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Highlights 

Hepatocyte p110α is required for liver growth, glucose homeostasis, and regulation of liver 

gene expression. 

Hepatocyte p110α is dispensable for the regulation of carbohydrate sensing by ChREBP and 

fatty acid sensing by PPARα. 

Hepatocyte p110α-mediated regulation of gene expression is related to both insulin receptor-

dependent and -independent pathways. 

Hepatocyte p110α  is required for lipid homeostasis and the rewiring of gene expression that 

occurs during diet-induced obesity. 
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Abstract 

Insulin and other growth factors are key regulators of liver gene expression, including in 

metabolic diseases. Most of the phosphoinositide 3-kinase (PI3K) activity induced by insulin is 

dependent on PI3Kα. We used mice lacking p110α, the catalytic subunit of PI3Kα, to 

investigate its role in the regulation of liver gene expression. The absence of hepatocyte PI3Kα 

signaling promoted glucose intolerance in lean mice and significantly regulated liver gene 

expression, including insulin-sensitive genes, in ad libitum feeding. Some of the defective 

regulation of gene expression in response to hepatocyte-restricted insulin receptor deletion 

was related to PI3Kα signaling. In addition, though PI3Kα deletion in hepatocytes promoted 

insulin resistance, it was protective against steatotic liver disease in diet-induced obesity. In 

the absence of hepatocyte PI3Kα, the effect of diet-induced obesity on liver gene expression 

was significantly altered, with changes in rhythmic gene expression in liver. Therefore, this 

study highlights the specific role of membrane signaling dependent on hepatocyte PI3Kα in 

the control of liver gene expression in physiology and in Metabolic dysfunction-Associated 

Steatotic Liver Disease (MASLD). 
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Introduction 

The regulation of gene expression in response to growth factors and hormones is an essential 

process in the control of cell growth, survival, and metabolism. Activation of class I 

phosphonisotide-3 kinases (PI3Ks) is a critical signal transduction pathway used by cell-surface 

receptors to regulate intracellular events (Hawkins et al., 2006). Receptors that access these 

signaling pathways include those that recognize growth factors and hormones such as insulin, 

a major regulator of metabolic homeostasis (White and Kahn, 2021). 

The concentration of insulin increases in response to a meal and controls the balance between 

fuel utilization and storage, maintaining glucose levels during fasting and feeding (Roden and 

Shulman, 2019; Titchenell et al., 2017). This occurs, in part, through the ability of insulin to 

regulate gene expression in a tissue- and cell-specific manner. There are three ways insulin 

can regulate gene expression via insulin receptors (IRs) (Batista et al., 2019a). Insulin binds to 

IRs present on the cell surface, activating their tyrosine kinase activity. This initiates a broad 

network of protein recruitment and phosphorylation, including the IR substrate (IRS) family, 

leading to activation of the PI3K pathway, as well as the Src homology and collagen (Shc) family 

and further activation of the Ras/MAP kinase pathway (Batista et al., 2019a). Stimulation of 

these pathways finally regulates transcription factors that control gene expression. Moreover, 

insulin-bound receptor can translocate to the nucleus to regulate gene expression (Hancock 

et al., 2019). 

Metabolic effects of insulin are generally considered to depend on the pathway involving PI3K. 

Class I PI3Ks synthesize the phospholipid PtdIns(3,4,5)P3 (PIP3). The increase in PIP3 

concentration at the plasma membrane in response to PI3K activity triggers the recruitment 

of signaling molecules containing PIP3-specific Pleckstrin homology (PH) domains (Hawkins et 

al., 2006; Lemmon, 2008; Vanhaesebroeck et al., 2010). Phosphoinositide-dependent kinase 

(PDK) and the serine/threonine protein kinase AKT (also known as Protein Kinase B, PKB) 

possess PH domains able to bind PIP3. After the insulin-stimulated increase in PI3K activity, 

PDK and AKT translocate to the plasma membrane, leading to a local increase in their relative 

abundance (Alessi et al., 1997; Manning and Toker, 2017; Stokoe et al., 1997). At the plasma 

membrane, PDK phosphorylates AKT at Thr308. Additional Ser473 AKT phosphorylation 

dependent on mTORC2 occurs in a PI3K-dependent manner (Liu et al., 2015; Manning and 
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Toker, 2017; Sarbassov et al., 2005). In the liver, insulin-induced AKT phosphorylation initiates 

a large number of downstream cellular responses, including glycogen synthesis, glycolysis, and 

lipogenesis, as well as inhibition of gluconeogenesis (Brown and Goldstein, 2008; Hagiwara et 

al., 2012; Kubota et al., 2016; Li et al., 2010; O-Sullivan et al., 2015; Titchenell et al., 2017; Wan 

et al., 2011). 

PI3Ks are heterodimers composed of a regulatory subunit tightly bound to a catalytic lipid 

kinase subunit. PI3Ks are named based on their catalytic subunit. Among the four different 

types of class I PI3Ks (α, β, γ, and δ), PI3Kα and PI3Kβ are expressed in hepatocytes. They share 

the same regulatory subunits but their activities depend on distinct catalytic subunits 

(Hawkins et al., 2006). Previous studies have shown that most PI3K activity induced by insulin 

is dependent on PI3Kα. Deletion of the PI3Kα catalytic subunit (p110α) in mouse hepatocytes 

reduces PIP3 generation and AKT activation upon insulin stimulation (Sopasakis et al., 2010). 

Mice lacking hepatocyte p110α have reduced insulin sensitivity and glucose tolerance, 

increased gluconeogenesis, and hypolipidemia that cannot be rescued by overexpression of 

the PI3Kβ catalytic subunit (p110β). Another report provided evidence that ablation of p110α,  

but not p110β, prevents hepatic steatosis associated with high fat diet (HFD)-induced obesity 

(Chattopadhyay et al., 2011). This protection from diet-induced steatosis is associated with 

decreased lipogenesis and reduced fatty acid uptake in hepatocytes. In contrast, other reports 

have shown that loss of p110α in hepatocytes is compensated by redundant PI3K activities 

dependent on p110β  (Molinaro et al., 2019) Moreover, low doses of a PI3Kα-selective 

inhibitor can successfully improve PI3Kα-related overgrowth syndrome without major 

metabolic effects (Canaud et al., 2023; Venot et al., 2018). 

In the present study, we analyzed the effect of hepatocyte p110α deletion on metabolic 

homeostasis in mice. Feeding is known to trigger changes in gene expression that depend both 

on IR-dependent and -independent processes in the liver (Fougeray et al., 2022; Haas et al., 

2012), and physiological levels of insulin regulate a broad network of transcripts (Batista et al., 

2019b). We performed an unbiased analysis to investigate the role of PI3Kα in the control of 

liver genome expression, including insulin-sensitive pathways in response to feeding. Obesity 

and type 2 diabetes are associated with metabolic dysfunction-associated steatotic liver 

disease (MASLD) (Loomba et al., 2021; Rinella et al., 2023), which is associated with extensive 

changes in hepatic signaling (Dittmann et al., 2019), genome expression (Eckel-Mahan et al., 
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2013; Guan et al., 2018; Lee et al., 2017; Smati et al., 2022), and metabolic pathways (Chella 

Krishnan et al., 2018; Mardinoglu et al., 2017; Sabidó et al., 2013; Smati et al., 2022). These 

changes include modification of the circadian liver rhythm, which occurs independently from 

changes in core clock gene expression (Eckel-Mahan et al., 2013; Guan et al., 2018; Guan and 

Lazar, 2022; Kohsaka et al., 2007). Therefore, we also investigated the contribution of PI3Kα 

to the rewiring of liver gene expression and its rhythmicity that occurs in diet-induced obesity 

and MASLD. Taken together, our findings show that signaling dependent on PI3Kα is critical 

for the regulation of liver gene expression in both health and metabolic disease. 
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Materials and Methods 

Mice 

In vivo studies were conducted under the European Union guidelines for the use and care of 

laboratory animals and were approved by an independent local ethics committee. 

