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Abstract
Glycogen storage disease type Ia (GSD Ia) is an inborn error of metabolism caused 
by defective glucose-6-phosphatase (G6PC) activity. GSD Ia patients exhibit severe 
hepatomegaly due to glycogen and triglyceride (TG) accumulation in the liver. We 
have previously shown that the activity of Carbohydrate Response Element Binding 
Protein (ChREBP), a key regulator of glycolysis and de novo lipogenesis, is increased 
in GSD Ia. In the current study we assessed the contribution of ChREBP to non-
alcoholic fatty liver disease (NAFLD) development in a mouse model for hepatic 
GSD Ia. Liver-specific G6pc knockout (L-G6pc-/-) mice were treated with AAV2/8-
shChREBP to normalize hepatic ChREBP activity to levels observed in wildtype 
(L-G6pc+/+) mice receiving AAV8-shScramble. Hepatic ChREBP knockdown 
markedly increased liver weight and hepatocyte size in L-G6pc-/- mice. This was 
associated with hepatic accumulation of G6P, glycogen and lipids, while the 
expression of glycolytic and lipogenic genes was reduced. Enzyme activities, flux 
measurements, hepatic metabolite analysis and VLDL-TG secretion assays revealed 
that hepatic ChREBP knockdown reduced downstream glycolysis and de novo 
lipogenesis, but also strongly suppressed hepatic VLDL lipidation hence promoting 
the storage of ‘old fat’. Interestingly, enhanced VLDL-TG secretion in shScramble-
treated L-G6pc-/- mice associated with a ChREBP-dependent induction of the VLDL 
lipidation proteins MTTP and TM6SF2, the latter being confirmed by ChIP-qPCR. 
Conclusion: Attenuation of hepatic ChREBP induction in GSD Ia liver aggravates 
hepatomegaly due to further accumulation of glycogen and lipids as a result of 
reduced glycolysis and suppressed VLDL-TG secretion. TM6SF2, critical for VLDL 
formation, was identified as a novel ChREBP target in mouse liver. Altogether, our 
data show that enhanced ChREBP activity limits NAFLD development in GSD Ia by 
balancing hepatic TG production and -secretion. 
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Introduction
Glycogen storage disease type Ia and Ib (GSD Ia/Ib) are rare, monogenetic disorders of 
carbohydrate metabolism. GSD Ia is caused by mutations in the glucose-6-phoshatase 
(G6PC) gene, while the glucose-6-phosphate (G6P) transporter (SLC37A4) gene 
is affected in GSD Ib (1). Impaired G6PC activity in hepatocytes, kidney cells and 
enterocytes of GSD Ia patients reduces endogenous glucose production, primarily 
contributing to fasting hypoglycemia. The intracellular accumulation of G6P, in turn, 
promotes glycogen synthesis, glycolysis and de novo lipogenesis. As a consequence, 
GSD Ia patients suffer from severe hepatomegaly and non-alcoholic fatty liver disease 
(NAFLD) and, strikingly, more than two-thirds of the patients develop liver tumors 
as young adults (2). 

Carbohydrate Response Element Binding Protein (ChREBP, also known as 
MONDOB, MLXIPL or WBSCR14) is the main glucose-sensitive transcription factor 
in hepatocytes (3-5). ChREBP is activated in response to increased intracellular 
glucose metabolism, partly via glucose-dependent O-linked glycosylation and/
or acetylation (6-8). In addition, nuclear localization of ChREBP is regulated by 
phosphorylation (6, 9) and its interaction with 14-3-3 proteins and importins (10, 
11). The glucose-mediated activation of the canonical ChREBP isoform (ChREBP-α) 
induces the expression of ChREBP-β, a transcriptionally highly active isoform, hence 
generating a potent feed forward loop (12). In hepatocytes, ChREBP targets genes 
encoding enzymes involved in glycolysis, the pentose phosphate pathway (PPP), de 
novo lipogenesis as well as very-low density lipoprotein (VLDL) assembly (3, 4, 13). 
Thus, hepatic ChREBP allows for proper accommodation of glucose availability to 
its intracellular fates in metabolism, storage and redistribution in the form of lipids. 

Previous work from our groups and others has shown that G6P accumulation in 
the liver of GSD Ia and GSD Ib mouse models strongly promotes hepatic ChREBP 
activity (14-16). Moreover, we have shown that the induction of glycolytic and 
lipogenic genes in acute GSD Ib critically depends on hepatic ChREBP expression 
(14). It has been reported that hepatic ChREBP is also activated in type 2 diabetic 
mice and that hepatic ChREBP knockdown in these animals protects against NAFLD 
(17, 18). In light of the association between hepatic ChREBP activity and NAFLD 
and the link between NAFLD and advanced liver disease risk, in the current study 
we evaluated the metabolic consequences of enhanced hepatic ChREBP activity 
in GSD Ia. For this purpose, we aimed to normalize hepatic ChREBP activity in a 
hepatocyte-specific model for GSD Ia. Surprisingly, our data show that attenuation 
of hepatic ChREBP induction in GSD Ia liver aggravated hepatomegaly as a result 
of reduced downstream glycolysis and lower VLDL-TG secretion, indicating that 
enhanced ChREBP activity limits hepatomegaly and NAFLD development in GSD 
Ia.
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Experimental procedures
Animals
Male adult (13-18 weeks) G6pc floxed Alb-Cre negative (B6.G6pclox/lox) and G6pc floxed 
Alb-Cre positive (B6.G6pclox/lox.SAcreERT2/w mice) (19) on a C57BL/6J background were 
housed in a light- and temperature-controlled facility (lights on 7AM-7PM) and fed a 
standard laboratory chow diet (RMH-B, Abdiets, Woerden). They were infected with 
shRNAs directed against ChREBP (AAV-ChREBP) or a scrambled control (AAV-
Scramble) AAV-shScramble viruses (1 x 1012 particles per mouse) by intravenous 
injection into the retro-orbital plexus under isoflurane anesthesia. For a detailed 
description of the production, purification and titration of the AAV2/8 viruses, 
see the Supplementary Material. Twelve days after AAV-shRNA administration, 
all mice received i.p. injections of tamoxifen for 5 consecutive days to excise G6pc 
exon 3 (19), hence generating liver-specific G6pc-deficient mice (L-G6pc-/-) and 
wildtype littermates (L-G6pc+/+). Nonfasted animals were either sacrificed for tissue 
collection, or subjected to VLDL-TG secretion experiments, starting at 8AM 10 days 
after the last tamoxifen injection. Animals were sacrificed by cardiac puncture under 
isoflurane anesthesia and tissues were rapidly excised and stored. 

Ex vivo lipolysis
Epididymal white adipose tissue was removed and stored on ice in Krebs buffer 
(12 mM HEPES, 4.9 mM KCl, 121 mM NaCl, 1.2 mM MgSO4, 0.33 mM CaCl2, 
0.1% glucose and 3.5% fatty acid free BSA, pH 7.4) until further processing. Tissue 
samples were incubated in Krebs buffer (10% w/v) at 37°C. After 1, 2, 3 and 4 hours 
of incubation, independent samples were centrifuged at maximum speed, and 
supernatants were collected for glycerol analysis using a commercially available kit 
(Cayman Chemical, Ann Arbor, MI, USA).

Histological and pathological analysis of the liver
For microscopic examination, tissues were fixed in 4% (wt/v) formaldehyde in PBS, 
embedded in paraffin, sectioned at 4 μm, and stained with Hematoxilin&Eosin and 
Periodic Acid Schiff (PAS). Liver steatosis was visualized by Oil red O staining of liver 
cryosections. Photomicrographs of five areas per section of liver were made at 200x 
magnification using the Olympus DP26 camera with Olympus cellSensTM Standard 
software (v1.18). To perform digital image analysis, an imageJ (v1.50, National 
Institutes of Health, Bethesda, MD) macro script was created to assess the extent of 
lipid staining (total area and lipid droplet size). Hepatic steatosis was assessed blindly 
and graded in H&E-stained liver sections using an adapted version of the NAFLD 
activity scoring (NAS) system developed by Kleiner et al (20).

Biochemical assays
Blood glucose was measured using a One Touch Ultra glucose meter (Life-Scan Inc.). 
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Plasma insulin, glucagon, lactate, ketone bodies, free fatty acids, triglycerides and 
cholesterol were analyzed using commercially available ELISA kits (Chrystal Chem, 
Alpco Diagnostics, Instruchemie, Wako, DiaSys and Roche respectively). Hepatic 
glycogen and G6P content was determined as previously described (14). 

Hepatic lipid, acylcarnitine and metabolome analysis
The procedures for quantification of lipid, acylcarnitine and metabolome profiles in 
liver homogenates are described in the Supplementary Material.

Glycolytic enzyme capacities (Vmax)
The hepatic activities of glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
phosphoglucose isomerase (GPI), aldolases (ALDO; in liver mainly ALDO A&B), 
enolases (ENO; in liver mainly ENO1&3) and pyruvate kinase (LPK) were determined 
ex vivo in liver homogenates as described in the Supplementary Material. 

Quantification of acetyl-CoA precursor pool enrichments, de novo lipogenesis, fatty 
acid elongation and cholesterol synthesis 
These procedures are described in the Supplementary Material.

