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SUPPLEMENTARY INFORMATION 2 

Supplemental experimental procedures 3 

Animal procedures 4 

We used Pparα Knock-out (PPARKO) mice created by Lee et al. and backcrossed them with 5 

the Apclox/lox/TTR-CreTam mice to obtain double knock-out mice ApchepKO/PPARKO. Controls 6 

were ApchepKO and PPARWT 1. They have been either injected with 1.5 mg tamoxifen to 7 

generate the pretumoral double knock-out model as described in the main material and 8 

method section or with 0.5 x109 Pfu Adcre to generate the double knock-out tumor model 9 

described in the main material and method section. Only male mice have been used in these 10 

experiments. 11 

All animal procedures were carried out in accordance with French government regulations, 12 

with the approval of the Paris-Descartes Ethics Committee for animal experimentation, under 13 

protocol CEEA34.CP.077.12. Animal experimentation permit number A-75-1845 was 14 

obtained from the French Ministère de L’enseignement Supérieur et de la Recherche. 15 

Mice are housed in colony cages with a 12-h light/12-h dark cycle in a temperature-16 

controlled environment (21°C) and fed ad libitum with a standard laboratory chow diet: 17 

composition 65% carbohydrate, 11% lipids, and 24% proteins (SAFE 03) in EOPS condition.  18 

Food intake 19 

For food intake quantification, 5 months old male mice were housed individually in metabolic 20 

cages (Techniplast) for 2 weeks. After a 5 days period of adaptation, mice received their 21 

intraperitoneal injection of tamoxifen. Food and water intake were assessed daily. 22 

 23 



Etomoxir diet experiments  24 

For in vivo etomoxir treatments, ApchepKO mice were first individualized and their food 25 

intake was assessed. The mice were maintained on their regular chow (SAFE 03) until the 26 

first tumors were detected by 2D-ultrasound (Vevo 770). The food pellets were then switched 27 

to the SAFE 03 diet supplemented with 0.2 g/Kg etomoxir while control ApchepKO mice were 28 

maintained on the regular chow. The food pellets were adjusted to their daily food intake to 29 

maintain a total daily amount of 1.2 mg of etomoxir per mice. Food was changed daily. 30 

Tumor size was then assessed weekly by 2D-ultrasound. 31 

Tumor growth rate evaluation 32 

Tumor size (D) was evaluated according to the RECIST criteria (Response evaluation criteria 33 

in solid tumors) as the sum of the longest diameters2. Tumor size was accessed by 34 

echography. Tumor volume (V) is then approximated to 4 π R3/3, R being the sphere radius 35 

(D/2). Growth rate (TG) and tumor growth rate (TGR) were then evaluated according to Ferté 36 

et al.  as TGR=100(exp(TG)-1) where TG is 3 Log (Vt/V0)/t. V0 being the tumor volume at 37 

time 0 and Vt the tumor volume at t time. Tumor growth rate is then expressed as the percent 38 

increase in tumor volume between time 0 and time t. 39 

Human Gene expression analysis  40 

The data for GSE62232 with (n=81) HCC liver tumors samples using Affymetrix U133plus 41 

v2 array (GPL570) were downloaded in already normalized matrix format via Gene 42 

Expression Omnibus. CTNNB1 and AXIN1 mutations were recorded from3,4. 43 

Gene set enrichment analysis 44 

GSEA was done using the microarray data published in Rakhshanderoo et al 5. We generated 45 

a 377 genes dataset, consisting in genes whose expression is more than 1.5 fold up-regulated 46 



in PPAR-wt mouse livers compared to PPARα-null ones (p<0.05). We searched for an 47 

enrichment of PPARα gene targets in our previously published mRNA-Seq data6, using 48 

ranked expression ratios of Apcko versus β-cateninko hepatocytes. 49 

Cultures and transfection assays 50 

Primary culture 51 

For hepatocyte primary cultures, livers from Apclox/lox/TTR-CreTam (ApchepKO) and their 52 

respective controls (Apclox/lox) were perfused 6 days after tamoxifen injection. After viability 53 

check by trypan blue exclusion, the cells were plated in William's E medium (supplemented 54 

with 10% fetal bovine serum, penicillin-streptomycin and 1% (w/v) Bovine Serum Albumin). 55 