p110αhep-/- animals were created by mating floxed-p110α mice with C57BL/6J albumin-Cre 

transgenic mice to obtain albumin-Cre+/−p110αflox/flox mice (i.e., p110αhep-/- mice). The p110α 

deletion was confirmed by PCR and HotStar Taq DNA Polymerase (5 U/μl, Qiagen) using two 

primer pairs: FE1, 5′- GGATGCGGTCTTTATTGTC -3′ and FE4, 5′- TGGCATGCTGCCGAATTG -3′; 

ma9, ACACACTGCATCAATGGC and a5, GCTGCCGAATTGCTAGGTAAGC. The amplification step 

for the floxed mice were as follows: 94°C for 3 min; followed by 20 cycles of touch down PCR 

comprising 94°C for 1 min, 65°C to 55°C for 1 min 30 sec, and 72°C for 1 min 30 sec; followed 

by 20 cycles of PCR comprising 94°C for 1 min, 55°C for 1 min 30 sec, and 72°C for 1 min 30 

sec; and a final cycle of 72°C for 10 min. This reaction produced 634-bp, 544-bp, and 716-bp 

fragments, which represented the wild-type allele, the p110α sequence with an exon 18-19 

deletion, and the floxed allele, respectively. The albumin-Cre allele was detected by PCR and 

HotStar Taq DNA Polymerase (5 U/μl, Qiagen) using the following primers: CreU, 5′-

AGGTGTAGAGAAGGCACTTAG-3′ and CreD, 5′- CTAATCGCCATCTTCCAGCAGG-3′; G2lox7F, 5′-

CCAATCCCTTGGTTCATGGTTGC- 3′ and G2lox7R, 5′-CGTAAGGCCCAAGGAAGTCCTGC-3′). 

Amplification conditions to confirm the presence of CRE were as follows: 95°C for 15 min; 

followed by 35 cycles of 94°C for 1 min, 65°C for 1 min, and 72°C for 1 min; and a final cycle of 

72°C for 10 min. This reaction produced a 450-pb fragment representing the albumin-Cre 

allele. 

Hepatocyte-specific IR knockout mice (IRhep-/-) were generated by crossing animals carrying 

LoxP sites flanking the fourth exon of the IR gene (IRlox/lox stock number 006955; Jackson 

laboratory, Bar Harbor, ME, USA) with C57BL/6J mice, which specifically express CRE 

recombinase in the liver under the control of the transthyretin promoter (TTR-CreTam mice), 

as described previously (Fougeray et al., 2022). 

Mice were housed under controlled temperature (23°C) and light (12-h light/12-h dark) 

conditions. All mice were males with free access to food (A04 U8220G1OR, Safe) and water. 
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Albumin-Cre-/- floxed-p110α (p110αhep+/+) and TTR-Cre-/- floxed IR (IRhep+/+) littermates were 

used as controls. 

In vivo experiments 

High fat diet  

Twelve-week-old p110αhep+/+ and p110αhep-/- mice were fed a HFD with 60% calories from fat 

(D12492, Research Diet) or a control (CTRL) diet (D12450J, Research Diet) for 12 weeks. All 

mice had free access to food and water. At the end of the experiment, mice were fasted at 

Zeitgeber Time (ZT) 16 (with ZT0 being when the light is turned on and ZT12 when light is 

turned off) for 24 h or fed ad libitum prior to sacrifice. Mice were sacrificed at ZT16 (n=6-8 

mice per group). 

Choline-deficient high fat diet  

Eight-week-old p110αhep+/+ and p110αhep-/- mice were fed a choline-deficient HFD (CD-HFD) 

with 60% calories from fat (D05010403, Research Diet), a HFD with normal choline 

(A06071306, Research Diet), or a control (CTRL) diet (10% calories from fat) with normal 

choline (A08051501, Research Diet) for 11 weeks. Mice were sacrificed at ZT16 (n=6-8 mice 

per group). 

Ketogenic diet  

Twelve-week-old p110αhep+/+ and p110αhep-/- mice were fed a CTRL diet (SAFE A04, Augy, 

France) containing 72.4% calories from carbohydrates, 8.3% from lipids, and 19.3% from 

proteins or a ketogenic diet (KD; TD.96355, Envigo, United States) containing 90.5% calories 

from lipids, 9.2% from proteins, and 0.3% from carbohydrates for 9 days. Mice were sacrificed 

at ZT16 (n=6-8 mice per group). 

Fasting/high glucose  

Sixteen-week-old p110αhep+/+ and p110αhep-/- mice were fed a chow diet (SAFE A04, Augy, 

France). Half of the mice were given access to drinking water supplemented with 20% glucose 

(D-glucose, G8270, Sigma-Aldrich) 24 h prior to sacrifice. The other half of the mice were 

fasted 12 h prior to sacrifice. Mice were sacrificed at ZT16. Eight mice of each genotype was 

used for each experimental condition. 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 10, 2024. ; https://doi.org/10.1101/2024.01.09.574858doi: bioRxiv preprint 

https://doi.org/10.1101/2024.01.09.574858
http://creativecommons.org/licenses/by-nc-nd/4.0/


Two-bottle preference assay and sucrose preference test 

Mice were acclimated to cages with two bottles of water 1 week before the challenge. Mice 

were then given access to bottles with either water or water containing 10% sucrose (S9378, 

Sigma-Aldrich) and consumption measured daily for 4 days. The positions of the bottles in the 

cages were switched every day during the challenge. Mice were fed a chow diet (SAFE A04, 

Augy, France) throughout the experiment. At the end of the challenge, blood was taken from 

fed mice to measure the plasma FGF21 level in response to the sucrose load. Sucrose 

preference was determined by the difference between water intake and sucrose-containing 

water intake. 

Fasting and fasting-refeeding  

Twelve-week-old p110αhep+/+ and p110αhep-/- mice were divided into three groups. One group 

was fed ad libitum until sacrifice, another group was fasted for 24 h from ZT16, and the third 

group was fasted for 24 h and then was refed for 4 h with the addition of 200 g/L glucose in 

water (n=6 mice/genotype/experimental condition). All mice were sacrificed at ZT16. 

Circadian experiment 

Twelve-week-old p110αhep+/+ and p110αhep-/- mice were fed a control diet (D12450J, Research 

Diet) or an HFD (D12492, research diet) for 16 weeks. At the end of the experiment, mice were 

sacrificed at different time points: ZT0, ZT4, ZT8, ZT12, ZT16, and ZT20 

(n=6/genotype/experimental condition). All mice had free access to food and water until 

sacrifice. 

In vivo insulin signaling 

Animals were fasted for 12 h from ZT0. At ZT12, the mice were anesthetized with isoflurane 

and ketamine (100 mg/kg body weight), followed by injection with insulin at 5 U/kg body 

weight (Umuline rapide, Lilly Laboratories) via the inferior vena cava. Five minutes after the 

injection, the liver, adipose tissue, and muscles were excised and snap-frozen in liquid 

nitrogen. Anesthetized fasted mice served as a control for this experiment. 

Metabolic and physiological assays 

Glucose, insulin, and pyruvate tolerance tests 
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For the glucose tolerance test, mice were fasted for 6 h and received an oral (2 g/kg body 

weight) glucose load (G7021, Sigma Aldrich). For the insulin tolerance test, mice were fasted 

for 6 h and received insulin (Umuline rapide, Lilly Laboratories) by intraperitoneal injection 

(0.2 U/L; 3g/kg). For the pyruvate tolerance test, mice were fasted for 24 h and received 

pyruvate  by intraperitoneal injection (20% in NaCl; 2g/kg). For all tolerance tests, blood 

glucose was measured at the tail vein using an AccuCheck Performa glucometer (Roche 

Diagnostics) at T-15 (15 minutes before injection), T0, and 15, 30, 45, 60, 90, and 120 minutes 

after injection (and 150 min for pyruvate tolerance test). 