Gene expression analysis
The procedures for quantification of hepatic RNA expression levels are described in 
the Supplementary Material.

Targeted proteomics
The procedures for targeted proteomics are described in the Supplementary Material.

In silico predictions 
These procedures are described in the Supplementary Material.

ChIP-qPCR on the mouse Tm6sf2 promoter
In order to acutely induce hepatic GSD Ib, male C57BL/6J mice were equipped 
with a permanent catheter in the right jugular vein for infusions and were allowed a 
recovery period of at least 4 days. Animals were kept in experimental cages during 
the experiment and the preceding fasting period, allowing frequent collection of tail 
blood samples. After overnight fasting, mice were infused for 6 hours with S4048 
(a generous gift from Sanofi-Aventis, Germany, 5.5 mg/mL PBS with 6% DMSO at 
0.135 mL/h) or vehicle. After 6 hours, mice were sacrificed by cardiac puncture. For 
fasting/feeding studies, male C57BL/6J mice were sacrificed by cardiac puncture 
(8:00 AM) in either a fed or a 9-hour fasted (11:00 PM - 8:00 AM) state. Livers from 
S4048 or vehicle-treated as well as fasted/fed mice were harvested for ChIP-qPCR 
analysis which was performed as described in the Supplementary Material.
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VLDL-TG secretion rates and nascent VLDL analysis
Mice were injected intraperitoneally with Poloxamer 407 (1 g/kg body weight). 
Blood samples (50 mL) were drawn under isoflurane anesthesia by retro-orbital 
bleeding into heparinized tubes at 0, 30, 60, 120, and 240 minutes after injection. 
After sampling the bleeding was immediately stopped upon slight compression with 
sterile gauze to minimize additional blood loss. Plasma was isolated by centrifugation 
after which TG levels and TG secretion rates were determined as described (4). For 
isolation and analysis of nascent VLDL, see Supplementary Material.

Cell reporter assays
The cell reporter assays are described in the Supplementary Material.

Statistics
Data in figures is presented as box and-whisker plots indicating the sample minimum, 
lower quartile, median, upper quartile, and sample maximum, or in some cases data 
is presented as mean ± SEM. Data in heatmaps represent z-score normalized values. 
Statistical analysis was performed using BrightStat software. Differences between two 
or multiple groups were tested by Mann-Whitney U-test or Kruskal-Wallis H-test 
followed by post-hoc Conover pairwise comparisons, respectively. p-values <0.001 
(*** or ^^^), 0.001 to 0.01 (**, ^^ or ##), and 0.01 to 0.05 (*, ^ or #) were considered 
significant.

Results
Hepatic ChREBP knockdown reduces downstream glycolysis and increases hepatic 
G6P and glycogen storage in L-G6pc-/- mice
To evaluate the consequences of normalized hepatic ChREBP activity in L-G6pc-/- 
mice, we administered a short hairpin (sh)RNA against ChREBPα/β or a scrambled 
shRNA to L-G6pc+/+ and L-G6pc-/- mice by means of adeno-associated virus delivery. 
Hepatic Chrebpα mRNA levels remained unaffected upon shRNA administration in 
L-G6pc+/+ mice, but were reduced by ~40% in L-G6pc-/- mice (Fig. 1A). The hepatic 
mRNA expression levels of Chrebpβ, the key marker of ChREBP activity (12, 21), 
were similarly (~40%) reduced in in L-G6pc+/+ and L-G6pc-/- mice, hence normalizing 
its expression in L-G6pc-/- mice to the levels observed in L-G6pc+/+ controls receiving 
scrambled shRNA (Fig. 1A). Hepatic G6PC protein abundance was strongly reduced 
in L-G6pc-/- mice receiving either of the two shRNAs (Fig. 1A). ChREBPα/β protein 
abundance was reduced by about 50% in shChREBP as compared to scramble shRNA-
treated mice of either genotype (Fig. 1A). Consistent with reduced hepatic ChREBP 
activity, the mRNA expression (Fig. 1B; upper panel) and enzymatic activities (Fig. 
1C) of the established glycolytic ChREBP targets (3-5, 22) G6P isomerase (Gpi), 
aldolase B (Aldob) and pyruvate kinase (Pklr), were normalized by shChREBP in 
L-G6pc-/- mice. These reductions in glycolytic enzyme activities were paralleled by 
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a more pronounced accumulation of the glycolytic intermediates G6P, fructose-
6/1-phosphate (F6P/F1P) and fructose-1,6-bisphosphate (F1,6bisP) in the liver of 
shChREBP versus shScramble-treated L-G6pc-/- mice, while there was no significant 
accumulation of hepatic triose phosphates (DHAP/GAP), phosphoenolpyruvate 
(PEP), pyruvate or lactate between these groups (Fig. 1D; upper panel). On the contrary, 
hepatic ChREBP knockdown did further increase hepatic 6-phosphogluconolactone, 
gluconate-6P, xylulose-5-phosphate and sedoheptulose-7P content in L-G6pc-/- 
mice, showing that shChREBP also resulted in more pronounced accumulation of 
oxidative PPP intermediates as compared to shScramble treated mice while ribose-5-
phosphate/ribulose-5-phosphate, ribose-1,5-disphosphate and 2-dehydrogluconate-
6-phosphate were not affected (Fig. 1D; lower panel). Moreover, we observed that 
ChREBP knockdown increased relative and total hepatic glycogen contents in 
L-G6pc-/- versus L-G6pc+/+ mice (Fig. 1E). Body weight and food intake were similar 
in all groups (Table 1). Liver weight was significantly increased in shChREBP- versus 
shScramble-treated L-G6pc+/+ and L-G6pc-/- mice, although hepatic water content 
was reduced upon ChREBP knockdown in both genotypes and hepatic protein 
content was specifically reduced in shChREBP-treated L-G6pc-/- mice as compared 
to shScramble-treated mice with the same genotype (Table 1). Plasma ALT and AST 
levels were elevated in shScramble-treated L-G6pc-/- as compared to L-G6pc+/+ mice 
and further increased upon hepatic ChREBP knockdown in L-G6pc-/- mice (Table 1). 
Blood glucose and plasma insulin concentrations were reduced in shChREBP treated 
L-G6pc-/- mice, while plasma lactate concentrations were not affected by hepatic G6pc 
deficiency and/or ChREBP knockdown (Table 1). 

Hepatic ChREBP knockdown promotes hepatic lipid storage but reduces fractional de 
novo lipogenesis in L-G6pc-/- mice
Hematoxylin and eosin (H&E) staining of the livers showed that hepatic ChREBP 
knockdown resulted in marked hepatocyte vacuolation in both L-G6pc-/- and 
L-G6pc+/+ mice (Fig. 2A). Besides glycogen accumulation, cytoplasmic vacuolation 
can result from excess lipid storage. Oil-red-O (ORO) staining for neutral lipids 
indeed showed increased deposition of neutral lipids in shChREBP versus 
shScramble-treated groups of both genotypes (Fig. 2A). Quantification of the lipid 
droplet size showed that the droplets in shChREBP-treated groups were enlarged 
(Fig. 2A). Accordingly, the NAFLD activity scores (NAS; (20)) indicated that 
hepatic ChREBP knockdown induced fatty liver disease in L-G6pc+/+ mice, while it 
aggravated the existing fatty liver in L-G6pc-/- mice (Fig. 2B). Biochemical analysis of 
the hepatic lipids revealed that hepatic ChREBP knockdown resulted in substantial 
increases in the contents and total amounts of hepatic TGs and cholesteryl esters 
(CEs) (Fig. 2B), while total hepatic free cholesterol (FC) and phospholipid content 
were similarly increased in shScramble and shChREBP-treated L-G6pc-/- mice 
as compared to their wildtype controls (Fig. S1A). As expected, hepatic ChREBP 
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Figure 1: Hepatic ChREBP knockdown reduces downstream enzymes of glycolysis and 
increases hepatic G6P and glycogen storage in L-G6pc-/- mice. (A) Box and-whisker plots 
presenting relative hepatic mRNA levels of Chrebpα and Chrebpβ and relative protein abundance 
of G6PC and ChREBP in L-G6pc+/+ and L-G6pc-/- treated with either shChREBP or scrambled shRNA 
(shSCR) (n = 7-9). (B) Heatmaps presenting z-core normalized mRNA expression levels of hepatic 
glycolysis and pentose phosphate pathway (PPP) enzymes in L-G6pc+/+ and L-G6pc-/- mice treated 
with shChREBP or shSCR (n = 8-9). (C) Heatmaps presenting z-score normalized hepatic activities 
of glycolytic enzymes in L-G6pc+/+ and L-G6pc-/- mice treated with shChREBP or shSCR (n = 6). (D) 
Heatmaps presenting z-score normalized hepatic levels of glycolytic and PPP intermediates in 
L-G6pc+/+ and L-G6pc-/- mice treated with shChREBP or shSCR (n = 7-9). (E) Box and-whisker plots 
presenting relative and absolute hepatic glycogen content in L-G6pc+/+ and L-G6pc-/- mice treated 
with shChREBP or shSCR (n = 7-9). *p < 0.05, **p <0.01, ***p < 0.001 indicates significance compared 
to scrambled shRNA. ^p < 0.05, ^^^p <0.001 indicates significance compared to L-G6pc+/+ mice. 
Table S2 contains raw values and statistics for data presented in heatmaps. 

