes autophagy, and prevents HCA/HCC development in 

GSD-Ia. We now show that restoration of hepatic G6Pase-α expression normalizes both glycolysis 

and HMS in GSD-Ia. Moreover, the HCA/HCC lesions in L-G6pc−/− mice exhibit elevated levels 

of hexokinase 2 (HK2) and the M2 isoform of pyruvate kinase (PKM2) which play an important 

role in aerobic glycolysis and cancer cell proliferation. Taken together, hepatic G6Pase-α 
deficiency causes metabolic reprogramming, leading to enhanced glycolysis and elevated HMS 

that along with impaired autophagy can contribute to HCA/HCC development in GSD-Ia.
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1. Introduction

Glycogen storage disease type Ia (GSD-Ia, MIM232200) is an autosomal recessive 

metabolic disorder caused by a deficiency in glucose-6-phosphatase-α (G6Pase-α or 

G6PC), an enzyme expressed primarily in the liver, kidney, and intestine [1, 2]. G6Pase-α 
catalyzes the hydrolysis of glucose-6-phosphate (G6P) to glucose in the terminal step of 

glycogenolysis and gluconeogenesis and is a key enzyme for endogenous glucose 

production [1, 2]. The incidence of GSD-Ia is approximately 1 in 125,000 and GSD-Ia 

patients manifest impaired glucose homeostasis and long-term risks of hepatocellular 

adenoma (HCA) and carcinoma (HCC). The etiology of HCA/HCC in GSD-Ia is unknown. 

In gluconeogenic organs, there are multiple competing pathways utilizing intracellular G6P, 

including: G6Pase-α-mediated glucose production; glycolysis; hexose monophosphate shunt 

(HMS); and glycogen synthesis. GSD-Ia patients lacking a functional hepatic G6Pase-α 
cannot maintain blood glucose homeostasis. The inability to hydrolyze G6P to glucose in the 

liver leads to increased activities of the other G6P metabolic pathways. These are reflected 

in the clinical manifestations seen in GSD-Ia, including fasting hypoglycemia, 

nephromegaly, hepatomegaly, hyperlipidemia, hyperuricemia, and lactic acidemia [1, 2]. 

Hepatomegaly and nephromegaly are caused by excessive glycogen and/or neutral fat 

accumulation.

We hypothesized that hepatic G6Pase-α deficiency mediates a reprogramming of G6P 

metabolism which can contribute to HCA/HCC development in GSD-Ia. Aerobic glycolysis, 

a preferred way of glucose metabolism in cancer cells, is frequently linked to tumorigenesis 

[3]. The end product of glycolysis is pyruvate. Pyruvate can be converted either to lactate by 

lactate dehydrogenase (LDH) or to acetyl-CoA, by pyruvate dehydrogenase (PDH), for ATP 

production via mitochondrial oxidative phosphorylation [3]. Enhanced glycolysis can 

generate high levels of ATP that is required for cancer cell metabolism. Moreover, elevated 

glycolysis increases the supply of essential metabolic intermediates for the biosynthesis of 

nucleic acids, proteins, and phospholipids required for rapid cancer cell proliferation [3]. 

Similarly, the enhanced HMS supports cancer cells by generating increased NADPH [4], a 

cofactor for glutathione reductase that results in increased production of the reduced 

glutathione (GSH) [5], an antioxidant playing a pivotal role in maintaining the redox status 

and survival of cancer cells [6]. The enhanced HMS also results in increased pentose 

phosphates to support the high rate of macromolecular synthesis and proliferation of cancer 

cells [4]. While increased glycogen storage and elevated lactate accumulation are well-

documented clinical manifestations of GSD-Ia [1, 2], perturbations in many components of 

the glycolytic and HMS pathways have not been carefully investigated. Recently, using the 

liver-specific G6pc-knockout (L-G6pc−/−) mice, we showed that hepatic steatosis mediated 

by G6Pase-α deficiency leads to defective autophagy, a process frequently associated with 

tumorigenesis [7].