Four hours after plating, the media was changed for William’s E media containing 10-9 M 56 

dexamethasone, penicillin-streptomycin.  57 

Transfection assay  58 

In 6-wells plate, 5X105 primary hepatocytes were transfected in presence of Lipofectamine 59 

2000 (Life Technology) with 2 µg of a firefly luciferase reporter plasmid under the control of 60 

the peroxisomal bifunctional enzyme PPRE (Ehhadh-Luc) described elsewhere7 and 1 µg of a 61 

renilla luciferase expression vector. Luciferase expressions were assayed 36 hours after 62 

transfection using the Dual luciferase assay kit (Promega) after cell lysis. 63 

 64 

Cell line culture  65 

HepG2, Snu 398 and HuH7 cells were grown in Dubelcco’s modified Eagle’s medium 66 

(DMEM, Gibco, Life Technologies, Carlsbad, CA) with 4.5g/L glucose supplemented with 67 



10% heat-inactivated fetal bovine serum (FBS) and 100U/ml penicillin/streptomycin at 37°C 68 

in 5% CO2.  69 

Metabolic fluxes analysis 70 

All metabolic fluxes experiments were done either on platted hepatocytes from ApchepKO mice 71 

and respective control (Apclox/lox) in primary culture in Williams E media (1 000 000 cells per 72 

point, in triplicate), on hepatoma cell lines (HepG2, Snu 398 or Huh7) in DMEM medium in 73 

25 cm2 flasks, or on tumor and non-tumor liver explants from ApcTUMLIV mice (75-100 mg 74 

per point in triplicate) in suspension in Krebs Henseleit buffer (pH 7.4) in conical glass vials. 75 

For tumor and non-tumor explants, fasted mice (18 h fasting) or refed mice (18 h fasting, 4 h 76 

refeeding) were killed and livers were removed. Tumors were isolated from the adjacent 77 

tissues, tumor and non-tumor liver pieces were rapidly chopped in ~2 mm3 pieces and 78 

incubated in Krebs-Henseleit buffer (pH 7.4). 79 

Metabolic fluxes on cultured cells  80 

On primary hepatocytes 81 

For all metabolic assays, unless mentioned, 5 hours after seeding in 25 cm2 flasks, cells were 82 

cultured for 18 hours in William’s E medium without serum. Glucose oxidation and lipid 83 

synthesis from glucose were determined during the last 3 h of culture in the presence of 84 

25 mM [U-14C] D-glucose plus 100 nM insulin. Medium is collected for 14CO2 production. 85 

Cells were washed 3X in ice cold PBS, scraped and incorporation into lipids was analyzed 86 

after TLC separation. For de novo lipogenesis rate from acetate, 5 mM [1-2 14C] acetate was 87 

added during the last 2 h of culture and incorporation into lipids analyzed after TLC 88 

separation. For pyruvate metabolism, cells were incubated for the last 2 hours in William’s E 89 

medium containing 6 mM [1-214C] pyruvate (0.1 Ci/mole) and oxidation rates (14CO2 90 



production) were determined as previously described8. For glutamine metabolism, cells were 91 

incubated with 2 mM [14C] L-glutamine for the last two hours of culture and 14CO2 production 92 

rates analyzed [14C]. [14C] incorporation into lipids was analyzed after TLC separation. 93 

Fatty acid oxidation and esterification were determined during the last 2 hours of culture in 94 

presence of 0.5 mM carnitine, 0.3 mM [1-14C] oleate (0.5 Ci/mol) or palmitate [1-14C] bound 95 

to 1% (w/v) free fatty acid bovine serum albumin, either in presence of 10 mM glucose or of 96 

25 mM glucose and 100 nM insulin. Medium is then collected for 14CO2 production and [14C] 97 

acid soluble products (mainly ketone bodies).  98 

On cell lines 99 

For metabolic assays, cells were cultured in 25 cm2 flasks in DMEM medium supplemented 100 

with 10% FBS. Fatty acid oxidation was determined during the last 2 hours of culture in 101 