 

Table 1. General characteristics and plasma metabolic parameters in L-G6pc+/+ and L-G6pc-/- mice treated with 
either shChREBP or scrambled shRNA (shSCR). Data represent median values (range). *p < 0.05, **p <0.01, ***p < 
0.001 indicates significance compared to scrambled shRNA. ^p < 0.05, ^^p <0.01, ^^^p <0.001 indicates significance 
compared to wildtype littermates. 

 L-G6pc+/+ 
shSCR 

L-G6pc+/+ 
shChREBP 

L-G6pc-/- 
shSCR 

L-G6pc-/- 
shChREBP 

Body weight (g) 30.0 (28.7 - 35.2) 29.6 (28.5 - 31.4) 30.9 (28.2 - 34.0) 31.3 (28.5 - 34.9) 
Food intake (g/day) 3.8 (2.8 - 4.8) 4.3 (3.1 - 5.2) 4.3 (3.2 - 6.0) 4.6 (3.7 - 5.6) 
Liver weight (g) 1.6 (1.4 - 2.0) 1.7 (1.6 - 1.9)*** 2.4 (1.5 - 2.5)^^^ 2.9 (2.7 - 3.5)^^^*** 
Hepatic protein (mg/g) 138 (113 - 172) 136 (130 - 142) 127 (120 - 141) 112.9 (105.5 - 

125.7)^^^*** 
Hepatic water (%) 68.7 (67.3 - 71.6) 67.5 (65.8 - 69.8)* 67.2 (65.4 - 69.1)^^^ 64.9 (62.5 - 65.2)^*** 

Blood glucose (mmol/L) 9.2 (7.6 - 10.0) 9.4 (8.1 - 10.5) 8.4 (5.2 - 10.7) 6.0 (5.6 - 8.7)** 
Plasma insulin (ng/mL) 0.4 (0.2 - 1.1) 0.3 (0.2 - 0.5) 0.4 (0.2 - 1.1) 0.2 (0.1 - 0.3)* 
Plasma lactate (mmol/L) 4.4 (4.2 - 5.2) 4.8 (3.3 - 5.6) 6.0 (4.6 - 7.2)^^^ 6.2 (5.3 - 7.5)^^^ 
Plasma ketones (mmol/L) 0.2 (0.1 - 0.2) 0.1 (0.1 - 0.2) 0.2 (0.1 - 0.3) 0.2 (0.1 - 0.3) 
Plasma NEFA (µmol/L) 150 (106 - 168) 145 (101 - 190) 247 (141 - 457)^^^ 306 (205 - 359)^^^ 

Plasma TG (mmol/L) 1.2 (1.0 - 1.5) 0.7 (0.5 - 0.9)** 4.3 (1.7 - 5.3)^^^ 1.9 (0.2 - 3.3)^^^*** 
Plasma ALT (U/L) 6 (1 - 10) 3 (1 - 20) 14 (7 - 25)^^ 58 (20 - 161)^^^** 
Plasma AST (U/L) 25 (19 - 34) 24.(15 - 37) 29 (23 - 48) 46 (28 - 89)^^^* 

	

knockdown reduced the mRNA expression of hepatic fatty acid synthesis genes 
as well as that of acylCoA:diacylglycerol acetyltransferase 1 and 2 (Dgat1/2) (Fig. 
2C) hence normalizing their expression levels in L-G6pc-/- mice to values observed 
in shScramble-treated L-G6pc+/+ mice. On the other hand, neither hepatic G6PC 
deficiency nor Chrebp knockdown consistently altered the mRNA levels of the other 
TG synthesis enzymes (Fig. 2C). 13C-labeled acetate was administered to quantify 
de novo lipogenesis and fatty acid elongation (23). Fractional acetyl-CoA pool 
enrichments, determined from 13C-incorporation in hepatic palmitate (C16:0) and 
palmitoleate (C16:1), were reduced in both groups of L-G6pc-/- mice as well as in 
shChREBP-treated L-G6pc+/+ mice (Fig. 2D), indicating changes in acetyl-CoA pool 
turnover under these conditions. Moreover, subsequent quantification of lipogenic 
fluxes revealed that hepatic ChREBP knockdown reduced fractional de novo 
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lipogenesis in both L-G6pc+/+ and L-G6pc-/- mice, with the largest effects seen on de 
novo oleate (C18:1) synthesis (Fig. 2E). On the other hand, elongation of pre-existing 
palmitate was exclusively reduced by shChREBP treatment of L-G6pc+/+ mice (Fig. 
2E). Interestingly, despite these reductions in fractional lipogenesis, absolute rates of 
de novo lipogenesis and chain elongation were slightly increased in shChREBP treated 
L-G6pc-/- mice as compared to their shScramble-treated controls (Fig. 2F). However, 
in quantitative terms, these increases were marginal as compared to the storage of 
pre-existing fatty acids, referred to as ‘old fat’, which was markedly increased upon 
hepatic ChREBP knockdown in both genotypes (Fig. 2F, Table 2). 

Hepatic ChREBP knockdown strongly suppresses hepatic VLDL-TG secretion by 
reducing VLDL-TG lipidation
To establish the origin of the old fat accumulating upon hepatic ChREBP 
knockdown, we analyzed fatty acid oxidation, adipose tissue lipolysis and hepatic 
VLDL-TG secretion pathways. We observed that hepatic C2-acylcarnitine content 
was increased, while lauroleate (C12:1)-, palmitoleate (C16:1)- and oleate (C18:1)-
acylcarnitines were reduced in the livers of shChREBP- versus shScramble-treated 
L-G6pc-/- mice, suggesting increased fatty acid oxidation upon hepatic ChREBP 
knockdown in L-G6pc-/- mice (Table 3). Plasma ketone body concentrations were, 
however, not affected by hepatic G6PC deficiency and/or ChREBP knockdown 
(Table 1). Quantification of adipose tissue lipolysis ex vivo revealed no differences as 
a consequence of hepatic G6pc deficiency and/or ChREBP knockdown (Fig. S2A), 
while circulating NEFA levels were increased in shScramble and shChREBP-treated 
L-G6pc-/- mice versus their wildtype controls (Table 1). Interestingly, total plasma 
TG levels (Table 1) and VLDL-TG levels (Fig. 3A) were elevated in shScramble-
treated L-G6pc-/- as compared to L-G6pc+/+ mice but reduced upon hepatic ChREBP 
knockdown in mice of both genotypes. In parallel, we observed a marked reduction 
of VLDL-TG secretion rates (Fig. 3B) upon hepatic ChREBP knockdown, both in 
L-G6pc+/+ and L-G6pc-/- mice. Moreover, the nascent VLDL particles of shChREBP-
treated mice contained less TGs, resulting in a marked decrease in VLDL particle 
volume (Fig. 3C). The smaller VLDL particle volume upon hepatic ChREBP 
knockdown was confirmed by Western Blot analysis showing reductions in the TG/
APOB ratio upon shChREBP treatment, which was strongest in L-G6pc-/- mice (Fig. 
3C and S2B).

ChREBP regulates hepatic MTTP and TM6SF2 expression 
VLDL particles are assembled by lipidation of APOB in the endoplasmic reticulum 
(ER) and Golgi, mediated by microsomal triglyceride transfer protein (MTTP) 
and transmembrane 6 superfamily member 2 (TM6SF2). As expected (3, 13), we 
observed that hepatic ChREBP knockdown reduced hepatic Mttp mRNA (Fig. 4A) 
and protein abundance (Fig. 4B) in L-G6pc+/+ and L-G6pc-/- mice. Interestingly, we 
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Figure 2: Hepatic ChREBP knockdown promotes hepatic lipid storage but reduces fractional 
de novo lipogenesis in L-G6pc-/- mice. (A) Representative photos of hematoxylin and eosin 
(H&E) and oil-red-o (ORO) stainings in L-G6pc+/+ and L-G6pc-/- mice treated with either shChREBP 
or scrambled shRNA (shSCR). (B) Box and-whisker plots presenting hepatic NAFLD Activity Scores 
(NAS), hepatic lipid droplet sizes and relative and absolute hepatic triglyceride (TG) and cholesteryl 
ester (CE) contents in L-G6pc+/+ and L-G6pc-/- mice treated with shChREBP or shSCR (n = 6-9). (C) 
Heatmaps presenting z-score normalized mRNA expression levels of hepatic fatty acid synthesis 
and TG synthesis enzymes in L-G6pc+/+ and L-G6pc-/- mice treated with shChREBP or shSCR (n = 
8-9). (D) Box and-whisker plots presenting fractional acetyl-CoA pool 13C-enrichments in L-G6pc+/+ 
and L-G6pc-/- mice treated with shChREBP or shSCR (n = 7-9). (E) Box and-whisker plots presenting 
fractional hepatic de novo lipogenesis and fatty acid elongation of pre-existing palmitate in L-G6pc+/+ 
and L-G6pc-/- mice treated with shChREBP or shSCR (n = 7-9). (F) Box and-whisker plots presenting 
absolute fatty acid synthesis from de novo lipogenesis, chain elongation and the content of old fat 
in L-G6pc+/+ and L-G6pc-/- mice treated with shChREBP or shSCR (n = 7-9). *p < 0.05, **p <0.01, ***p 
< 0.001 indicates significance compared to scrambled shRNA. ^p < 0.05, ^^p < 0.01, ^^^p <0.001 
indicates significance compared to L-G6pc+/+ mice. Table S2 contains raw values and statistics for 
data presented in heatmaps.
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Figure 3: Hepatic ChREBP knockdown strongly suppresses hepatic VLDL-TG secretion by 
reducing VLDL-TG lipidation. (A) Plasma lipoprotein profi les in L-G6pc+/+ and L-G6pc-/- mice 
treated with either shChREBP or scrambled shRNA (shSCR). (B) Plasma TG concentrations after P407 
injection and box and-whisker plots presenting VLDL-TG secretion rates in L-G6pc+/+ and L-G6pc-/-

mice treated with shChREBP or shSCR (n = 4-7). (C) Box and-whisker plots presenting VLDL particle 
diameter, VLDL particle volume and ratio of TG/apoB48 in L-G6pc+/+ and L-G6pc-/- mice treated with 
shChREBP or shSCR (n = 3-8). ***p < 0.001 indicates signifi cance compared to scrambled shRNA. ^p 
< 0.05, ^^p < 0.01 indicates signifi cance compared to L-G6pc+/+ mice.