In this study, we examine the metabolic reprogramming in glycolysis and HMS mediated by 

hepatic G6Pase-α deficiency. We show that hepatic G6Pase-α-deficiency leads to persistent 

enhancement of glycolysis and increased HMS, both of which can contribute to 

hepatocarcinogenesis. Moreover, the HCA/HCC lesions developed in L-G6pc−/− mice 

exhibit elevated levels of hexokinase 2 (HK2) and the M2 isoform of pyruvate kinase 
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(PKM2) which favour aerobic glycolysis and cancer cell proliferation. Taken together, our 

results suggest that hepatic G6Pase-α plays a key role in liver homeostasis associated with 

the G6P metabolic pathways including glycolysis and HMS that can contribute to 

HCA/HCC development in GSD-Ia.

2. Materials and methods

2.1. Animals

All animal studies were conducted under an animal protocol approved by the Eunice 

Kennedy Shriver National Institute of Child Health and Human Development Animal Care 

and Use Committee. The liver-specific G6pc-deficient (L-G6pc−/−) and L-G6pc+/− mice 

were generated by tamoxifen-mediated excision of the G6pc exon 3 in 6-week-old 

G6pcfx/fx.SAcreERT2/w and G6pcfx/w.SAcreERT2/w mice, respectively, as previously described 

[7]. To reconstitute hepatic G6Pase-α activity, L-G6pc−/− mice at 4 WP (weeks post G6pc 
gene deletion) were infused via retro-orbital sinus with rAAV-G6PC [8, 9], a G6Pase-α 
expressing, recombinant adeno-associated virus (rAAV) vector at 1 × 1012 viral particles 

(vp)/kg. Mouse phenotype was examined at 12 WP and liver samples were collected from 

mice following a 6-hour fast.

2.2. Primary hepatocyte isolation

Hepatocytes were isolated from control and L-G6pc−/− mice at 12 WP with the use of a 

two-step collagenase perfusion method. Liver was perfused via the portal vein with liver 

perfusion medium (Gibco, Waltham, MA, USA) prewarmed at 37°C for 5 min, and followed 

by liver digest medium (Gibco) prewarmed at 37°C for 5 min. The excised livers were 

further incubated in liver digest medium for 30 min at 37°C, and then passed through a 100 

µm cell strainer (Falcon, Franklin Lakes, NJ, USA). The recovered hepatocytes were 

pelleted by centrifugation at 4°C, washed twice with hepatocyte wash medium (Gibco), and 

purified via 20% Percoll gradients (GE Healthcare, Waukesha, WI, USA). The resulting 

hepatocytes were resuspended in Willams E medium (Gibco). The viability of the isolated 

hepatocytes was analyzed by flow cytometry using the Guava ViaCount reagent (Millipore, 

St Charles, MO, USA).

2.3. Determination of metabolites and enzyme assays

Liver lysates were deproteinized using 14% perchloric acid, and then neutralized with 2 M 

KOH/0.2 M MOPS. The levels of lactate and GSH in deproteinized lysates were determined 

using the respective assay kits obtained from BioVision (Mountain View, CA, USA). 

Hepatic levels of NADPH were determined using the EnzyChrom NADP+/NADPH assay kit 

(BioAssay Systems, Hayward, CA, USA). The activities of LDH, PFK, and G6PD were 

determined using the respective BioVision assay kits.

2.4. Quantitative real-time RT-PCR and Western-blot analysis

The mRNA expression was quantified by real-time RT-PCR using the TaqMan probes (Life 

Technologies) in an Applied Biosystems QuantStudio 3 Real-Time PCR System (Foster 

City, CA, USA). Data were normalized to Rpl19 RNA. The antibodies used were c-Myc 

(#5605) and hexokinase 2 (HK2) (#2867) from Cell Signaling Technology (Danvers, MA, 
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USA); the M2 isoform of pyruvate kinase (PKM2) (ab137791) from Abcam (Cambridge, 

MA, USA); β-actin (sc-47778), aldolase B (sc-393278), and glucose phosphate isomerase 

(GPI) (sc-33777) from Santa Cruz Biotechnolog (Dallas, TX, USA); and hypoxia-inducible 

factor-1α (HIF-1α) (NB100-449) from Novus Biologicals (Littleton, CO, USA). The 

monoclonal antibody against human G6Pase-α has been described [7].