Circulating glucose, ketone bodies, and other biochemical analysis 

Blood glucose was measured using an Accu-Chek Go glucometer (Roche Diagnostics). The β-

hydroxybutyrate content was measured at different fasting time points using Optium β-

ketone test strips carrying Optium Xceed sensors (Abbott Diabetes Care). Aspartate 

transaminase (AST), alanine transaminase (ALT), free fatty acids (FFAs), triglycerides, total 

cholesterol, LDL cholesterol, and HDL cholesterol levels were determined from plasma 

samples using a COBASMIRA+ biochemical analyzer (Anexplo facility). 

ELISA 

Plasma FGF21 and insulin were assayed using the rat/mouse FGF21 ELISA kit (EMD Millipore) 

and the ultrasensitive mouse insulin ELISA kit (Crystal Chem), respectively, following the 

manufacturers’ instructions.  

Blood and tissue sampling 

Prior to sacrifice, the submandibular vein was lanced and blood collected in EDTA-coated 

tubes (BD Microtainer, K2E tubes). Plasma was collected by centrifugation (1500 x g, 10 min, 

4°C) and stored at -80°C. Following sacrifice by cervical dissociation, organs were removed, 

weighed, dissected, and used for histological analyses or snap-frozen in liquid nitrogen and 

stored at -80°C. 

Analysis of insulin signaling in animal tissue by Western blot 

Western blot analyses were conducted under different conditions. In the first experiment, 

mice were fasted for 12 h from ZT0 and received vena cava injections of insulin (Umulin rapide, 

Lilly Laboratories) at ZT12. Mice were sacrificed 5 minutes after insulin injection. In a second 
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experiment, mice were fasted for 24 h and refed for 4 h with 200 g/L of glucose in water. 

Fasted mice were used as a control for each experiment. Tissues were immediately removed 

and homogenized in RIPA buffer by sonication (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 2 mM 

EDTA, 0.1% SDS, 1 mM PMSF, 1% NP40, 0.25% sodium deoxycholate, proteinase, and 

phosphatase inhibitors). Particulates were removed by centrifugation at 13,000 g for 30 min. 

The protein concentration in each lysate was measured using a BC Assay Protein Quantitation 

Kit (Interchim). 

Proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to a 

nitrocellulose membrane. Immunodetection was performed using the relevant primary 

antibody overnight at 4°C: anti-pSer473Akt (4058), anti-pThr308Akt (2965), anti-total Akt 

(9272), anti-pThr389p70 S6 kinase (9205), anti-p110α (4255), anti-pSer9GSK-3β (9336), or 

anti-β-actin (all Cell Signaling, 1:1000 dilution). Signals were acquired using Chemidoc (Bio-

Rad) and quantified by ImageJ software. Signal intensities obtained with phospho-specific 

antibodies were normalized to those obtained with antibodies against total proteins. 

PIP3 quantification 

Following the vena cava injection of insulin, the liver was dissected and snap-frozen in liquid 

nitrogen. Mass spectrometry was used to measure inositol lipid levels as described previously 

(Clark et al., 2011) using a QTRAP 4000 (AB Sciex) mass spectrometer and employing the lipid 

extraction and derivatization method. 

Gene expression 

Total cellular RNA was extracted using Tri reagent (Molecular Research Center). Total RNA 

samples (2 µg) were reverse-transcribed using the High-capacity cDNA Reverse Transcription 

Kit (Applied Biosystems) for real-time quantitative polymerase chain reaction (qPCR) analyses. 

The primers for Sybr Green assays are presented in Supplementary Table 1. Amplification was 

performed on a Stratagene Mx3005P (Agilent Technology). The qPCR data were normalized 

to the level of TATA-box binding protein (TBP) mRNA and analyzed by LinRegPCR. 

Microarray 

Transcriptome profiling was performed at the GeT-TRIX facility (Génotoul, Génopole, 

Toulouse, Occitanie) using Agilent SurePrint G3 Mouse GE 8x60K (Design 074809) according 
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to the manufacturer’s instructions (Klipper-Aurbach et al., 1995; Smyth, 2004; Szklarczyk et 

al., 2019). For each sample, cyanine-3 (Cy3) labeled cRNA was prepared from 200 ng of total 

RNA using the One-Color Quick Amp Labeling kit (Agilent) according to the manufacturer’s 

instructions, followed by Agencourt RNAClean XP (Agencourt Bioscience Corporation, Beverly, 

Massachusetts). Dye incorporation and cRNA yield were checked using DopsenseTM 96 UV/VIS 

droplet reader (Trinean, Belgium). A total of 600 ng of the Cy3-labeled cRNA was hybridized 

on the microarray slides following the manufacturer’s instructions. Immediately after 

washing, the slides were scanned on an Agilent G2505C Microarray Scanner using Agilent Scan 

Control A.8.5.1 software and the fluorescence signal extracted using Agilent Feature 

Extraction software v10.10.1.1 with default parameters. Microarray data and all experimental 

details are available in the Gene Expression Omnibus (GEO) database 

(GSE249340, GSE249341, GSE249343). 

Histology 

Paraformaldehyde-fixed, paraffin-embedded liver tissue was sliced into 3-μm-thick sections 

and stained with hematoxylin and eosin for histopathological analysis. The staining was 

visualized under a Leica DM4000 B microscope equipped with a Leica DFC450 C camera. 

1H-NMR based metabolomics 

Metabolomic profiling was performed as described previously (Beckonert et al., 2007). All 1H-

NMR spectra were obtained on a Bruker DRX-600-Avance NMR spectrometer (Bruker, 

Wissembourg, France) using the AXIOM metabolomics platform (MetaToul) operating at 

600.13 MHz for the 1H resonance frequency and an inverse detection 5-mm 1H-13C-15N 

cryoprobe attached to a cryoplatform (the preamplifier cooling unit).  

The 1H-NMR spectra were acquired at 300K using a standard one-dimensional noesypr1D 

pulse sequence with water presaturation and a total spin-echo delay (2nτ) of 100 ms. A total 

of 128 transients were collected into 64,000 data points using a spectral width of 12 ppm, 

relaxation delay of 2.5 s, and acquisition time of 2.28 s. The 1H-1H COSY, 1H-1H TOCSY, and 1H-

13C HSQC were obtained for each biological matrix in one representative sample for 

metabolite identification.  

Data were analyzed by applying an exponential window function with 0.3-Hz line broadening 

prior to Fourier transformation. The resulting spectra were phased, baseline corrected, and 
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calibrated to TSP (δ 0.00 ppm) manually using Mnova NMR (v9.0, Mestrelab Research). The 

spectra were subsequently imported into MatLab (R2014a, MathsWorks, Inc.). All data were 

analyzed using full-resolution spectra. The region containing water resonance (δ 4.6–5.2 ppm) 

was removed, and the spectra were normalized to the probabilistic quotient (Dieterle et al., 

2006) and aligned using a previously published function (Veselkov et al., 2009).  

Data were mean-centered and scaled using the unit variance scaling prior to analysis with 

orthogonal projection on latent structure-discriminant analysis (O-PLS-DA). The 1H-NMR data 

were used as independent variables (X matrix) and regressed against a dummy matrix (Y 

matrix) indicating the class of samples. The O-PLS-derived model was evaluated for goodness 

of prediction (Q2Y value) using n-fold cross-validation, where n depends on the sample size. 

To identify metabolites responsible for discrimination between the groups, the O-PLS-DA 

correlation coefficients (r2) were calculated for each variable and back-scaled into a spectral 

domain so that the shapes of the NMR spectra and signs of the coefficients were preserved 

(Cloarec et al., 2005a, 2005b). The weights of the variables were color-coded according to the 

square of the O-PLS-DA correlation coefficients. Correlation coefficients extracted from 

significant models were filtered so that only significant correlations above the threshold 

defined by Pearson’s critical correlation coefficient (P < 0.05; |r| > 0.7; n=12 per group) were 

considered significant. 

Reporter metabolite analysis 

Reporter metabolite analyses were performed to investigate the metabolites affected by 

transcriptional changes in the absence of p110α using the PIANO package, which enriches the 

gene set analysis of genome-wide data by incorporating the directionality of gene expression 

and combining statistical hypotheses and methods in conjunction with a previously 

established genome-scale metabolic model of the liver, iHepatocyte2322 (Mardinoglu et al., 

2015). 