DMEM medium without serum in presence of 0.5 mM carnitine, 0.3 mM [1-14C] oleate (0.5 102 

Ci/mol) bound to 1% (w/v) free fatty acid bovine serum albumin. Medium is then collected 103 

for 14CO2 production and [14C] acid soluble products (ketone bodies).  104 

Metabolic fluxes on liver explants 105 

Liver explants from either fasted mice or refed mice were incubated in Krebs Henselheit 106 

buffer at 37°C for 2 hours: for oleate metabolism, oxidation and esterification rates were 107 

determined after incubation in presence of 0.3 mM [1-14C] oleate (0.5 Ci/mol) bound to 1% 108 

(w/v) free fatty acid bovine serum albumin. For glucose metabolism, oxidation and 109 

esterification rates were assayed after incubation with 25 mM [U-14C] D-glucose (μCi/mmol). 110 

At the end of the incubation times, the media is transferred to a new conical glass vial for CO2 111 

and ASP production rates and the liver explants are washed three times in ice cold PBS before 112 

processing them for lipid extraction and analysis. 113 



14CO2 production measurement 114 

At the end of the experiments, the incubation media are transferred into a conical glass 115 

vial topped by a rubber cap.  Perchloric acid is injected into the incubation media through the 116 

rubber cap to a final concentration of 4% (v/v). Benzethonium hydroxide is injected through 117 

the rubber cap into a plastic well suspended above the incubation media. During 1 hour of 118 

vigorous shaking in a water bath at 25°C, the released 14C CO2 is trapped by the 119 

benzethonium hydroxide. At the end of the experiment, 14C CO2 is assessed by scintillation 120 

counting. The neutralized perchloric acid extracts are analyzed for 14C acid-soluble 121 

products. 122 

14C incorporation into intracellular lipids and TAG quantification  123 

After 3 washes in ice cold PBS, cellular lipids from liver, tumor and non-tumor explants or 124 

cultured hepatocytes were extracted in chloroform/methanol (2:1, v/v) by vortexing 125 

vigorously for 10 min. After centrifugation, the organic phase is collected and air dried. After 126 

solubilization in chloroform/methanol, lipids were separated by thin layer chromatography on 127 

silica gel 60 plates (Mercks) with petroleum ether/diethyl ether/acetic acid (84.5: 15: 0.5, 128 

v/v/v) as the mobile phase. Lipids were then revealed by iodine vapor staining. For 14C 129 

incorporation into lipids, [14C] PL, [14C] DAG, [14C] NEFA, [14C] TAG and [14C] cholesteryl 130 

esters bands were cut out and counted in scintillation liquid.  131 

For unlabeled TAG quantification, after TLC, the triglycerides fraction was then eluted from 132 

the silica gel by acetone and quantified by the Triglycerides FS Kit (DyaSis Diagnostic 133 

Systems GmbH) according to the manufacturer’s instructions. 134 

Mitochondrial respiration of liver homogenate 135 

Fifty µl of homogenate (supernatant after centrifugation at 750 g) was added into 2 ml of 136 

sucrose buffer (100 mM KCl, 40 mM sucrose, 5 mM MgCl2, 1 mM EGTA, BSA 4 mg / ml 137 



and 5 mM KPi, pH 7.4) and were introduced in the respiratory chamber of an oxygraph O2 k 138 

(Oroboros) at 25°C. Mitochondrial respiration was determined under glutamate/malate 139 

condition (GM 5 mM), with the addition of ADP (50 µM to 2.65 mM), in condition 140 

oligomycin (2 µM), and/or increasing amounts (2.5 to 12 µM) of carbonyl cyanide m-141 

chlorophenylhydrazone (CCCP) and finally with cyanide (1 mM KCN). Mitochondrial 142 

respiration was also determined under succinate condition (7 mM), with the addition of 143 

rotenone (1 µM) to inhibit OXPHOS complex I. Mitochondrial oxygen consumption was also 144 

measured using increasing concentrations (25–100 μM) of palmitoyl-CoA bound to 1% (w/v) 145 