observed that also Tm6sf2 mRNA levels and -protein abundance were induced in 
shScramble treated L-G6pc-/- mice as compared to wildtype controls, and normalized 
in shChREBP-treated L-G6pc-/- mice (Fig. 4A and 4B). We confi rmed that Tm6sf2
mRNA levels were also ChREBP-dependently induced in mice treated with the 
G6P transporter SLC37A4 inhibitor S4048 (Fig. 4C), an acute model for hepatic 
GSD Ib (14). Publicly available liver ChREBP ChIP-seq data (4) indicated potential 
regulation of Tm6sf2 by ChREBP, and computational analysis revealed four putative 
ChREBP binding sites in the mouse Tm6sf2 promoter (Fig. 4D). ChIP-qPCR analysis 
showed specifi c recruitment of ChREBP to these binding sites upon S4048 treatment, 
indicating that hepatic ChREBP directly controls murine Tm6sf2 transcription (Fig. 
4D). Moreover, analysis of publicly available gene expression data (GSE61576, (24)) 
revealed that hepatic ChREBP overexpression induced Tm6sf2 expression in mouse 
liver (Fig. S3A). Cell reporter assays indicated that ChREBPa/MLX and ChREBPb/
MLX further enhanced the transactivation of the mouse Tm6sf2 gene reporter by 
hepatocyte nuclear factor 4 alpha (HNF-4a), while they did not transactivate the 
reporter in the absence of HNF-4a (Fig. 4E). Finally, ChIP-qPCR analysis of mouse 
liver indicated that both ChREBP and HNF-4a are associated with the Tm6sf2
promoter, and that these interactions are signifi cantly higher in fed versus fasted 
mice (Fig. 4F).
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Figure 4: Hepatic ChREBP regulates hepatic Mttp and Tm6sf2 expression. (A) Box and-whisker 
plots presenting hepatic relative levels of VLDL assembly genes in L-G6pc+/+ and L-G6pc-/- mice treated 
with either shChREBP or scrambled shRNA (shSCR; n = 7-9). (B) Box and-whisker plots presenting 
hepatic relative abundance of VLDL assembly proteins in L-G6pc+/+ and L-G6pc-/- mice treated with 
shChREBP or shSCR (n = 6-9). (C) Box and-whisker plots presenting hepatic relative mRNA levels of 
Tm6sf2 in L-G6pc+/+ and S4048 treated mice treated with shChREBP or shSCR (n = 6-7). (D) Schematic 
presentation of putative ChREBP (#1-4, dark grey) and HNF-4a (DR-1, light grey) response elements 
within the murine Tm6sf2 promoter. Box and-whisker plots presenting in vivo ChIP analysis of the 
putative ChREBP response elements in the hepatic Tm6sf2 promoter in mice treated with shChREBP 
or shSCR and infused with S4048 or vehicle (n = 5-7). (E) Box and-whisker plots presenting fi refl y-to-
renilla luciferase activities for the murine Tm6sf2 gene reporter after transfection with HNF-4α, MLX, 
ChREBPα and ChREBPβ plasmids (n = 3-4 independent experiments, each experiment performed 
in triplicate). (F) Box and-whisker plots presenting in vivo ChIP analysis of the putative ChREBP 
response elements in the hepatic Tm6sf2 promoter in overnight fasted or fed C57BL/6J mice (n 
= 5). *p < 0.05, **p <0.01, ***p < 0.001 indicates signifi cance compared to shSCR for panels A-D, 
compared to pcDNA3.1 for panel E, and compared to fasted for panel F. ^p < 0.05, ^^p < 0.01, ^^^p 
<0.001 indicates signifi cance compared to L-G6pc+/+ mice for panels A-D, compared to control for 
panel E, and compared to ChREBP for panel F. #p < 0.05, ##p < 0.01 indicates signifi cance compared 
to pcDNA3.1+HNF-4α for panel E, and compared to fasted for panel F.
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Table 2. Hepatic fatty acid profile in L-G6pc+/+ and L-G6pc-/- mice treated with either shChREBP or scrambled 
shRNA (shSCR). Data represent median values (range). *p < 0.05, **p <0.01, ***p < 0.001 indicates significance compared 
to scrambled shRNA. ^p < 0.05, ^^p <0.01, ^^^p <0.001 indicates significance compared to wildtype littermates. 

nmol/g 
liver 

L-G6pc+/+ 
shSCR 

L-G6pc+/+ 
shChREBP 

L-G6pc-/- 
shSCR 

L-G6pc-/- 
shChREBP 

C14:0 0.4 (0.2 - 0.5) 0.7 (0.4 - 0.8)*** 0.6 (0.5 - 0.7)^^^ 1.3 (1.0 - 1.4)^^^*** 
C16:1 2.5 (1.5 - 4.7) 4.0 (1.5 - 5.7) 2.8 (2.3 - 3.6) 6.7 (4.9 - 8.1)^^^*** 
C16:0 23.3 (15.4 - 29.8) 34.1 (23.8 - 38.0)*** 25.8 (19.4 - 29.2) 47.0 (36.4 - 53.0) ^^^*** 
C18:3ω6 0.1 (0.1 - 0.2) 0.3 (0.2 - 0.4)*** 0.2 (0.1 - 0.2) 0.4 (0.3 - 1.0)*** 
C18:2ω6 14.7 (10.1 - 16.1) 25.3 (15.3 - 29.8)*** 16.4 (12.5 - 18.5) 30.7 (21.6 - 38.3)*** 
C18:3ω3 0.4 (0.3 - 0.5) 0.9 (0.5 - 1.2)*** 0.5 (0.3 - 0.7) 1.3 (0.9 - 1.6)^^*** 
C18:1ω9 24.7 (11.6 - 33.8) 45.2 (21.8 - 49.4)*** 46.4 (35.9 - 63.0)^^^ 89.8 (64.2 - 111.0)^^^*** 
C18:1ω7 4.1 (2.2 - 6.6) 5.5 (2.8 - 7.2) 5.7 (4.6 - 6.2)^ 9.3 (7.8 - 11.6)^^^*** 
C18:0 10.2 (6.5 - 12.5) 13.1 (9.5 - 13.9)* 13.7 (12.2 - 15.0)^^^ 14.6 (11.8 - 16.4)^^^ 
C20:4ω6 9.8 (5.7 - 10.3) 10.6 (8.8 - 12.0) 9.3 (8.4 - 11.1) 9.2 (7.9 - 10.7) 
C20:5ω3 0.3 (0.2 - 0.3) 0.4 (0.3 - 0.5)* 0.2 (0.2 - 0.4) 0.4 (0.3 - 0.6)*** 
C20:3ω9 0.3 (0.1 - 0.5) 0.4 (0.2 - 0.6) 0.9 (0.5 -1.1)^^^ 0.9 (0.7 - 1.1)^^^ 
C20:3ω6 1.1 (0.6 - 1.5) 1.4 (1.0 - 1.7) 1.6 (1.3 - 2.0)^^^ 2.2 (1.7 - 2.5)^^^** 
C20:2ω6 0.2 (0.2 - 0.3) 0.5 (0.3 - 0.5)*** 0.3 (0.2 - 0.5)^^ 0.7 (0.4 - 0.9)^^*** 
C20:1ω9 0.4 (0.2 - 0.6) 0.9 (0.5 - 1.2)*** 0.9 (0.7 - 1.5)^^^ 1.9 (1.4 - 2.7)^^^*** 
C20:0 0.1 (0.1 - 0.2) 0.2 (0.1 - 0.4)*** 0.1 (0.1 - 0.1) 0.2 90.1 - 0.4)*** 
C22:5ω6 0.2 (0.1 - 0.2) 0.4 (0.2 - 0.5)*** 0.4 (0.2 - 0.8)^^^ 0.6 (0.3 - 0.8)^* 
C22:6ω3 4.3 (2.3 - 5.1) 6.2 (3.9 - 7.0)*** 5.3 (3.8 - 5.9) 5.9 (4.3 - 7.6) 
C22:4ω6 0.2 (0.1 - 0.3) 0.5 (0.3 - 0.6)*** 0.3 (0.2 - 0.5)^ 0.7 (0.5 - 0.9)^^^*** 
C22:5ω3 0.3 (0.1 - 0.4) 0.6 (0.4 - 1.0)*** 0.3 (0.2 - 0.4) 1.1 (0.7 - 1.3)^^^*** 
C22:0 0.3 (0.2 - 0.3) 0.3 (0.2 - 0.4) 0.3 (0.2 - 0.3) 0.3 (0.2 - 0.6) 
C24:1ω9 0.4 (0.2 - 0.4) 0.4 (0.4 - 0.5)** 0.4 (0.4 - 0.5)^^ 0.4 (0.3 - 0.5)^** 
C24:0 0.3 (0.2 - 0.3) 0.3 (0.3 - 0.4)** 0.2 (0.2 - 0.3)^ 0.3 (0.3 - 0.3)^^** 

 
 

 

Table 3. Hepatic acylcarnitine profile in L-G6pc+/+ and L-G6pc-/- mice treated with either shChREBP or scrambled 
shRNA (shSCR). Data represent median values (range). *p < 0.05, **p <0.01 indicates significance compared to scrambled 
shRNA. ^p < 0.05, ^^p <0.01, ^^^p <0.001 indicates significance compared to wildtype littermates. 