2.5. Statistical analysis

The unpaired t test was performed using the GraphPad Prism Program, version 4 (San 

Diego, CA, USA). Values were considered statistically significant at p < 0.05.

3. Results

3.1. The L-G6pc−/− mice exhibit enhanced hepatic glycolysis and HMS

We have generated a G6pc−/− mouse strain that mimics the phenotype of human GSD-Ia 

[10]. However, even under intensive glucose therapy, the G6pc−/− mice rarely survive to 

weaning, making the study of long-term metabolic aberrations of the disorder difficult. We 

therefore generated a conditional liver-specific knockout strain, L-G6pc−/− mice, that are 

more amenable to longer term studies, and showed these mice are a good model to study 

long-term hepatic complications in GSD-Ia [7]. The liver-specific excision of G6pc exon 3 

was induced at age 6 weeks [7]. In agreement with previous report [11], none of the L-G6pc
−/− mice developed tumors at the pre-tumor stage of 12 WP (weeks post G6pc deletion), 

30% developed HCA/HCC at the tumor-developing stage of 53 WP, and 100% developed 

HCA/HCC at the tumor-bearing stage of 78 WP.

To accurately examine enzymatic activities in hepatocytes without interference by 

extracellular components and non-parenchymal cells, we isolated hepatocytes with similar 

viability (Fig. 1A) from the livers of control and L-G6pc−/− mice at 12 WP. Compared to 

hepatocytes from control mice, the G6Pase-α-deficient hepatocytes, resembling GSD-Ia 

hepatocytes, displayed an enlarged cytoplasm, and elevated accumulation of glycogen and 

neutral fat detected by increased periodic acid-Schiff (PAS) and BODIPY staining, 

respectively (Fig. 1B). One clinical manifestation of GSD-Ia is lactic acidemia [1, 2]. 

Consistent with this, lactate concentrations were markedly elevated in G6Pase-α-deficient 

livers (Fig. 1C). LDH, that converts pyruvate to lactate, also showed elevated mRNA 

expression (Fig. 1D) and enzymatic activity (Fig. 1E). There was also a marked increase in 

hepatic levels of mRNA for many glycolytic enzymes, including aldolase B (Aldob), enolase 

1 (Eno1), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), GPI (Gpi), PFK liver type 

(Pfkl), phosphoglycerate mutase 1 (Pgam1), and liver-type pyruvate kinase (L-Pk), although 

levels of glucokinase (Gck) mRNA were decreased (Fig. 1D). Hepatic activity of PFK, the 

rate-limiting enzyme in glycolysis was also increased in L-G6pc−/− mice (Fig. 1E). These 

findings were consistent with an enhanced hepatic glycolytic pathway in the L-G6pc−/− 

versus controls.

Furthermore, hepatic levels of c-Myc mRNA and nuclear c-Myc protein were significantly 

elevated in L-G6pc−/− mice, while those of HIF-1α mRNA and nuclear HIF-1α protein 

remained unchanged (Fig. 2A). Since c-Myc and HIF-1α are known to induce the 
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expression of genes encoding glycolytic enzymes [12], this was further evidence of the 

increased glycolytic pathway activity. Hepatic G6Pase-α deficiency also promotes HMS that 

generates NADPH for the production of GSH, an antioxidant [5, 6]. The first committed step 

in HMS for NADPH production is catalyzed by glucose-6-phosphate dehydrogenase 

(G6PD) [4]. Compared to controls, hepatic G6PD activity was markedly increased in L-

G6pc−/− mice at 12 WP (Fig. 2B). Likewise, hepatic levels of NADPH and GSH were both 

markedly increased in L-G6pc−/− mice at 12 WP (Fig. 2B), indicating enhanced HMS 

pathway.