BSA in the presence of malate (2 mM), carnitine (2 mM), and ADP (2.5 mM). Mitochondrial 146 

respiration was determined with substrate and ADP. Leak was calculated in the presence of 147 

oligomycin that inhibits ATP synthase. Maximal respiration capacity was determined adding 148 

CCCP. 149 

Enzyme assays  150 

Pyruvate dehydrogenase activity was measured by the release of 14CO2 by cells incubated for 151 

1 hour with William’s E medium containing 0.1 mM [1-14C] pyruvate (1.67 Ci/mole).  152 

Ldh activity was assayed in the cytosolic fraction of freshly prepared cell or tissue lysates 153 

after centrifugation (100 000g). Protein concentrations in the cytosolic extracts were adjusted 154 

to 1 mg/ml. Pyruvate to lactate conversion speed was evaluated by the NADH disappearance 155 

rates (µmole/min) assayed by spectrophotometry at 340 nm over 5 minutes after addition of 156 

NADH and 0.6 mM pyruvate to the cytosolic fraction9. 157 

Metabolite quantification  158 

For β-hydroxybutyrate, acetoacetate, lactate and pyruvate quantification, cell culture media or 159 

Krebs Henselheit buffer at the end of the experiments were deproteinized in ice-cold 4 % 160 

(w/v) perchloric acid and metabolites were assayed on neutralized perchloric filtrates by 161 



enzymatic methods as described by Girard et al. 10. Glucose concentrations in the culture 162 

media at the end of the experiments were determined by the Glucose GO assay Kit (Sigma, 163 

USA) according to the manufacturer’s instructions. For ATP production, right after isolation, 164 

cells were starved for 10 minutes prior to adding either 25 mM glucose or 0.3 mM albumin 165 

bound oleate. A sample of cells was collected at time points 0 and 3 minute and flash frozen 166 

in a lysis buffer. ATP concentration was then evaluated in these samples using the ATP HSII 167 

kit (Roche). 168 

Malonyl-CoA concentrations were determined by ultraperformance liquid chromatography as 169 

previously described (Waters, ON, Canada)11. 170 

Western blot analysis and ECL detection 171 

For total protein preparation, liver or primary hepatocytes were homogenized in a lysis buffer 172 

(50 mMTris·HCl, pH 7.5, 150 mMNaCl, 5 mM EDTA, 30mM Na4P2O7, 50 mMNaF, 1% 173 

Triton, 10 mg/mL leupeptin, 10mg/mL pepstatin, 10 mg/mL aprotinin, 1 mM DTT). Nuclear 174 

or cytoplasmic preparations from fresh liver samples or primary hepatocytes were prepared 175 

according to Schreiber et al. modified by Bossard et al. 12. Mitochondria were isolated in a 176 

sucrose buffer (0.3 M sucrose, 5 mM Tris/HCl and 1 mM EGTA (pH 7.4)) using differential 177 

centrifugation13. Protein concentrations were measured by Bradford assays (Bio-Rad). For 178 

western blotting, the nitrocellulose membranes were probed overnight with a primary 179 

antibody against the protein of interest and then incubated with a HRP-conjugated secondary 180 

antibody for subsequent detection with an enhanced chemiluminescence system (Biorad).  181 

Isolation of total mRNA and quantitative analysis by Real-Time RT-PCR  182 

Total RNAs were extracted and purified with TriPure isolation Reagent (Roche). The 183 

efficiency of β-catenin activation was determined by RT-qPCR through the measurement of 184 

glutamine synthase mRNA expression as compared to 18S RNA. Reverse transcription was 185 



done with Maxima First Strand cDNA Synthesis kit (Thermo Scientific) according to the 186 

manufacturer’s protocol. Real-time PCR was performed with 10ng of reverse-transcribed 187 

RNA mixed with various set of specific forward and reverse primers (100 nM) and 2,5 mM 188 

MgCl2 in 1×Luminaris Color HiGreenqPCR master mix (Thermo Scientific) using a 189 

LightCycler LC480 apparatus (Roche). All samples were normalized to the threshold cycle 190 

value for 18S RNA, chosen as an invariant control. Forward and reverse primers used for the 191 

specific amplification of cDNA fragments were designed to hybridize mouse transcripts. 192 