µmol/g liver L-G6pc+/+ 
shSCR 

L-G6pc+/+ 
shChREBP 

L-G6pc-/- 
shSCR 

L-G6pc-/- 
shChREBP 

Free carnitine 209 (163 - 324) 241 (172 - 289) 245 (175 - 331) 255 (184 - 289) 
C2 35 (12 - 79) 43 (24 - 79) 36 (7 -74) 91 (29 - 122)^* 
C3 1.1 (0.7 - 1.9) 1.7 (0.5 - 3.3) 0.5 (0.2 - 0.8)^^^ 0.4 (0.0 - 0.9)^^^ 
C4 0.07 (0.07 -0.33) 0.07 (0.00 - 0.13) 0.37 (0.07 - 1.33)^^^ 0.20 (0.07 - 0.40)^^^ 
C5 0.13 (0.13 - 0.20) 0.23 (0.07 -0.33) 0.23 (0.13 - 0.40)^ 0.33 (0.13 - 0.80) 
C8 0.13 (0.07 - 0.13) 0.13 (0.07 - 0.13) 0.13 (0.07 - 0.13) 0.13 (0.07 - 0.13) 
C10 0.00 (0.00 - 0.07) 0.07 (0.00 - 0.07) 0.07 (0.00 - 0.07) 0.07 (0.00 - 0.07) 
C12:1 0.20 (0.07 - 0.33) 0.13 (0.13 - 0.20) 0.17 (0.13 - 0.20) 0.07 (0.07 - 0.13)^^** 
C16:1 0.07 (0.00 - 0.07) 0.07 (0.00 -0.07) 0.07 (0.00 - 0.07) 0.00 (0.00 - 0.07)* 
C16:0 0.07 (0.07 - 0.20) 0.07 (0.00 - 0.13) 0.07 (0.07 - 0.07) 0.07 (0.00 - 0.07) 
C18:2 0.07 (0.07 - 0.13) 0.07 (0.07 - 0.13) 0.07 (0.00 - 0.07) 0.07 (0.00 - 0.07) 
C18:1 0.20 (0.07 - 0.33) 0.17 (0.07 - 0.33) 0.13 (0.07 - 0.33) 0.07 (0.07 - 0.13)^^** 
C18:0 0.07 (0.07 - 0.13) 0.07 (0.07 - 0.13) 0.07 (0.07 - 0.07) 0.07 (0.00 - 0.07) 
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Discussion
Patients with glycogen storage disease type Ia (GSD Ia) experience severe hepatomegaly 
and develop NAFLD. We have previously shown that hepatic activity of the glucose-
sensitive transcription factor ChREBP is increased in mouse models for GSD Ia and 
GSD Ib and ChREBP mediates the induction of glycolytic and lipogenic genes in 
acute GSD Ib (14, 15). As enhanced glycolysis and lipogenesis promote hepatic lipid 
storage, these findings prompted us to evaluate the contribution of enhanced ChREBP 
activity to the development of NAFLD in GSD Ia mice. We found that normalization 
of hepatic ChREBP activity in L-G6pc-/- mice by shRNA-mediated knockdown, 
as validated by the expression of the key marker gene Chrebpβ (12, 21), further 
promoted hepatomegaly, hepatocyte vacuolation and NAFLD development due to 
additional accumulation of glycogen and lipids in the liver. Notably, aggravation 
of NAFLD in shChREBP-treated L-G6pc-/- mice occurred despite a reduction in 
fractional de novo lipogenesis, and was associated with a marked suppression of 
hepatic VLDL-TG secretion. These changes were paralleled by a ChREBP-dependent 
reduction in hepatic expression of MTTP and TM6SF2, proteins that are both 
involved in VLDL lipidation (25). Interestingly, we also observed that ChREBP was 
recruited to the murine Tm6sf2 promoter in response to hepatic G6P accumulation, 
thereby identifying TM6SF2 as a transcriptional target of ChREBP in mouse liver 
under conditions of increased intracellular glucose signaling. Altogether, our data 
indicate that enhanced hepatic ChREBP activity limits hepatomegaly, hepatocyte 
vacuolation and NAFLD development in GSD Ia, and should therefore be considered 
as a ‘protective’ response under these conditions of excessive intrahepatic glucose 
metabolism.