3.2. Hepatic G6Pase-α restoration normalizes glycolysis and HMS

We have shown that rAAV-G6PC-mediated restoration of hepatic G6Pase-α expression in 

murine GSD-Ia corrects metabolic abnormalities, rectifies autophagy impairment, and 

prevent HCA/HCC development [7–9]. We therefore treated L-G6pc−/− mice at 4 WP with 

rAAV-G6PC and examined metabolic activities of the treated mice at 12 WP. Compared to 

untreated L-G6pc−/− mice, restoration of hepatic G6Pase-α expression in L-G6pc−/− mice 

normalized hepatic levels of c-Myc and c-Myc-regulated glycolytic enzymes, including GPI 

and aldolase B (Fig. 3A). Moreover, hepatic G6Pase-α restoration also normalized levels of 

NADPH and GSH in G6Pase-α-deficient livers (Fig. 3B). Taken together, restoration of 

hepatic G6Pase-α expression normalizes both glycolysis and HMS in L-G6pc−/− mice, 

demonstrating that hepatic G6Pase-α plays an essential role in the G6P metabolic pathways 

including glycolysis and HMS.

3.3. Sustained hepatic elevation of glycolysis and HMS in all stages of tumor development

Next, we investigated chronic, long-term alterations in glycolysis and HMS which can 

contribute to HCA/HCC development in GSD-Ia. We first examined the status of G6Pase-α 
deletion and showed that hepatic G6Pase-α expression was absent in all three stages of 

tumor development (Fig. 4A). We then examined hepatic glycolysis and HMS during tumor 

development. Compared to control mice, hepatic levels of aldolase B and GPI (Fig. 4A) as 

wells as lactate (Fig. 4B), markers of glycolysis were increased in L-G6pc−/− mice at both 

pre-tumor and tumor-developing stages. Hepatic lactate levels remained elevated in the 

tumor-bearing stage and the HCA/HCC lesions (Fig. 4B). Likewise, compared to the 

controls, hepatic levels of NADPH, an indicator of HMS were increased in L-G6pc−/− mice 

at the pre-tumor stage (Fig. 2B), the tumor-developing stage (Fig. 4C), the tumor-bearing 

stage (Fig. 4C), and the HCA/HCC lesions (Fig. 4C).

Hexokinases (HK) catalyze the first irreversible step in glycolysis, while pyruvate kinases 

(PK) catalyze the final rate-limiting step in glycolysis [13–15]. In particular, HK2 and the 

M2 isoform of PK (PKM2) play a critical role in aerobic glycolysis and tumor proliferation 

[13–15]. Thus, both proteins are frequently overexpressed in many cancers [13–15]. 

Notably, the HCA/HCC lesions in L-G6pc−/− mice displayed elevated levels of HK2 and 

PKM2 compared to the corresponding non-tumor regions (Fig. 4D). Collectively, the results 

show that the sustained enhancement in glycolysis and HMS, which are indispensable for 

the proliferation and survival of cancer cells, occurred in the livers of L-G6pc−/− mice.
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4. Discussion

Patients affected by GSD-Ia are unable to maintain glucose homeostasis and present with 

fasting hypoglycemia, hepatomegaly, nephromegaly, hyperlipidemia, hyperuricemia, lactic 

acidemia, and growth retardation [1, 2]. One severe long-term complication in GSD-Ia is 

HCA that develops in 75% of patients over 25 years-old [1, 2, 16, 17]. In 10% of cases, 

HCA undergoes malignant transformation to HCC. It remains unclear why hepatic G6Pase-

α deficiency leads to HCA/HCC development in GSD-Ia. To study the mechanism 

underlying tumor development in GSD-Ia, we generated a L-G6pc−/− mouse strain and 

showed that 30% of L-G6pc−/− mice developed hepatic tumors at 53 WP and 100% 

developed HCA/HCC at 78 WP. Using the L-G6pc−/− mice, we showed that hepatic 

G6Pase-α-deficiency leads to autophagy impairment [7] that has been linked to many 

metabolic disorders, including hepatocarcinogenesis. In the liver, there are four competing 

G6P metabolic pathways, the G6Pase-α-mediated glucose production, glycogen synthesis, 

glycolysis and HMS. The lack of glucose production by the liver to maintain blood glucose 

homeostasis and the increased glycogen synthesis are hallmarks of GSD-Ia. The glycogen 

shunt, a condition when glucose is shunted to glycogen and subsequently consumed through 

glycolysis, was recently proposed to be critical for cancer cell survival [18]. In GSD-Ia, the 

excess G6P accumulated in the liver increases glycogen storage and its subsequent 

consumption in glycolysis, a process mimicking glycogen shunt, suggesting increased 

glycogen storage can contribute to hepatocarcinogenesis. However, the other G6P metabolic 

pathways that is required for tumorigenesis in GSD-Ia have not been extensively 

characterized to date. Here, we provide evidence that hepatic G6Pase-α deficiency leads to 

persistent enhancement of glycolysis and HMS which can contribute to HCA/HCC 

development in GSD-Ia.

