
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 the addition of 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 min at 14,000 rpm at 4 

degrees Celsius. The “polar” top layer was transferred to a new 1.5 mL tube and 

dried in a vacuum concentrator. Dried samples were dissolved in 100 µL 

methanol/water (6/4; v/v). The metabolomic 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 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. Table S2A 

contains the normalized RNA-seq data presented in heatmaps. Additional RNA-seq 

data can be made available upon reasonable request to the corresponding author. 

Targeted proteomics 

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-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 

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 Legends Supporting Figures 

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 significance compared to shSCR. ^^^p <0.001 indicates 

significance compared to L-G6pc+/+ mice. Table S2A contains raw values and statistics for 

data presented in heatmaps. 

 

Figure S2: Related to Figure 3. (A) ex vivo adipocyte lipolysis at different 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 

firefly-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 firefly-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-specific 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 significance 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 significance compared to control for panels C-D. #p < 0.05, ##p 

< 0.01 indicates significance compared to pcDNA3.1+HNF-4α for panels C-D. 









 

 

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 
GCTTCATTGTGGGAGCAGACA 

 
CATGGTGTTCTTGCCCATCAG 

 

 

TCCAAGCAGATGCAGCAGATCCGC 
 

Mlxipl 

isoform 1 

(ChREBPα) 

Taqman 

qPCR CGACACTCACCCACCTCTTC TTGTTCAGCCGGATCTTGTC CCTGGCTTACAGTGGCAAGCTGGTCTCT 

Mlxipl 

isoform 2 

(ChREBPβ) 

Taqman 

qPCR TCTGCAGATCGCGTGGAG CTTGTCCCGGCATAGCAAC CTCAGTGGCAAGCTGGTCTCTCCCA 

Apob Taqman 

qPCR 
GCCCATTGTGGACAAGTTGATC CCAGGACTTGGAGGTCTTGGA AAGCCAGGGCCTATCTCCGCATCC 

Apobec Taqman 

qPCR 
TCGTCCGAACACCAGATGCT GGTGTCGGCTCAGAAACTCTGT CCTGGTTCCTGTCCTGGAGTCCCTG 

Mttp Taqman 

qPCR 
CAAGCTCACGTACTCCACTGAAG TCATCATCACCATCAGGATTCCT ACCGCAAGACAGCGTGGGCTACA 



 

 

Gapdh SYBR 

qPCR 
AAGATGGTGATGGGCTTCCCG 

 
TGGCAAAGTGGAGATTGTTGCC 

 
 

Rpl32 SYBR 

qPCR 

TTAAGCGTAACTGGCGGAAACC 
 

CAGTAAGATTTGTTGCACATCAGC 
  

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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