Liver neutral lipids analysis 

Tissue samples were homogenized in methanol/5 mM EGTA (2:1, v/v) and lipids (equivalent 

to 2 mg of tissue) extracted according to the Bligh–Dyer method (Bligh and Dyer, 1959) with 

chloroform/methanol/water (2.5:2.5:2 v/v/v) in the presence of the following internal 

standards: glyceryl trinonadecanoate, stigmasterol, and cholesteryl heptadecanoate (Sigma). 
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Triglycerides, free cholesterol, and cholesterol esters were analyzed by gas-liquid 

chromatography on a Focus Thermo Electron system equipped with a Zebron-1 Phenomenex 

fused-silica capillary column (5 m, 0.25 mm i.d., 0.25 mm film thickness). The oven 

temperature was programmed to increase from 200 to 350°C at 5°C/min, and the carrier gas 

was hydrogen (0.5 bar). Injector and detector temperatures were 315°C and 345°C, 

respectively. All of the quantitative calculations were based on the peak area ratios relative to 

the internal standards (Barrans et al., 1996). 

Liver fatty acid analysis 

Tissue samples were homogenized using a Fastprep system (40 s) in methanol/5 mM EGTA 

(2:1, v/v) An aliquot corresponding to 1 mg of tissue was sampled and 2 µg TG17 (glyceryl 

triheptadecanoate, Sigma Aldrich, les Ulis, France) added as internal standard to verify the 

completeness of hydrolysis. After hydrolysis in KOH-methanol (1.5 M) for 30 min at 56°C, FAs 

were transmethylated with 1 mL BF3-methanol, 10% wt (60 min at 80°C). Once cooled down, 

1 mL Milli-Q water and 2 mL heptane was added to the methylated FAs and the mixture 

manually shaken. After centrifugation (500 g, 5 min), the upper layer containing FA methyl 

esters (FAMEs) was transferred to a glass tube and evaporated to dryness. Heptane (200 µL) 

was then added and the sample transferred to a vial. FAMEs were analyzed on a TRACE 1310 

gas chromatograph (Thermo Scientific, Les Ulis, France) equipped with a split-splitless injector 

operated in the splitless mode and a flame-ionization detector. FAMEs were separated on a 

FAME-WAXTM column (30 m, 0.32 mm internal diameter, 0.25 µm film thickness) from Restek 

(Lisses, France) using helium as carrier gas at a constant flow rate of 1.0 mL.min-1. The injector 

temperature was set at 225°C and the oven temperature was programmed as follows: 1 min 

isothermal step at 130°C, from 130°C to 245°C at 2°C.min-1 and then 8 min at 245°C. FAMEs 

were identified by comparing sample retention times to those of commercial standard 

mixtures (Menhaden oil and Food Industry FAME Mix, Restek) using Xcalibur 2.2 software 

(Thermo Scientific). 

Liver phospholipid and sphingolipid analysis 

Chemicals and reagents 

The liquid chromatography solvent, acetonitrile, was HPLC-grade and purchased from Acros 

Organics. Ammonium formate (>99%) was supplied by Sigma Aldrich. Synthetic lipid standards 
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(Cer d18:1/18:0, Cer d18:1/15:0, PE 12:0/12:0, PE 16:0/16:0, PC 13:0/13:0, PC 16:0/16:0, SM 

d18:1/18:0, SM d18:1/12:0) were purchased from Avanti Polar Lipids. 

Lipid extraction 

Lipids were extracted from the liver (1 mg) as described previously (Ducheix et al., 2018) using 

dichloromethane/methanol (2% acetic acid)/water (2.5:2.5:2 v/v/v). Internal standards were 

added (Cer d18:1/15:0, 16 ng; PE 12:0/12:0, 180 ng; PC 13:0/13:0, 16 ng; SM d18:1/12:0, 16 

ng; PI 16:0/17:0, 30 ng; PS 12:0/12:0, 156.25 ng) and the solution centrifuged at 1500 rpm for 

3 min. The organic phase was collected and dried under azote, then dissolved in 50 μl MeOH. 

Sample solutions were analyzed by an Agilent 1290 UPLC system coupled to a G6460 triple 

quadripole spectrometer (Agilent Technologies). MassHunter software was used for data 

acquisition and analysis. A Kinetex HILIC column (Phenomenex, 50 x 4.6 mm, 2.6 μm) was used 

for LC separation. The column temperature was maintained at 40°C. The mobile phase, A, was 

acetonitrile and the B phase 10 mM ammonium formate in water at pH 3.2. The gradient was 

as follows: 10% to 30% B in 10 min; 100% B from 10 to 12 min; and then back to 10% B at 13 

min for 1 min to re-equilibrate prior to the next injection. The flow rate of the mobile phase 

was 0.3 ml/min, and the injection volume was 5 μl. An electrospray source was employed in 

positive (for Cer, PE, PC, and SM analysis) or negative ion mode (for PI and PS analysis). The 

collision gas was nitrogen. The needle voltage was set at +4000 V. Several scan modes were 

used. First, to obtain the naturally different masses of different species, we analyzed cell lipid 

extracts with a precursor ion scan at 184 m/z, 241 m/z, and 264 m/z for PC/SM, PI, and Cer, 

respectively. We performed a neutral loss scan at 141 and 87 m/z for PE and PS, respectively. 

The collision energy optimums for Cer, PE, PC, SM, PI, and PS were 25 eV, 20 eV, 30 eV, 25 eV, 

45 eV, and 22 eV, respectively. The corresponding SRM transitions were used to quantify 

different phospholipid species for each class. Two 9 MRM acquisitions were necessary due to 

important differences between phospholipid classes. We used QqQ Quantitative (vB.05.00) 

and Qualitative Analysis software (vB.04.00). All of the quantitative calculations were based 

on the peak area ratios relative to the internal standards (Chiappini et al., 2017). 

Statistical analysis 
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Biochemical, qPCR, and phenotypic data were analyzed using GraphPad software. Differential 

effects were assessed on log2 transformed data by ANOVA followed by Sidak post-hoc tests. 

P-values <0.05 were considered significant. 

Hierarchical clustering of lipid quantification data was performed using R (R Development 

Core Team (2022) R Core Team (2022). R: A Language and Environment for Statistical 

Computing. R Foundation for Statistical Computing, Vienna, Austria, https://www.R-

project.org/) with the pheatmap package (Kolde, 2019). Hierarchical clustering on log2 

transformed data was applied to the samples and lipids using 1-Pearson correlation coefficient 

as distance and Ward’s criterion (Ward.D2) for agglomeration. All of the data represented on 

the heat map had adjusted P-values <0.05 for one or more comparisons performed with an 

analysis of variance and is scaled by row. 

Microarray data were analyzed using R and Bioconductor packages (www.bioconductor.org, 

v 3.0) as described in GEO accession (GSE249340, GSE249341, GSE249343). Raw data (median 

signal intensity) were filtered, log2 transformed, corrected for batch effects (microarray 

washing bath), and normalized using the quantile method. 

A model was fitted using the limma lmFit function considering array weights using the 

arrayWeights function. Pair-wise comparisons between biological conditions were applied 

using specific contrasts. A correction for multiple testing was applied using the Benjamini-

Hochberg procedure for the false discovery rate (FDR). Probes with FDR ≤ 0.05 were 

considered to be differentially expressed between conditions. 

Hierarchical clustering was applied to the samples and the differentially expressed probes 

using 1-Pearson correlation coefficient as distance and Ward’s criterion for agglomeration. 

The clustering results are illustrated as a heatmap of the expression signals. Gene set 

enrichment analysis (GSEA) was performed using the ViSEAGO R package (Brionne et al., 2019) 

with signed -log10 adjusted p-values as the score and 10,000 permutations of random sets of 

101 genes: 𝑠𝑐𝑜𝑟𝑒 =  − log10(𝑎𝑑𝑗. 𝑝. 𝑣𝑎𝑙𝑢𝑒) ∗ √𝑙𝑜𝑔𝐹𝐶2 𝑙𝑜𝑔𝐹𝐶⁄ . GO categories with a 

minimal size of 50, P<0.01, and log2err >0.5 were considered significant. For GO enrichment, 

hypergeometric tests were performed over genes selected in GO categories extracted from 

the org.Mm.eg.db R package version 3.17.0. against all expressed genes. P<0.05 was 

considered significant. Principal component analysis (PCA) was performed on unscaled log2 
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transformed data using the R package FactoMineR (Kassambara and Mundt, 2020; Lê et al., 

2008). Circadian gene expression profiles during a 24 h period were determined with R 

package dryR (Weger et al., 2021). 