Studies have shown that cancer cells produce cellular ATP predominantly via aerobic 

glycolysis, a phenomenon known as the Warburg effect [19]. The metabolic and non-

metabolic changes mediated by high rates of glycolysis offer several advantages essential for 

cancer cell proliferation and invasion. Firstly, when sufficiently elevated, glycolysis can 

generate higher rate of ATP production than oxidative phosphorylation for cancer cell 

proliferation [3]. Secondly, glycolysis can provide essential metabolic intermediates for the 

biosynthesis of nucleic acids, proteins, and phospholipids essential for rapid cancer cell 

proliferation [3]. Thirdly, lactic acidosis caused by enhanced glycolysis can suppress 

immune surveillance and promotes cancer growth and invasion [20]. Fourthly, the non-

metabolic function of the glycolytic enzymes can promote tumorigenesis [21]. Using L-

G6pc−/− mice, we show that G6Pase-α deficiency leads to enhanced hepatic glycolysis 

characterized by markedly increased lactate accumulation, increased expression of many 

glycolytic enzymes, along with elevated levels of mRNA and nuclear c-Myc which is known 

to induce the expression of glycolytic genes. Accordingly, hepatic G6Pase-α deficiency 

leads to sustained upregulation of glycolysis that can play multiple roles in tumor 

development in GSD-Ia.

The HCA/HCC lesions developed in L-G6pc−/− mice exhibited elevated levels of HK2 and 

PKM2 which play an important role in aerobic glycolysis and are frequently overexpressed 

in many cancers [13–15]. HK2 has a high affinity for substrate glucose and can bind to the 
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outer mitochondrial membrane to facilitate access for mitochondrially generated ATP for 

phosphorylation of glucose [13]. On the other hands, in presence of mitogenic signal, PKM2 

can switch from an active tetrameric form to a less active dimeric form, allowing to the 

accumulation of glycolytic intermediates that is essential for cancer cell proliferation [14]. 

Collectively, HK2 and PKM2 can contribute to HCA/HCC development in GSD-Ia via 

aerobic glycolysis.

The HMS utilizes G6P to synthesis ribonucleotides and fatty acids that can support the high 

rate of cancer cell proliferation [4]. Cancer cells have elevated levels of reactive oxygen 

species (ROS) due to their accelerated metabolism [22]. Although ROS can induce signaling 

pathways to promote cancer cell proliferation and survival, the ROS-mediated oxidative 

insults can also promote the death of cancer cells [22]. The HMS is a major source of 

NADPH for the production of the ROS scavenger GSH that helps tumor cells to escape 

oxidative insults and apoptosis [4]. We now show that hepatic G6Pase-α deficiency leads to 

enhanced HMS, characterized by elevated G6PD activity and increased hepatic production 

of NADPH and GSH. Accordingly, hepatic G6Pase-α deficiency also leads to upregulation 

of HMS that is required for tumor development in GSD-Ia.

In summary, hepatic G6Pase-α deficiency results in metabolic reprogramming of G6P 

metabolism, leading to enhanced glycolysis, increased HMS, and elevated glycogen storage, 

which along with the previously reported autophagy impairment can contribute to 

HCA/HCC development in GSD-Ia. Importantly, restoration of hepatic G6Pase-α expression 

normalizes all metabolic alterations associated with GSD-Ia and impaired autophagy, 

supporting the value of G6Pase-α gene therapy that corrects metabolic abnormalities and 

prevents HCA/HCC development.
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Abbreviations

rAAV recombinant adeno-associated virus

G6P glucose-6-phosphate

G6Pase-α glucose-6-phosphatase-α

G6PD glucose-6-phosphate dehydrogenase

GSD-Ia glycogen storage disease type Ia

GSH reduced glutathione
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HCA hepatocellular adenoma