Primer sequences will be provided on request. For 14C incorporation, total RNA were purified 193 

according to Chirgwin et al. and separated from DNA by equilibrium density gradient 194 

ultracentifugation on CsCl14. 195 

 196 

xCELLigence assay 197 

Hepatocyte adhesion and cell cycle progression were measured with the xCELLigence system 198 

(Roche). Five hours after seeding, the cells were cultured in William’s E media supplemented 199 

with different substrates or metabolic inhibitors. The impedance was then measured for 36 h. 200 

Histology and Immunohistochemistry 201 

Immediately after the mice were killed, liver samples were fixed in 4% buffered 202 

formaldehyde over night at 4°C and then stored in 70 % (v/v) ethanol at 4°C until inclusion in 203 

paraffin. Hemalun/Eosin staining was done on 3 µm paraffin-embedded fixed liver sections. 204 

For immunochemistry, 5 µm paraffin-embedded fixed liver sections were deparaffinized and 205 

hydrated. Antigen was retrieved in a decloacking chamber (Biocare medical) in a citrate 206 

buffer (pH 6) (Vector laboratories). Endogenous peroxidase were inactivated with 3 % H2O2 207 

(v/v) for 20 min at room temperature. After blocking the liver sections in blocking solution 208 

(MOM  kit, vector laboratories) for mouse antibodies or 2% SNC (v/v), 1% BSA (w/v) for 209 



rabbit antibodies), there are incubated with the primary antibody overnight at 4°C. After 20 210 

min incubation with a biotinylated secondary antibody, staining was revealed using an ABC 211 

(Avidin Biotin Complex)-DAB (3,3’-diaminobenzidine) system (Vector laboratories). 212 

Sections were then counterstained with hemalun, and slides were mounted (Coverquick 3000 213 

VWR) after dehydration.  214 

Oil red O staining 215 

Frozen sections (10 µm) were fixed in 4% formaldehyde aqueous solution for 10 min, then 216 

washed 3 times with PBS. Sections were incubated 30 min in an Oil red O solution (Oil red O 217 

powder 0.3 % (w/v), triethyl-phosphate 36 % (v/v)) at room temperature under stirring. After 218 

5 washes in deionized water, slides were mounted with Vectashield® (Vector laboratories). 219 

Reagents 220 

Antibodies. From BD Biosciences: anti-Glul (clone 6), anti-total β-catenin (clone 14). From Cell 221 

Signaling Technology: anti-Acc, anti Acss2 (D19C6), anti-pyruvate carboxylase (H-2), HRP-222 

conjugated antibodies (mouse and rabbit). From Sigma-Aldrich: anti-HmgCoAs2, anti-γ-tubulin 223 

(GTU88). From Merck Millipore: anti-active β-catenin (clone 8E7). From Santa-Cruz Biotechnology: 224 

Anti-PPARα (H-98), anti-lipin (H-120), anti-Gapdh (FL-335). From Abcam: anti-Bdh (1A5), anti- 225 

porine (20B12AF2). 226 

Chemicals. Atglistatin was from Calbiochem (San Diego, USA) and Etomoxir was from Sigma-227 

Aldrich . 228 

Statistical analysis 229 

Results are expressed as the mean ± SEM and analyzed using Instat software (GraphPad 230 

Prism). Unpaired student t test were used to compare data sets. Statistical significance was set 231 

at P<.05, *P<.05, **P<.01 and ***P<.005. 232 



SUPPLEMENTARY FIGURE LEGENDS 233 

SI1 Tumor development  234 

(A) Left panel: echography imaging of liver from ApcTumLIV mice 5 months after Apc deletion. Right 235 

panel: macroscopic appearance of representative tumors from ApcTumLIV mice 7 months after Apc 236 

deletion. Arrowhead indicates tumors. (B) Tumor penetrance after Apc deletion. N=18. (C) 237 

Representative immunostainings for β-catenin expression showing accumulation in the tumor (T) and 238 

for glutamine synthetase showing staining of the tumor (T) and of hepatocytes around the central vein 239 

in non-tumor tissues (NT). (D) Representative immunostaining for β-catenin and glutamine synthetase 240 

expression showing no accumulation in the axin1-/- tumors (T). CV: central vein. 241 