 

Results 

Hepatocyte p110α deficiency leads to a 50% decrease in PIP3 in vivo and altered glucose 

homeostasis 

Hepatocyte-specific p110α knockout (p110αflox/flox-albumin-Cre+/- i.e. p110αhep-/-) was 

generated by crossing C57Bl/6J p110αflox/flox mice with albumin-Cre mice in the same genetic 

background (Supplemental Fig 1). Hepatocyte-specific p110α deletion was validated by PCR 

analysis of p110α floxed (p110αhep+/+) and Albumin-Cre (Albumin-Cre+/-) genes from 

p110αhep+/+ and p110αhep-/- mice using DNA from different tissues (liver, white adipose tissue, 

brown adipose tissue, and tail; Fig 1A). This reaction produced 544-bp fragments specifically 

in the livers of p110αhep-/- mice and corresponded to the deleted sequence. 

Loss of hepatocyte p110α resulted in defects in insulin signaling, which were associated with 

an altered PIP3/PIP2 ratio in hepatocytes in vivo (Fig 1B). The p110αhep+/+ mice had a 4-fold 

increase in the PIP3/PIP2 ratio in hepatocytes 5 minutes after insulin stimulation, but this 

induction was halved in p110αhep-/- mice. These results are linked to a remodeling of the 

distribution of several phosphatidylinositol species in response to insulin (Supplement Fig 2). 

In addition to a total absence of p110α protein expression, p110αhep-/- mice had a marked 

reduction in the phosphorylation of p-Akt Ser473, p-Akt Thr308, p-70S6 Thr389 kinase, and p-GSK-3β 

Ser9 5 minutes after insulin stimulation (Fig 1C). These results support a critical role of p110α 

in PIP3-mediated insulin signaling. 

We also confirmed that a liver-specific absence of p110α leads to impaired glucose tolerance 

and reduced insulin sensitivity after glucose and insulin loading, respectively (Fig 1D,E). The 

p110αhep-/- mice also exhibited increased glucose production during the pyruvate tolerance 

test (Fig 1F). These results indicate that a 50% reduction in PIP3 production in p110αhep-/- mice 

is associated withmarked glucose intolerance and insulin resistance. This phenotype may be 

due, at least in part, to defective inhibition of gluconeogenesis. 
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Hepatocyte p110α signaling influences liver growth and liver gene expression in response 

to metabolic challenges 

To investigate the role of hepatocyte p110α-dependent signaling in metabolic homeostasis, 

we explored the effects of feeding and fasting in p110αhep+/+ and p110αhep-/- mice. First, in line 

with the role of p110α in insulin signaling, we found that p110αhep-/- mice exhibited an altered 

response to feeding, characterized by elevated plasma insulin levels and a reduction in liver 

weight (Fig 2A). Next, gene expression profiling revealed that 46% of genes sensitive to 

feeding (n=762) are dependent on p110α (Fig 2B). Some of these genes (n=352) are 

differentially expressed between fed p110αhep+/+ and p110αhep-/- mice (FC>1.5 and P<0.05, Fig 

2C), suggesting a possible role of p110α in the regulation of insulin-sensitive liver genome 

expression. To further investigate the contribution of p110α to insulin signaling in fed mice, 

we used hepatic gene expression profiles obtained from C57BL/6J mice treated with 

physiological levels of insulin (Batista et al., 2019b) and compared the data to the p110α-

sensitive gene clusters (Fig 2D). We identified 33 hepatic genes that were up-regulated in the 

absence of p110α and are known to be repressed by insulin in vivo. However, we also 

identified 77 insulin-inducible genes that were down-regulated in fed mice lacking hepatocyte 

p110α. 

In line with a significant role of hepatocyte p110α in the control of insulin-sensitive liver gene 

expression, bioinformatic analysis predicted SREBP1-c and ChREBP as the two main 

transcription factors altered in the absence of p110α (Fig 2E). Consistent with this, mRNA 

expression of Pnpla3, Scd1, and Fsp27 was decreased in the livers of p110αhep-/- mice in 

comparison to their littermates (Fig 2F). Conversely, FOXO1 was the only transcription factor 

predicted to be related to increased gene expression in p110αhep-/- mice. Among the genes for 

which we observed a significant increase in mRNA expression, we found hepatokines Igfbp1, 

Igfbp2, and Enho. 

Finally, we performed unbiased hepatic metabolomics profiling of aqueous metabolites using 

1H-NMR to investigate whether transcriptomic changes were coupled with metabolomic 

adjustments. Analysis of discriminant metabolites revealed higher betaine and lower lactate 

levels in the absence of p110α (Supplemental Fig 3B). Transcriptomic and metabolomic data 
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were then pooled in a consensus genome-scale metabolic model called ihepatocytes. The 

resulting metabolic network highlighted the metabolites that were predicted to be 

significantly different in the absence of hepatocyte p110α (Fig 2G). This analysis corroborated 

previous results and underscored the critical role of p110α-dependent signaling in glycolysis, 

pyruvate metabolism, and de novo fatty acid synthesis. In agreement with this analysis, we 

found that palmitate (C16:0) and oleate (C18:1n-9), two major products of de novo fatty acid 

biosynthesis, were reduced in the livers of p110αhep-/- mice (Fig 2H). 

 

Hepatocyte p110α is dispensable for carbohydrate and fatty acid sensing by hepatocytes 

Bioinformatic analysis suggested that not only SREBP1 and FOXO1, but also ChREBP, PPARγ, 

PPARα, and HNF4α target genes may be sensitive to the expression of p110α in hepatocytes 

(Fig 2E). ChREBP is a key regulator of carbohydrate sensing, whereas the PPARs and HNF4α 

are involved in fatty acid sensing. Therefore, we questionned whether hepatocyte p110α may 

act not only as an insulin signaling intermediate, but also in carbohydrate- and fatty acid-

mediated regulation of gene expression. 

To address the possible role of p110α in the regulation of gene expression by ChREBP, we 

performed an acute glucose challenge in which mice were either fasted or fed ad libitum with 

access to chow diet and 20% glucose solution in water for 24 h. Upon glucose challenge, 

p110αhep-/- mice exhibited massive hyperglycemia (Fig 3A) and elevated ChREBP expression 

and activity, as revealed by the expression of Chrebpα, Chrebp and Lpk in response to high 

glucose load (Fig 3B). In contrast, the glucose-mediated induction of SREBP1-c target genes, 

including Gck, Acly, and Fasn, was markedly reduced in the absence of hepatocyte p110α (Fig 

3B and Supplemental Fig 4A). ChREBP is also a critical regulator of FGF21 hepatic expression, 

which controls sweet preference in vivo. As a reflection of the FGF21 level, we investigated 

whether hepatocyte p110α affects sweet preference using the two-bottle preference assay. 

Absence of hepatocyte p110α-dependent signaling did not alter sucrose preference or plasma 

glucose levels over the 4-day experimental period (Fig 3C). The circulating level of FGF21, 

which regulates sucrose intake under the control of Chrebp (Iroz et al., 2017), was similarly 

increased in p110αhep+/+ and p110αhep-/- mice (Fig 3D). Taken together, these findings indicate 
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that p110α is not required for ChREBP-mediated regulation of gene expression in response to 

dietary carbohydrates and the control of sweet preference in vivo.  