HCC hepatocellular carcinoma

HIF-1α hypoxia-inducible factor-1α

HMS hexose monophosphate shunt

LDH lactate dehydrogenase

PAS periodic acid-Schiff

PDH pyruvate dehydrogenase

PFK phosphofructokinase

PKL liver-type pyruvate kinase

HK hexokinase

PKM muscle-type pyruvate kinase

WP weeks post G6pc gene deletion
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Highlights

• Hepatic G6Pase-α deficiency leads to enhancement of hepatic glycolysis and 

HMS.

• The enhanced hepatic glycolysis is characterized by increased expression of 

many glycolytic enzymes and increased lactate accumulation.

• The increased HMS is reflected by increased G6PD activity and elevated 

production of NADPH and the reduced GSH.

• Restoration of hepatic G6Pase-α expression normalizes both glycolysis and 

HMS.

• The HCA/HCC lesions in L-G6pc−/− mice display elevated levels of HK2 

and PKM2.
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Fig. 1. 
Enhanced hepatic glycolysis in L-G6pc−/− mice. Control and L-G6pc−/− mice at 12 WP 

were used. (A) The viability of hepatocytes isolated from control and L-G6pc−/− mice at 12 

WP analyzed by flow cytometry. (B) Hema 3- and PAS-stained cytospins of hepatocytes, 

and immunofluorescence analysis of BODIPY-stained neutral fat (green) and DAPI-stained 

nuclei (blue) in hepatocytes, and quantitative flow cytometric analysis of BODIPY-positive 

hepatocytes (n = 4). Scale bar, 50 µm. (C) Hepatic lactate levels (n = 4). (D) Quantification 

of hepatic mRNA for glycolytic enzymes by real-time RT-PCR (n = 5–8). (D) PFK and LDH 

activities (n = 5). Data represent the mean ± SEM. *P < 0.05, **P < 0.005.
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Fig. 2. 
Analysis of c-Myc, HIF-1α, NADPH and GSH in L-G6pc−/− mice. Control and L-G6pc−/− 

mice at 12 WP were used. (A) Western-blot analysis of c-Myc, HIF-1α and Poly (ADP-

ribose) polymerase (PARP) in liver nuclear extracts, and quantification by densitometry (n = 

4). (B) Hepatic G6PD activity (n = 5), and hepatic levels of NADPH (n = 6) and GSH (n = 

6). Data represent the mean ± SEM. *P < 0.05, **P < 0.005.
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Fig. 3. 
Hepatic G6Pase-α restoration normalizes glycolysis and HMS. L-G6pc−/− mice were 

treated with 1×1012 vp/kg of rAAV-G6PC at 4 WP and analyzed at 12 WP. (A) Western-blot 

analysis of c-Myc, GPI, aldolase B, and β-actin in liver lysates and quantification by 

densitometry (n = 4). (B) Hepatic levels of NADPH (n = 4) and GSH (n = 4). Data represent 

the mean ± SEM. *P < 0.05, **P < 0.005.
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Fig. 4. 
The sustained enhancement in glycolysis and HMS. (A) Western-blot analysis of aldolase B, 

GPI, G6Pase-α, and β-actin in control and L-G6pc−/− mice at 12, 24 and 53 WP, and 

quantification by densitometry (n = 3). (B) Hepatic levels of lactate in control and L-G6pc−/

− mice at 12, 24, and 53 WP (n = 4). The non-tumor liver tissues and HCA/HCC lesions 

were isolated from the L-G6pc−/− mice at 78 WP (n = 10). (C) Hepatic levels of NADPH in 

control and L-G6pc−/− mice at 53 WP (n = 5) and in the non-tumor liver tissues and 

HCA/HCC lesions of the L-G6pc−/− mice at 78 WP (n = 6). (D) Western-blot analysis of 

hepatic HK2, PKM2 and β-actin in the non-tumor (N) liver tissues and tumor (T) lesions of 
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the L-G6pc−/− mice, and quantification by densitometry (n = 5). Data represent the mean ± 

SEM. *P < 0.05, **P < 0.005.
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