NAFLD results from an imbalance between hepatic TG input and –output, and 
‘snapshot’ hepatic TG content is therefore determined by hepatic FFA influx rates, 
the activities of de novo lipogenesis and fatty acid oxidation pathways as well as 
VLDL-TG secretion (26). The activities and relative contributions of these processes 
may change under different physiological (e.g. feeding and fasting conditions) and 
disease states (e.g. obesity and diabetes). As ChREBP exerts transcriptional control 
on the expression of key genes involved in de novo lipogenesis, fatty acid oxidation 
and VLDL-TG secretion (3-5, 13, 27), the consequence of altered hepatic ChREBP 
activity for NAFLD development is likely dependent on the prevailing (patho)
physiological condition. Previous research has shown that partial or complete ablation 
of ChREBP reduces hepatic lipid content in type 2 diabetic mice (17, 18), a well as in 
some (28, 29), but not all (30, 31) studies in which rodents were fed carbohydrate or 
fructose-rich diets. On the other hand, ChREBP inactivation did not lower hepatic 
lipid content under conditions of chow or high-fat feeding (13, 28, 32). In the current 
study, we demonstrate that normalization of ChREBP activity in GSD Ia hepatocytes 
suppresses fractional de novo lipogenesis while elevated hepatic C2-acylcarnitine 
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levels under these conditions are indicative of enhanced hepatic fatty acid oxidation. 
Yet hepatic accumulation of ‘old fat’ was increased in shChREBP-treated mice, due to 
a strong suppression of VLDL-TG secretion. Thus, the reduction in de novo fatty acid 
synthesis and the increase in fatty acid catabolism were insufficient to compensate 
for reduced VLDL lipidation and –secretion in ‘our disease context’, i.e., (non-fasted) 
normoglycemic L-G6pc-/- mice. The fractional contribution of hepatic de novo fatty 
oleate synthesis in L-G6pc-/- mice was limited and reduced from ~20% to ~10% upon 
hepatic ChREBP knockdown (Fig. 2E). As a consequence, total hepatic de novo oleate 
synthesis was reduced by 5 μmoles in shChREBP versus shScramble treated L-G6pc-/- 
mice within the 48 hours of 13C-acetate administration. On the other hand, VLDL-TG 
secretion was reduced by about 350 μmol/kg/h upon hepatic ChREBP knockdown 
(Fig. 3B), corresponding to a reduction in hepatic oleate export of about 10 μmol per 
hour. Thus, indeed, the amount of excess fatty acids stored in liver due to impaired 
VLDL-TG secretion massively exceeded the shChREBP-mediated reduction in de 
novo fatty acid synthesis. In contrast to L-G6pc-/- mice, which show a ~60% increase 
in VLDL-TG secretion rate as compared to wildtype controls (Fig. 3B), our laboratory 
has previously shown that VLDL-TG secretion is unchanged in type 2 diabetic mice 
compared to controls (33). As a result, the excess storage of ‘old fat’ due to suppression 
of VLDL-TG secretion in response to hepatic ChREBP knockdown is likely of less 
quantitative importance in type 2 diabetes as compared to L-G6pc-/- mice. Moreover, 
fractional palmitate synthesis accounts for ~50% in chow-fed type 2 diabetic mice 
(33) versus 30% in L-G6pc-/- mice (Fig. 2E), while the contribution of hepatic NEFA 
influx may be larger in obese insulin-resistant mice as compared to L-G6pc-/- mice 
(26, 34). Therefore the differential contributions of de novo lipogenesis and VLDL-
TG secretion to hepatic lipid content likely explain most of the opposing effects of 
hepatic ChREBP inhibition on lipid accumulation in type 2 diabetic (17, 18) versus 
hepatocyte-specific GSD Ia mice. Besides the variable efficacies of hepatic ChREBP 
knockdown between studies, we propose that differences in the contribution of de 
novo lipogenesis, VLDL-TG secretion and fatty acid oxidation pathways explain the 
reported divergent effects of hepatic ChREBP knockdown on NAFLD (13, 17, 18, 
22, 28-31). Along similar lines, the observed increase in hepatic cholesterol synthesis 
and ER stress in high-fructose fed whole-body ChREBP knockout mice (29) is likely 
also context-dependent, as was proposed by Kim et al. (30). In contrast to what 
has been reported (29), hepatic ChREBP knockdown did not alter the expression 
of cholesterol biosynthesis genes (Fig. S1B) or fractional cholesterol synthesis rates 
in the livers of L-G6pc-/- mice in the current study (Fig. S1C). Absolute cholesterol 
synthesis was only slightly increased in these animals (Fig. S1C). On the other hand, 
consistent with Zhang et al., (29) we did observe increased mRNA levels of ER stress 
markers Bbc3 and Ddit3 in shChREBP-treated L-G6pc-/- mice (Fig. S1D). Combined, 
published data and our current findings indicate that the relationship between 
hepatic ChREBP activity and NAFLD development is disease context-dependent.
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Our study shows that ChREBP plays a key role in hepatic VLDL lipidation and –
secretion in GSD Ia and is essential for proper regulation of hepatic TG balance 
and, consequently, NAFLD development under conditions of high intrahepatic 
glucose availability. Besides confirming the regulatory role of ChREBP in VLDL-TG 
production and -secretion (13, 31, 32), our work mechanistically supports genetic 
studies in humans that have linked ChREBP expression to plasma lipid levels (35-39). 
Our findings also establish the contribution of ChREBP activity to enhanced VLDL-
TG secretion and hypertriglyceridemia in GSD Ia (Hoogerland et al., unpublished). 
Importantly, our study identifies G6P-ChREBP signaling as a regulatory axis that 
controls TM6SF2 abundance in the liver under conditions of excessive intrahepatic 
glucose metabolism. Our molecular in vivo and in vitro studies indicate that HNF-
4a contributes to regulation of basal Tm6sf2 transcription in mouse liver, while 
ChREBP mediates a glucose/G6P-induced induction of Tm6sf2. This potential 
mechanism is supported by strongly reduced hepatic Tm6sf2 levels in hepatocyte-
specific Hnf-4a knockout mice, and slightly lower in Tm6sf2 expression in ChREBP 
null mice as compared to their wildtype littermates (Fig. S3E). TM6SF2 function 
was originally linked to human NAFLD in an exome-wide association study (40). 
Subsequent research has shown that its activity is essential for VLDL lipidation and 
maintenance of hepatic TG balance (40-44). However, to the best of our knowledge, 
this is the first study to report a HNF-4a/ChREBP-dependent induction of TM6SF2 
abundance in response to G6P accumulation in mouse liver. Thus, besides regulating 
MTTP abundance (13), hepatic ChREBP also appears to regulate VLDL lipidation 
via TM6SF2. The impaired hepatic VLDL lipidation and suppression of hepatic TG 
secretion with comcomitant increases in hepatic TG content and lipid droplet size 
in shChREBP-treated L-G6pc+/+ and L-G6pc-/- mice in the current study actually 
phenocopies what has been observed upon hepatic Tm6sf2 knockdown and in Tm6sf2 
knockout mice (40-42). In contrast to synergistic effect of ChREBP and HNF-4a on 
murine Tm6sf2 reporter activation, ChREBPa and -b did not promote HNF-4a-
induced transactivation of the human TM6SF2 gene reporter (Fig. S3D). However, 
the reporter gene used does not cover all predicted ChREBP and HNF-4a binding 
sites in the human TM6SF2 gene (Fig. S3B). Whether or not ChREBP and HNF-
4a also cooperatively regulate of hepatic TM6SF2 expression in human hepatocytes 
can therefore not be concluded from our studies. Yet, in view of the similarities in 
liver pathophysiology between GSD Ia and type 2 diabetes (45, 46), it is tempting to 
speculate that a ChREBP-dependent induction of hepatic TM6SF2 potentially also 
contributes to hypertriglyceridemia in type 2 diabetics (47, 48). Follow-up research 
will be essential to assess the translational value to our newly identified regulatory 
mechanism. 

In conclusion, our study shows that hepatic ChREBP maintains TG balance in GSD 
Ia liver by concomitantly regulating hepatic lipogenesis, fatty acid oxidation and 
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particularly VLDL-TG secretion (3-5, 13, 27), thereby limiting NAFLD development. 
Our work identifies hepatic G6P-ChREBP signaling as a novel regulatory axis 
that controls murine TM6SF2 expression, hence controlling VLDL-lipidation 
and -secretion. Enhanced ChREBP activity also likely protects against NAFLD 
progression to advanced liver disease under conditions of excessive hepatic glucose 
metabolism, such as GSD Ia and type 2 diabetes. 
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Supplementary Material

Public mouse liver transcriptomics datasets
The hepatic ChREBP overexpression data in C57BL/6J mice were extracted from 
(GSE61576, (1)) and the data on hepatocyte-specific Hnf-4a knockout mice and 
wildtype controls were extracted from (GSE10390, (2)).

Construction and production of shRNAs using self-complementary AAV vectors
To construct the self-complementary AAV (scAAV) 2/8-U6-ChREBP, the scAAV2-
LP1-hFIXco backbone vector (3) was restricted with BamHI and BbsI and the 3493 
bp fragment was isolated and ligated. Restriction with BamHI removed hFIXco 
and partially deleted the LP1 promoter. The U6 promoter driving the expression of 
the construct was cloned into the vector in antisense orientation. shRNA construct 
directed against ChREBP and scramble construct were ordered as oligonucleotides 
(shRNA; 5’-aat tcA AAA AAT GTA GTT TGA AGA TGT GGG TCT CGA GAC 
CCA CAT CTT CAA ACT ACA TC-3’ and 3’-ggc caG ATG TAG TTT GAA GAT 
GTG GGT CTC GAG ACC CAC ATC TTC AAA CTA CAT TTT TT-5’, scramble; 5’-
aat tcG TTG TAA GTG GAG GTT TAA GTC TCG AGA CTT AAA CCT CCA CTT 
ACA ACA CCG GT-3’ and 3’-ggc caA CCG GTG TTG TAA GTG GAG GTT TAA 
GTC TCG AGA CTT AAA CCT CCA CTT ACA AC-5’), denatured at 99 °C for 10 
min and annealed by cooling down to RT. The duplex oligonucleotides were cloned 
into the vector using EcoRI and AgeI. Production, purification and titration of the 
AAV2/8 viruses encoding the shRNA directed against ChREBP (AAV-ChREBP) and 
the scrambled control (AAV-Scramble) were performed as described (4, 5). 

Hepatic lipid and acylcarnitine profiles
Frozen liver was homogenized in ice-cold PBS. Hepatic lipid contents were assessed 
using commercial available kits (Roche Diagnostics, Basel, Switzerland) after 
lipid extraction (6). Hepatic fatty acid and acylcarnitine profiles were analyzed as 
previously described (7, 8).

Hepatic metabolome analysis
Freeze-dried liver (2 mg) was collected in a 2 mL tube followed by adding 1 mL ice-
cold methanol:water (1:1) containing the following internal standards: D3-aspartic 
acid, D3-serine, D5-glutamine, D3-glutamate, 13C3-pyruvate, 13C6-isoleucine, 13C6-
glucose, 13C6-fructose-1,6-biphosphate, 13C6-G6P, adenosine-15N5-monophosphate 
and guanosine-15N5-monophosphate (5 μM). For the extraction of metabolites 1 mL 
of chloroform was added and the samples were needle sonicated (8 watt, 40 joule). 
The homogenate was centrifuged for 5 minutes at 14.000 rpm at 4 degrees Celsius. 
The “polar” top layer was transferred to a new 1.5 mL tube and dried to dryness 
in a vacuum concentrator. Dried samples were dissolved in 100 µL methanol/water 
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(6/4; v/v). The metabolomics analysis was performed as described previously (9, 
10). Interpretation of the data was performed in the Xcalibur software (Thermo 
scientific). Statistical analysis of the acquired data were done in an R environment 
using the ggplot2, ropls and mixOmics packages (11-13).