SI2 Metabolism of Axin1-/- tumors 242 

(A) Tumor (T) and adjacent non-tumor (NT) liver explants from Axin1-/- mice were cultured for 2 h 243 

with 25 mM [U-14C] glucose. Left panel: oxidation rates into [14CO2], middle panel: esterification rates 244 

into [14C] lipids, right panel: lactate production. (B) NT and T explants from Axin-/- mice were cultured 245 

for 2 h with 0.3mM [1-14C] oleate. Left panel: oleate oxidation into [14CO2], middle panel: [14C] ASP, 246 

right panel: esterification profiles. (N=3), Results are presented as the means ± S.E.M. of triplicate 247 

flasks from three independent experiments.    248 

SI3 Glucose metabolism in β-catenin activated hepatocytes 249 

Pan lobular β-catenin activation was achieved 6 days after tamoxifen injection. (A) Primary 250 

hepatocytes isolated from Apclox/lox/TTR-CreTam (ApchepKO) or Apclox/lox (control) mice were cultured 251 

for 24h in presence of 25 mM glucose and 100 nM insulin. For the last three hours of culture [U-14C] 252 

glucose was added. Left panel: Ldh activity in primary hepatocytes, right panel: glucose concentration 253 

in the culture media. (B) Left panel: immunoblot analysis using specific antibody for Pdh, phospho-254 

Pdh ser293, pyruvate carboxylase (Pc) and porine. Center panel: relative expression of non-255 

phosphorylated Pdh quantified on immunoblots by Image Lab software (Biorad). right panel: Pdh 256 



activity assayed by oxidation of [1-14C] pyruvate into [14CO2]. Results are presented as the means ± 257 

S.E.M. of triplicate flasks from three independent experiments.  258 

SI4 Fatty acid metabolism in β-catenin activated hepatocytes 259 

(A) Primary hepatocytes isolated 6 days after tamoxifen injection from Apclox/lox/TTR-CreTam 260 

(ApchepKO) or Apclox/lox (control) were cultured in presence of 0.3 mM [1-14C] palmitate and oxidation 261 

rates into [14CO2] were quantified. (B) Primary hepatocytes isolated from ApchepKO or control mice 262 

were cultured in presence of 0.3 mM [1-14C] oleate or 0.3 mM [1-14C] oleate and 1mM etomoxir and 263 

oxidation rates into [14CO2] were quantified (C) Explants from either ApchepKO or control mouse livers 264 

were cultured for 2 hours in presence of [1-14C] oleate and oxidation rates into [14CO2] were 265 

quantified. White boxes: control liver explants. Black boxes: explants from ApchepKO mouse livers. (D) 266 

Overall oleate fate analysis. (E) Immunoblot analysis of cellular extracts using antibodies raised 267 

against Atgl and Gapdh. Right panel: hydroxybutyrate (BHB) production by hepatocytes treated or not 268 

with 40 µM Atglistatin. (F) Daily food intake and fat mass analysis in ApchepKO or control mouse 269 

following tamoxifen injection.  270 

SI5 PPARα is contributing to the increased FAO in β-catenin activated livers 271 

(A) ApchepKO and control hepatocytes were transfected with the Ehhadh-luciferase construct PPAR 272 

responsive element. Results are expressed as the mean luciferase induction of two independent 273 

experiments carried out in triplicates. (B)  mRNA relative expression of PPARα target genes in 274 

Apclox/lox/TTR-CreTam (ApchepKO), Apclox/lox (control), PPARαKO and Apclox/lox/TTR-CreTam /PparαKO 275 

(DKO) fasting mice livers 6 days after tamoxifen injection. N=6 mice per genotype (C) 276 

Immunostaining of glutamine synthetase on liver section from control, ApchepKO, PPARαKO and DKO 277 

mice 6 days after tamoxifen injection. (D) Immunostaining for β-catenin expression showing 278 

accumulation in the tumor (T) and for glutamine synthetase showing staining of the tumor and of 279 

hepatocytes around the central vein in non-tumor tissues of ApcTumliv/PPARαKO mice.  280 
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