Next, we tested whether hepatocyte p110α-dependent signaling affects fatty acid sensing 

using two different challenges. First, we challenged mice with fasting and refeeding. In line 

with the role of p110α in insulin signaling, we observed that, upon refeeding, p110αhep-/- mice 

exhibited high plasma levels of glucose and insulin (Fig 3E), which were associated with a 

reduction in the phosphorylation of downstream targets of insulin (Fig 3F). During fasting, 

changes in liver gene expression occur in response to adipose tissue lipolysis and regulate 

FGF21 production and ketogenesis through PPARα (Fougerat et al., 2022). Therefore, we 

measured the mRNA expression of representative PPARα targets in the liver, including Vnn1, 

Cyp4a14, and Fgf21. Fasted p110αhep-/- mice had increased mRNA expression of PPARα target 

genes, suggesting high fatty acid influx. Moreover, refeeding inhibited PPARα activity in a 

similar manner in both p110αhep+/+ and p110αhep-/- mice, indicating that hepatocyte p110α is 

not required for the inhibition of PPARα activity during refeeding (Fig 3G and Supplemental 

Fig 4B). The measure of plasma acylcarnitines is in line with these findings. These plasma levels 

reflect fatty acid β-oxidation, which was similarly induced in response to fasting and inhibited 

by refeeding in both p110αhep+/+ and p110αhep-/- mice (Fig 3H). We also tested the kinetics of 

glucose and ketone body levels in the transition between fasting and refeeding. Though 

p110αhep-/- mice exhibited mild hyperglycemia 30 minutes after refeeding, ketone body levels 

remained similar to those of p110αhep+/+ mice, suggesting that refeeding rapidly inhibits liver 

fatty acid catabolism and ketone body production in both p110αhep+/+ and p110αhep-/- mice (Fig 

3I). 

In the second challenge to investigate whether p110α affects liver fatty acid uptake, we fed 

p110αhep+/+ and p110αhep-/- mice a KD for 9 days. Mice from both genotypes showed reduced 

glucose levels and increased ketone bodies (Fig 3J). In addition, histological staining revealed 

similar tissue structures in p110αhep+/+ and p110αhep-/- mice, further indicating that the absence 

of p110α does not alter dietary fatty acid uptake and catabolism (Fig 3K). 

These data suggest that hepatocyte p110α deficiency significantly influences glucose 

homeostasis through mechanisms that are independent of the regulation of gene expression 

by the carbohydrate-responsive pathways mediated by ChREBP. Moreover, p110α deficiency 
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does not alter fatty acid uptake and subsequent regulation of liver gene expression through 

nuclear receptors involved in fatty acid sensing, such as PPARα. 

 

Role of hepatocyte p110α in the regulation of insulin-sensitive liver gene expression 

The previous experiments indicate that p110α is critical for the response to feeding and the 

control of gene expression in hepatocytes, including genes related to direct control by insulin, 

such as in the SREBP1 and FOXO1-dependent pathways. However, hepatocyte p110α is 

activated via multiple growth factors and their receptors. To evaluate the effect of hepatocyte 

p110α outside of its metabolic effect mediated by the upstream IR, we used an untargeted 

approach allowing combined analysis of gene expression in p110αhep-/- mice and mice lacking 

IR in hepatocytes (IRLKO mice) (Fougeray et al., 2022). We applied a distribution 

transformation method to integrate datasets from the two gene expression analyses and 

found that the absence of hepatocyte IR is much more influential on the liver transcriptome 

than the absence of p110α, as revealed by the amplitude of the response in IRLKO mice (up 

to 20) compared to the p110αhep-/- mice (up to 5) (Fig 4A). This result suggests that, in 

hepatocytes, p110α is not required for some of the genomic regulation downstream of IR. 

Consistent with previous data and in line with the role of the IR/p110α axis in the metabolic 

regulation of lipid biosynthesis, we found that numerous lipogenic genes (Scd1, Fasn, Srebp1-

c, Acly, Me1, and Gck) are among the most commonly down-regulated genes in the absence 

of IR and p110α (Fig 4A). GSEA was used to identify the pathways associated with differentially 

expressed genes. In addition to lipid metabolism, which appears as the most down-regulated 

pathway in both genotypes, GSEA revealed two main clusters of pathways that are specific for 

p110α (green) and IR (blue) (Fig 4B). In the absence of IR, but not p110α, mice demonstrated 

up-regulation of the inflammatory processes, suggesting that IR regulates the inflammatory 

response mainly through p110α-independent signaling. In the absence of hepatocyte p110α 

signaling, but not IR, mice exhibited altered regulation of transcription (Fig 4B). 

To investigate the regulation of hepatic gene expression that is dependent on IR, p110α, or 

both, we gathered regulated genes in an integrative metabolic representation highlighting 

insulin- and p110α-mediated transcription factor and target genes (Fig 4C). As expected, the 

majority of SREBP1c and FOXO1 downstream target genes are regulated through an IR/p110α-
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dependent axis, though the absence of IR is more influential. We also highlighted specific 

transcription factor/target interactions that depend almost exclusively on IR and not p110α. 

These pathways are related to cell proliferation (ERK, NFkB, FOXKs), lipid metabolism (HNF1α, 

FOXKs, Sp1), glucose metabolism (CREB, HNF6, HNF4α), and cholesterol metabolism (FXR, 

SREBP2). Interestingly, we highlighted CREBH as a transcription factor regulated by p110α but 

that is independent of hepatocyte IR, as its target genes are down-regulated exclusively in the 

absence of p110α. Therefore, at the level of gene expression, p110α acts through both IR-

dependent and IR-independent pathways to regulate metabolism. 

 

Hepatocyte p110α deletion leads to insulin resistance dissociated from hepatic steatosis 

The results obtained thus far underscore the critical role of hepatocyte p110α-dependent 

signaling in glucose and lipid metabolism, two main pathways involved in liver growth and 

physiology. Next, we evaluated the importance of p110α in hepatic changes that occur in the 

pathological context of obesity and MASLD, conditions in which the action of liver insulin is 

altered. For this purpose, we fed p110αhep+/+ and p110αhep-/- mice a chow diet (CTRL) or HFD 

for 12 weeks. We confirmed that p110αhep+/+ and p110αhep-/- mice fed a HFD develop marked 

glucose intolerance and insulin resistance (Fig 5A,B). After injection of insulin, the glycemia in 

p110αhep-/- mice remained very high over the testing period compared to p110αhep+/+ mice fed 

a HFD and p110αhep-/- mice fed a CTRL diet (Fig 5B). Consistently, the fasting hyperinsulinemia 

observed in p110αhep-/- mice worsened with a HFD (Fig 5C).  

We examined the liver tissue phenotype upon HFD (Fig 5 and Supplemental Fig 5) and found, 

as expected, histology in p110αhep+/+ mice that confirmed the accumulation of lipid droplets in 

hepatocytes with HFD. In contrast, p110αhep-/- mice exhibited a healthier liver with no fat 

accumulation (Fig 5D). Consistently, p110αhep-/- mice fed a HFD had a reduced liver weight and 

triglyceride accumulation compared to p110αhep+/+ mice, without any change in the total body 

weight (Fig 5E,F and Supplemental Fig 5). This phenotype was associated with reduced plasma 

and hepatic cholesterol levels (Supplemental Fig 6) and no increase in plasma ALT, a marker 

of liver damage (Fig 5G).  

We also investigated the hepatic lipidome profile in the absence of p110α upon HFD feeding. 