Glycolytic enzyme capacities (Vmax)
Liver tissue was homogenized in ice-old PBS containing Phosphatase Inhibitor 
Cocktail 2 & 3 (1:100; P5726 P0044, Sigma-Aldrich) and Protease Inhibitor Cocktail 
(1:25, 11697498001, Sigma-Aldrich), centrifuged for 10 minutes at 600xg, after which 
the supernatant was collected. Vmax assays on these lysates were carried out using 
NAD(P)H-linked assays at 37 degrees Celsius in a Synergy H4 plate reader (BioTek™) 
using different (0, 2x, 4x and 8x) dilutions. The reported Vmax values represent total 
capacity of all isoenzymes in the cell at saturating concentrations of all substrates 
and expressed per extracted cell protein. Four different dilutions of extract were used 
to check for linearity. In nearly all cases at least 2 dilutions were proportional to 
each other and these were used for further calculation. All enzymes were expressed 
as µmoles of substrate converted per minute per mg of extracted protein. Protein 
determination was carried out using the Bicinchoninic Acid kit (BCA™ Protein Assay 
kit, Pierce). Based on the cytosolic concentrations described in literature, we have 
designed an assay medium that was as close as possible to the in vivo situation, whilst 
at the same time experimentally feasible. The standardized in vivo-like assay medium 
contained 150 mM potassium (14-17), 5 mM phosphate (14, 18), 15 mM sodium 
(14, 19), 155 mM chloride (20, 21), 0.5 mM calcium, 0.5 mM free magnesium (14, 
22, 23) and 0.5-10.5 mM sulfate. For the addition of magnesium, it was taken into 
account that ATP and ADP bind magnesium with a high affinity. The amount of 
magnesium added equalled the concentration of either ATP or ADP plus 0.5 mM, 
such that the free magnesium concentration was 0.5 mM. Since the sulfate salt of 
magnesium was used the sulfate concentration in the final assay medium varied in a 
range between 0.5 and 10.5 mM. The assay medium was buffered at a pH of 7.0 (24-
29) by using a final concentration of 100 mM TRIS-HCl (pH 7.0). To this end an assay 
mixture containing 100 mM Tris-HCl (pH 7.0), 15 mM NaCl, 0.5 mM CaCl2, 140 
mM KCl, and 0.5-10.5 mM MgS04 was prepared. In addition to the assay medium, 
the concentrations of the coupling enzymes, allosteric activators and substrates 
for each enzyme were as follows: Phosphoglucose isomerase (GPI; EC 5.3.1.9) – 
0.4 mM NADP+, 1.8 U/mL G6P dehydrogenase (EC 1.1.1.49), and 2 mM fructose 
6-phosphate as start reagent. Aldolase (ALD; EC 4.1.2.13) – 0.15 mM NADH, 0.6 U/
mL glycerol-3P-dehydrogenase (EC 1.1.1.8), 1.8 U/mL triosephosphate isomerase 
(EC 5.3.1.1), and 2 mM fructose 1,6-bisphosphate as start reagent. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12) – 0.15 mM NADH, 1 mM ATP, 
24 U/mL 3-phosphoglycerate kinase (EC 2.7.2.3), and 5 mM 3-phosphoglyceric acid 
as start reagent. Enolase (ENO; EC 4.2.1.11) – 0.15 mM NADH, 1 mM ADP, 50 U/ml 
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pyruvate kinase (EC 2.7.1.40), 15 U/mL L-lactate dehydrogenase (EC 1.1.1.27), and 1 
mM 2-phosphoglyceric acid as start reagent. Pyruvate kinase (PK) – 0.15 mM NADH, 
1 mM ADP, 1 mM fructose 1,6-bisphosphate, 60 U/mL L-lactate dehydrogenase (EC 
1.1.1.27) and 2 mM phosphoenolpyruvate as start reagent. 

Quantification of acetyl-CoA precursor pool enrichments, de novo lipogenesis, fatty 
acid elongation and cholesterol synthesis 
Mice received sodium 1-13C-acetate (99 atom %, Isotec/Sigma- Aldrich, St. Louis, 
MO, USA) via the drinking water (2%) during the 48 hours prior to sacrifice. 
Hepatic lipids were hydrolyzed and derivatized as described (30). The fatty acid and 
cholesterol-mass isotopomer distributions were determined by gas chromatography 
mass spectrometry (GCMS) and used in mass isotopomer distribution analysis 
algorithms to calculate acetyl-CoA precursor pool enrichments, de novo fractional 
fatty acid and cholesterol synthesis rates, as well as the fraction of oleate and stearate 
generated by chain elongation of pre-existing palmitate (30). Absolute fatty acid and 
cholesterol synthesis were calculated from the fractional synthesis rates and hepatic 
fatty acid and cholesterol contents, and expressed per liver. The amount of ‘old fat’ was 
calculated by deducting the amount of fatty acids synthesized by de novo lipogenesis 
and chain elongation from the total amount of hepatic fatty acids. 

Gene expression analysis
Total RNA from liver was isolated using TRI-Reagent (Sigma-Aldrich Corp.). For 
qPCR, cDNA was obtained by reverse transcription and amplified using primers 
and probes listed in Table S1. mRNA levels were calculated based on a calibration 
curve, expressed relative to the expression of 36b4 (Taqman) or rpl32 (SYBR green) 
and normalized to expression levels in L-G6pc+/+ shScramble-treated mice. For 
RNA sequencing, initial quality check and RNA quantification of the samples was 
performed by capillary electrophoresis using the LabChip GX (Perkin Elmer). Non-
degraded RNA-samples were used for subsequent sequencing analysis. Sequence 
libraries were generated using the 3’QuantSeq sample preparation kits (LeXogen). 
The obtained cDNA fragment libraries were sequenced on an Illumina HiSeq2500 
using default parameters (single read 1x50bp) in pools of multiple samples. The fastQ 
files where aligned to build Mus_musculus GRCm38 Ensemble Release 82 reference 
genome using HISAT (31) with default settings. Before gene quantification SAMtools 
was used to sort the aligned reads (32). The gene level quantification was performed 
by HTSeq-count (33). The extracted raw count file (ENSG, counts) was analyzed in 
the MADMAX (34). After transformation (log2CPM), normalization (Voom) (35) 
was performed to generate the differentially expressed genes. Additional RNA-seq 
data can be made available upon reasonable request to the corresponding author.

Targeted proteomics
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Targeted proteomics was used to quantify G6PC, ChREBP, APOB, MTTP and 
TM6SF2 in homogenized liver tissue using isotopically labeled peptide standards 
(GLGVDLLWTLEK for G6PC, LGFDTLHGLVSTLSAQPSLK for ChREBP, 
VQGVEFSHR for APOB, ATSVTTYK and SDSSIILQER for MTTP, and TPFTYR for 
TM6SF2), containing 13C-labeled lysine/arginine (PolyQuant GmbH, Bad Abbach, 
Germany) as described previously (36). The following alterations were made: lipids 
were extracted from the liver homogenates with diethyl ether prior to the proteomics 
workflow and the concentrations were related to the total peptide content, which was 
determined by a colorimetric peptide assay after tryptic digestion and SPE cleanup 
(Thermo Scientific). The concentrations of endogenous peptides were calculated 
from the known concentration of the standard and expressed in fmol/µg of total 
peptide and expressed relative to the values in the control group.

In silico predictions 
In order to identify potential ChREBP and HNF-4α binding sites in the TM6SF2 
gene a combination of computational analysis was performed and publicly available 
ChIP-seq datasets were evaluated. Putative HNF-4α (DR-1) sites in the mouse and 
human gene were derived from (37). Putative ChREBP sites in the mouse and human 
gene were derived from (38) and (39) respectively.

ChIP-qPCR on the mouse Tm6sf2 promoter
Livers were homogenized in PBS and cross-linked with 0.5M Di (N-succinimidyl) 
glutarate (DSG) for 45 min at room temperature. The pellet was resuspended in PBS 
and cross-linked with 1% formaldehyde for 15 min at room temperature. 0.125M 
glycine was added and the samples were incubated 5 min at room temperature. 
The pellets were homogenized in 500 µL lysis buffer (5 mM Pipes, 85 mM KCL, 
1% Nonidet P-40 with protease inhibitors) and incubated on ice for 10 min. Cell 
pellets were lysed in 300 µL nuclear lysis buffer (50 mM Tris-HCl pH 8.1, 10 mM 
EDTA, 1% SDS with protease inhibitors) and sonicated at 30% maximum power 
eight times for 10 seconds. The supernatant was diluted in IP-dilution buffer (0.01% 
SDS, 1.1% Trition X 100, 1.2 mM EDTA, 16.7 mM Tris-Cl pH 8.1, 167 mM NaCl 
with protease inhibitors) to a volume of 3 mL. The supernatant was precleared 
with 50% Protein A agarose/salmon sperm DNA beads (Santa Cruz) 100 µL of the 
supernatant was removed and used for direct amplification of DNA (input sample). 
The remaining sample was immunoprecipitated overnight at 4°C with 3 µg ChREBP 
(Novus), HNF4A (Santa Cruz) or normal rabbit IgG antibody (Santa Cruz). On the 
following day IPs were precleared with 50% Protein A agarose/salmon sperm DNA 
beads. Subsequently, the beads were washed in low salt buffer (0.1% SDS, 1% Triton 
X 100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 150 mM NaCl), high salt buffer (0.1% 
SDS, 1% Triton X 100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 500 mM NaCl) and LiCl 
buffer (1% Nonidet P-40, 24.1 mM sodium deoxycholate, 1 mM EDTA, 10 mM Tris-
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HCl pH 8, 250 mM LiCl). The beads and input were boiled in 10% chelex followed 
by incubation with 10 µg/mL proteinase K at 55° C for 30 min. DNA was purified 
using the PCR Clean-up Extraction Kit (Macherey-Nagel), after which qPCR was 
performed. Primers for ChIP-PCR are listed in Table S1.

Nascent VLDL isolation and -analysis
Chylomicrons were isolated from the fresh final plasma samples using an Optima 
TM LX tabletop ultracentrifuge (Beckman Instruments Inc., Palo Alto, CA, USA) at 
100.000xg for 15 minutes at 10 degrees Celsius (40) and stored separately. Nascent 
VLDL particles (0.15M NaCl; d<1.006) were isolated from the remaining samples 
using an Optima TM LX tabletop ultracentrifuge (Beckman Instruments Inc., 
Palo Alto, CA, USA) at 625.000xg for 100 minutes at 18 degrees Celsius (41). TG, 
cholesterol and phospholipid concentrations of nascent VLDLs were determined 
using commercially available kits (Roche Diagnostics and Wako Chemicals, Neuss, 
Germany). VLDL particle diameter was estimated using the following formula: 
diameter (nm) = 60 x ((0.211 x TG/phospholipid in mg/dL) + 0.27)) (24). VLDL 
particle volume was derived from the calculated diameter using the following formula: 
particle volume = 4/3 x π x (0,5 x particle diameter)3. Volumes of nascent VLDL 
containing equal amounts of TG (125 nmol) were pooled, and lipids were extracted 
with methanol and cold ether. The remaining VLDL proteins were incubated at 
100 degrees Celsius for 5 minutes in loading buffer, subsequently subjected to SDS-
PAGE with 15 nmol TG loaded per lane. Apolipoprotein (apo)B was determined 
using antibodies against anti-mouse apoB raised in rabbit (Biodesign, Saco, ME). 
Horseradish peroxidase-conjugated anti-rabbit antibodies from donkey (Amersham 
Pharmacia Bioscience, GE Healthcare) were used as a secondary antibody for 
all immunoblots. Protein bands were detected using SuperSignal West Pico 
Chemiluminescent Substrate System (Thermo Fisher Scientific, Rockford, IL, USA). 
Band densities were determined using a Gel Doc XR system (Biorad, Hercules, CA, 
USA).

Cell reporter assays
CV1 cells (ATCC) cultured in 48-wells plates in DMEM (Gibco 31966-021) were 
transiently transfected using FuGENE HD Transfection Reagent (Promega). Human 
and mouse Tm6sf2 promoter constructs (-1500/+100 bp; Thermo Fisher) were ligated 
into pGL3-Basic using restriction enzymes XhoI and KpnI. The human or mouse 
PGL3/Tm6sf2 promoter luciferase reporters (100 ng of each) or empty pGL3-Basic 
luciferase construct (Promega; 100 ng) were co-transfected with pcDNA3.1/ murine 
ChREBPα, pcDNA3.1/ murine ChREBPβ, pcDNA3.1/murine MLX (kind gifts from 
M. Herman, 50 ng of each, for shuttling see (42)), pcDNA3.1/murine HNF-4α (a 
kind gift from J.W. Jonker, 50 ng), or a combination, and filled up with pcDNA3.1 to 
achieve a total amount of 150 ng. After 48 hours cells were lysed and firefly-to-renilla 
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luciferase activities were assessed using a Dual-Luciferase Reporter Assay System 
(Promega). Within one experiment transfections were performed in triplicate, and 
experiments were repeated at least three times.
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Figure S1: Related to Figure 2. (A) Box and-whisker plots presenting concentration and total 
content of hepatic free cholesterol (FC) and phospholipid (PL) in L-G6pc+/+ and L-G6pc-/- mice 
treated with either shChREBP or scrambled shRNA (shSCR; n = 7-9). (B) Heatmaps presenting 
z-score normalized mRNA expression of genes involved in cholesterol biosynthesis in L-G6pc+/+

and L-G6pc-/- mice treated with shChREBP or shSCR (n = 8-9). (C) Box and-whisker plots presenting 
fractional cholesterol synthesis rates and absolute cholesterol synthesis in L-G6pc+/+ and L-G6pc-/-

mice, treated with shChREBP or shSCR (n = 6-8). (D) Heatmaps presenting z-score normalized 
hepatic mRNA levels of ER stress markers in L-G6pc+/+ and L-G6pc-/- mice treated with shChREBP 
or shSCR (n = 8-9). *p < 0.05, **p <0.01 indicates signifi cance compared to shSCR. ^^^p <0.001 
indicates signifi cance compared to L-G6pc+/+ mice. Table S2 contains raw values and statistics for 
data presented in heatmaps.
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3Figure S2: Related to Figure 3. (A) ex vivo adipocyte lipolysis at diff erent time points and box and-
whisker plots presenting lipolysis rate in L-G6pc+/+ and L-G6pc-/- mice treated with either shChREBP 
or scrambled shRNA (shSCR; n = 7-9). (B) Western Blot of apoB48 protein in nascent VLDL samples 
of L-G6pc+/+ and L-G6pc-/- mice treated with either shChREBP or shSCR. Equal amounts of TG were 
loaded onto the gel for all groups (n = 3).

Figure S3: Related to Figure 4. (A) Hepatic gene expression levels in C57BL/6J mice treated 
with GFP-expressing (Ad-GFP) or ChREBP-expressing (Ad-ChREBP) (n = 4-5, GSE 61576, (24)). (B) 
Schematic presentation of putative ChREBP (#1-2, dark grey) and HNF-4a (DR-1, light grey) response 
elements within the human TM6SF2 promoter. The solid line represents the part of the promoter 
that was covered by the human reporter gene while the dashed line represents a region further 
downstream. (C) Box and-whisker plots presenting fi refl y-to-renilla luciferase activities for the 
empty pGL3-Basic reporter after transfection with HNF-4α, MLX, ChREBPα and ChREBPβ plasmids 
(n = 3 independent experiments, each experiment performed in triplicate). (D) Box and-whisker 
plots presenting fi refl y-to-renilla luciferase activities for the human Tm6sf2 gene reporter after 
transfection with HNF-4α, MLX, ChREBPα and ChREBPβ plasmids (n = 3 independent experiments, 
each experiment performed in triplicate). (E) Box and-whisker plots presenting hepatic Tm6sf2 
mRNA levels in hepatocyte-specifi c Hnf-4α knockout mice (data of 4 pooled knockout samples 
expressed relative to a pooled wildtype control sample, GSE10390, (49)) and in chow-fed full-body 
ChREBP null mice (n = 4-5, (50)) in comparison to their respective wildtype controls. *p < 0.05, **p 
<0.01, ***p < 0.001 indicates signifi cance compared to Ad-GTP for panel A (at FDR= 5%), compared 
to pcDNA3.1 for panels C-D, and compared to wildtype for panel E. ^p < 0.05, ^^p < 0.01 indicates 
signifi cance compared to control for panels C-D. #p < 0.05, ##p < 0.01 indicates signifi cance 
compared to pcDNA3.1+HNF-4α for panels C-D.
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Table S1. Taqman and SYBR Green qPCR primer and probe sequences used for qPCR and ChIP-qPCR 

Gene Method Forward primer 5’- 3’ Reverse primer 5’- 3’ TaqMan probe 5’- 3’ 
Rplp0 Taqman qPCR GCTTCATTGTGGGAGC

AGACA 
CATGGTGTTCTTGCCC
ATCAG 

TCCAAGCAGATGCAGC
AGATCCGC 

Mlxipl isoform 
1 (ChREBPα) 

Taqman qPCR CGACACTCACCCACCT
CTTC 

TTGTTCAGCCGGATCT
TGTC 

CCTGGCTTACAGTGGC
AAGCTGGTCTCT 

Mlxipl isoform 
2 (ChREBPβ) 

Taqman qPCR TCTGCAGATCGCGTGG
AG 

CTTGTCCCGGCATAGC
AAC 

CTCAGTGGCAAGCTGG
TCTCTCCCA 

Apob Taqman qPCR GCCCATTGTGGACAAG
TTGATC 

CCAGGACTTGGAGGT
CTTGGA 

AAGCCAGGGCCTATCT
CCGCATCC 

Apobec Taqman qPCR TCGTCCGAACACCAGA
TGCT 

GGTGTCGGCTCAGAA
ACTCTGT 

CCTGGTTCCTGTCCTG
GAGTCCCTG 

Mttp Taqman qPCR CAAGCTCACGTACTCC
ACTGAAG 

TCATCATCACCATCAG
GATTCCT 

ACCGCAAGACAGCGTG
GGCTACA 

Gapdh SYBR qPCR AAGATGGTGATGGGCT
TCCCG 

TGGCAAAGTGGAGATT
GTTGCC 

 

Rpl32 SYBR qPCR TTAAGCGTAACTGGCG
GAAACC 

CAGTAAGATTTGTTGC
ACATCAGC 

 

Tm6sf2 SYBR qPCR CCC GGG AAA CAT 
CCT TGG TAA 

GGG GTA TAG GAG 
GTT GGT GC 

 

Tm6sf2  
site 1 

SYBR ChIP-
qPCR 

GAG CTT ATG GGC 
GGA GTCT 

AGC TGG TCA CCA 
CCC TTT C 

 

Tm6sf2  
site 2 

SYBR ChIP-
qPCR 

GGC GGA GTT ATA 
AGC TGG 

GAG TGC CGC CCT 
ACT ATC AG 

 

Tm6sf2  
site 3 

SYBR ChIP-
qPCR 

GGA GTA TGG GTA 
GGG CCT GT 

GGA GAG GTC TGG 
GGA GGA T 

 

Tm6sf2  
site 4 

SYBR ChIP-
qPCR 

AGT CCC AAT GCT 
CAC CTG TC 

TTT GGA AGC CTC TTT 
TTC CTC 
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