In hierarchical clustering (Supplemental Fig 7A), the heatmap highlighted a predominant 
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effect of HFD that is independent from the genotype (clusters 3 and 4), but also revealed 

lipidomic changes with a HFD that depend on p110α (clusters 1, 5, and 6) (Supplemental Fig 

7A). The abundance of phosphatidyl ethanolamine 40:3 (PE40:3) and phosphatidyl choline 

36:3 (PC36:3) was significantly reduced only in p110αhep-/- mice fed an HFD, suggesting that 

hepatocyte p110α affects phospholipid metabolism in this context (Supplemental Fig 7B). The 

abundance of PC32:1, TG51, TG55, and Cer18:0 was significantly down-regulated or up-

regulated in a similar manner in p110αhep+/+ and p110αhep-/- mice fed an HFD, suggesting a 

minor contribution of p110α to the regulation of these lipids (Supplemental Fig 7C,D). PE38:4 

and Cer16:0 accumulated as lipotoxic lipids only in p110αhep+/+ mice upon HFD feeding, and 

the absence of such an accumulation in p110αhep-/- mice suggests protection from hepatic 

steatosis in these mice (Supplemental Fig 7E). In contrast, cholesterol ester C18 (EC18) and 

PE36:1 species were more abundant in the absence of p110α upon HFD feeding and may be 

actively involved in the protection from hepatic steatosis (Supplemental Fig 7F). Finally, some 

lipids, such as C20:5n-3 and PI36:1, were increased in p110αhep-/- mice fed a CTRL diet, but the 

HFD erased this effect (Supplemental Fig 7G). To investigate whether this lipid remodeling is 

associated with changes in liver mRNA expression, we measured the expression of genes 

encoding enzymes directly involved in lipid metabolism (Supplemental Fig 7H). This analysis 

revealed that HFD feeding further highlights the effects of hepatocyte p110α deletion on lipid 

metabolism. In particular, cholesterol metabolism, which was almost unaffected in the 

absence of p110α upon being fed a CTRL diet (see Fig 4), representing an important pathway 

regulated by p110α in the context of a HFD (Supplemental Fig 7H). Thus, this analysis revealed 

that hepatocyte p110α-dependent signaling is required for lipid remodeling that occurs during 

diet-induced obesity. 

 

High fat diet reveals the critical role of p110α in the regulation of hepatic gene expression 

We performed genome expression analysis to provide an overview of the role of hepatocyte 

p110α in the context of HFD feeding. First, we demonstrated that the vast majority of changes 

occurring during HFD-induced obesity are dependent on hepatocyte p110α-dependent 

signaling (Fig 6A). Genome expression analysis revealed that 3054 (2167+887) of the 3907 

genes dysregulated by HFD, i.e. 78%, are dependent on p110α (FC>1.5 and P>0.05, Fig 6A). 

Notably, under physiological conditions, p110α is responsible for only 46% of the 
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transcriptomic changes (refer to Fig 2B), indicating that HFD revealed the key role of p110α in 

regulating the liver transcriptome. Next, we grouped genes for which expression was modified 

by HFD exposure in p110αhep+/+ mice, representing more than 77% of all dysregulated genes. 

PCA revealed high transcriptomic distinction on dimension 2 between p110αhep+/+ and 

p110αhep-/- mice exposed to an HFD, whereas patterns in the gene expression of mice fed a 

CTRL diet remained fairly closed (Fig 6B). The genes were then clustered into a heatmap that 

further highlighted the p110α-dependent signatures during HFD-induced obesity (Fig 6C). 

Genes from cluster 1, which were highly decreased in p110αhep+/+ mice fed an HFD, were 

enriched in transcription-relative functions (Fig 6D). In contrast, p110αhep+/+ mice fed an HFD 

exhibited significant upregulation of genes related to fatty acid metabolism and oxidation. 

Hepatokines are some of the proteins significantly altered during obesity (Meex and Watt, 

2017), which prompted us to evaluate the contribution of p110α to hepatokine regulation 

during HFD-induced obesity. We confirmed that multiple hepatokines, including Enho, Igfbp2, 

Fgl1, and Fst, are regulated through the p110α-dependent axis, and this effect is further 

accentuated upon HFD feeding, suggesting that p110α interferes with alterations in the 

communication between the liver and periphery that occurs during HFD-induced obesity 

(Supplemental Fig 8). We also examined the effect of HFD on the expression of genes that are 

under the control of transcription factors regulated by insulin. The vast majority of genes were 

sensitive to HFD via a mechanism involving p110α, revealing that obesity boosts the capacity 

of p110α to relay information from liver IR for the regulation of gene expression (Fig 6D). 

Though the IR/Akt/mTORC1 axis seemed to be further altered in the absence of p110α upon 

HFD feeding, the RAS/MAPK pathway remained intact in the presence or absence of p110α 

during HFD feeding, meaning that this pathway is largely mediated by IR-dependent but 

p110α-independent signaling, even during obesity. Overall, these data point to the key role of 

p110α signaling in hepatic transcriptomic changes that occur in HFD-induced obesity.  

 

Absence of hepatocyte p110α does not protect from HFD-induced steatosis in the absence 

of dietary choline 

Dietary choline deficiency rapidly induces hepatic steatosis without obesity (Gomes et al., 

2016). To investigate the role of dietary choline in the protective effect of p110α against liver 

steatosis, mice were fed a CD-HFD for 12 weeks. The p110αhep-/- and p110αhep-/- mice had 
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similar glycemia profiles in response to glucose load, which was associated with no change in 

body weight and fasting glucose levels (Fig 7A,B). Interestingly, despite a reduced liver weight, 

p110αhep-/- mice presented no improvement in hepatic triglycerides, inflammation, ALT, AST, 

or cholesterol levels upon CD-HFD feeding, suggesting that p110α disconnects diabetes from 

liver steatosis, but not from MASH (Fig 7C-E). Notably, in contrast to the effects of an HFD, 

mice fed a CD-HFD did not have impaired glucose tolerance (Fig 7A) or increased body weight 

(Fig 7B) and, in this specific context, the absence of p110α had no effect on liver fat 

accumulation (Fig 7C) and transaminase levels (Fig 7D). Therefore, in the absence of p110α, 

mice were not equally protected against liver fat accumulation, but this phenotype seems to 

depend on dietary choline, which is a potent regulator of fatty acid homeostasis. Here, the 

absence of liver p110α protected mice from hepatic steatosis only with HFD feeding, not in 

mice exposed to a choline-deficient diet, as they did not gain weight. This reveals that the 

involvement of hepatocyte p110α in liver lipid accumulation is context-specific and likely 

related to obesity and type 2 diabetes. 

 

Hepatocyte p110α-dependent signaling is critical for HFD-induced rewiring of gene 

expression 

Obesity and diabetes affect the liver clock (Guan et al., 2018; Kohsaka et al., 2007; Panda, 

2016). Given the major role of p110α in the control of HFD-induced changes in gene 

expression, we assessed the role of p110 in the rewiring of gene expression that occurs 

during obesity and MASLD. First, we confirmed that, despite unchanged body weight, 

p110αhep-/- mice exhibited fasting hyperglycemia without an increase in liver weight and 

presented with similar fat depot weights upon HFD feeding (Fig 8A). Next, we assessed the 

rhythmicity of glycemia. Though p110αhep+/+ mice had relatively stable glycemia over the day 

when fed CTRL diet and HFD, with only a slight shift in the maximal peak from ZT8 (CTRL) to 

ZT12 (HFD), p110αhep-/- mice fed a CTRL diet exhibited constant hyperglycemia over the course 

of the day, whereas p110αhep-/- mice fed a HFD had high variation in the rhythmicity of 

circulating glycemia (Fig 8B). To determine whether the absence of p110α modifies core clock 

genes in the context of HFD-induced obesity, we assessed the gene expression of Bmal1, Cry1, 

Per2, and Rev-erbα. An absence of hepatocyte p110α did not modify the expression of all 

these markers, regardless of the condition (CTRL versus HFD), meaning that the absence of 
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p110α in hepatocytes was not sufficient to alter the core clock, which remained intact in 

response to HFD (Fig 8C). Next, to further evaluate the role of p110α as a driver of HFD-

induced rewiring of gene expression, we performed an untargeted analysis of liver gene 

expression in p110αhep+/+ and p110αhep-/- mice fed a CTRL diet or HFD using the DryR package 

(Weger et al., 2021). This analysis first revealed higher circadian rhythmicity upon HFD feeding 

in the absence of p110α (Fig 8D), which is largely explained by an excessive peak of expression 

at the end of light (ZT10) and dark phases (ZT22) (Fig 8E). We were then interested in genes 

that were rhythmically disturbed in a p110α-dependent manner during HFD-induced obesity 

(Fig 8F-H). DryR analysis allowed us to identify six distinct clusters with specific rhythmic 

profiles (Fig 8F,H). Consistent with the aforementioned notion of an unchanged core clock, 

the largest cluster (cluster 1), containing 2269 genes, regrouped genes for which rhythmicity 

remained intact regardless of the condition and was enriched in core clock genes. Next, we 

were particularly interested in cluster 3 (649 genes) and cluster 6 (408 genes), which were 

enriched in genes for which rhythmicity of gene expression was either initiated or lost, 

respectively, specifically in the absence of p110α upon HFD feeding (Fig 8F,H). Interestingly, 

genes that became rhythmic during HFD-induced obesity in the absence of p110α largely 

belong to immune system and fatty acid beta-oxidation, and variations in the rhythmicity of 

these pathways seemed to mirror feeding rhythms (Fig 8G). Therefore, the present study 

revealed that intact hepatocyte p110α-dependent signaling is required to maintain the 

rhythmicity of genes governing critical metabolic pathways during obesity. 

 

Discussion 

The regulation of gene expression is an essential process in the control of cell growth, survival, 

and metabolism in response to growth factors and hormones, such as insulin. In the present 

study, we investigated the contribution of hepatocyte signaling dependent on the PI3Kα 

catalytic subunit p110α to the control of liver gene expression in health and MASLD. Using 

hepatocyte-specific ablation of p110α, our data reveal that p110α is responsible for 50% of 

insulin-mediated PIP3 production in vivo, which is associated with a subsequent reduction in 

the phosphorylation of Akt and other downstream mediators, with a profound impact on liver 

growth and function. Although some studies have shown that PI3Kα is entirely responsible for 

PIP3 production downstream of insulin (Foukas et al., 2006; Gong et al., 2023; Knight et al., 
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2006), our study and others (Sopasakis et al., 2010) reveal that hepatocyte-specific deletion 

of p110α leads to a significant but partial decrease in liver PIP3 production in response to 

insulin, suggesting that p110α is not the only mediator of insulin-dependent PIP3 production 

in hepatocytes. Moreover, the present study suggests that hepatocyte p110α selectively 

phosphorylates stearoyl/arachidonoyl species of PIP2 to produce PIP3 in response to insulin. 

Insulin signals via its membrane receptor to regulate gene expression through PI3K-dependent 

and -independent pathways (Batista et al., 2019b, 2019a). To assess the contribution of p110α 

to the global gene regulation mediated by insulin, we took advantage of two existing gene 

expression databases that evaluate insulin-sensitive gene responses (Batista et al., 2019b) and 

those mediated by its receptor in IRLKO mice (Fougeray et al., 2022). By crossing our data with 

these two independent gene expression analyses, we were able to dissect insulin/IR-

dependent gene responses and the contribution of hepatocyte p110α. We identified a 

substantial set of differentially expressed genes shared by mice lacking p110α and those 

lacking IR in liver. These genes mostly fall into the lipid biosynthetic pathway, confirming the 

role of p110α as an important relay in the IR/Akt/mTORC1 axis for the transcriptional 

regulation of lipid metabolism by insulin. However, a substantial portion of the insulin-

sensitive and IR-dependent genes remain unchanged in the presence or absence of p110α, 

reinforcing the concept of redundancies in liver insulin actions between p110α and other class 

IA PI3Ks (Molinaro et al., 2019). In addition, IR influences gene expression through pathways 

that do not require p110α signaling. For example, the RAS-MAPK pathway is influenced by IR 

in a signaling branch that escapes the classical PI3K/Akt pathway (Boucher et al., 2014; 

McCormick, 1993). Moreover, IR was recently described to be a direct regulator of gene 

transcription by translocation into the nucleus (Hancock et al., 2019). 

We further explored the influence of p110α signaling on fatty acid biosynthesis. SREBP1-c and 

ChREBP are two master regulators of lipogenic programs that control the transcription of 

genes important for adaptations to feeding (Abdul-Wahed et al., 2017; Horton et al., 2002). 

We found that IR/p110α-mediated lipid biosynthesis is largely dependent on SREBP1-c, but 

not ChREBP, as ChREBP target genes and ChREBP itself are fully induced in the absence of 

p110α during periods of high glucose. In contrast, SREBP1-c targets failed to increase in the 

absence of p110α. However, we cannot exclude that other downstream lipogenic regulators 

activated upon mTORC1 activation could also contribute to the regulation of de novo 
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lipogenesis. One candidate is FOXK1, which is dephosphorylated, and thereby activated, 

following mTORC1 activation in hepatocytes (He et al., 2018). Mice with hepatocyte-specific 

deletion of Foxk1 exhibit reduced lipogenic activities and increased catabolic activities, which 

are associated with protection from hepatic steatosis, inflammation, and fibrosis in the 

context of choline deficiency or diethylnitrosamine (DEN) coupled with HFD (Fujinuma et al., 

2023).  

In the IR/p110α comparative analysis, we highlighted some p110α-specific effects that are not 

related to insulin-sensitive pathways. Class IA PI3Ks integrate signals from growth factors, 

cytokines, and hormones other than insulin, which could explain why the absence of p110α 

leads to such responses. In particular, receptor tyrosine kinases (RTKs) and G protein-coupled 

receptors (GPCRs) are known to activate PI3K and propagate activation signals to downstream 

molecules (Fruman and Rommel, 2014). Among the panel of transcripts exhibiting p110α-

dependent regulation, we highlighted a gene network for which the expression is controlled 

by the transcription factor CREBH. CREBH is important in the adaptation to fasting, and its 

absence leads to hepatic steatosis, hyperlipidemia, and atherosclerosis (Nakagawa et al., 

2014). Therefore, this novel axis of regulation is of interest for understanding the connections 

and discrepancies that occur between IR and p110α in the regulation of metabolism and 

beyond. 

Due to their pivotal position, class IA PI3Ks integrate signals from upstream IR and other 

receptors to adjust cellular and organ activities depending on the nutritional demands. During 

fasting periods, the insulin signaling pathway regulates the PPARα activity and ketogenesis 

that it stimulates through a mechanism involving mTORC1. Mechanistically, inhibition of 

mTORC1 during fasting is sufficient to induce PPARα activity (de la Calle Arregui et al., 2021; 

Sengupta et al., 2010). Moreover, the PI3K/Akt-mTORC1/S6K axis reduces the activity of 

NCoR1, a transcriptional co-repressor of PPARα (Jo et al., 2015; Kim et al., 2012). The present 

study demonstrates that p110α deficiency did not affect PPARα activity in feeding conditions 

or the capacity of refeeding to inhibit PPARα activity, despite altered phosphorylation of 

components downstream of insulin. These results indicate that inhibition of the 

p110α/Akt/mTORC1/S6K axis is not sufficient to induce PPARα activity. Moreover, the 

absence of p110α does not influence high sucrose-mediated enrichment of plasma FGF21, a 

transcriptional target of PPARα and ChREBP (Iroz et al., 2017). Finally, under ketogenic 
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conditions, liver morphology and ketone levels in mice lacking hepatocyte p110α do not differ 

from those of control mice, contrasting the idea that defective p110α signaling is associated 

with altered FFA uptake by hepatocytes (Chattopadhyay et al., 2011). Thus, in accordance with 

our previous observations from the lab and others, these results support the notion that 

autonomous regulation of PPARα activity through the  insulin/PI3K/Akt/mTORC1/S6K 

pathway is minimal in comparison to the induction via adipose tissue lipolysis during fasting 

periods (Fougerat et al., 2022; Montagner et al., 2016; Régnier et al., 2018; Selen and 

Wolfgang, 2021). 

Overall, we have demonstrated the importance of p110α in liver growth, glucose homeostasis, 

and the regulation of liver gene expression under basal conditions. In addition, we further 

evaluated the effects of p110α deficiency in the pathological context of obesity and type 2 

diabetes obtained by feeding mice an HFD. In line with previous work from others, we 

confirmed that an absence of p110α protects mice from hepatic lipid accumulation while 

promoting severe glucose intolerance and insulin resistance (Chattopadhyay et al., 2011). 

Interestingly, we demonstrated that lipid accumulation remains maximal when mice are fed a 

CD-HFD in which liver fat accumulation occurs independently from obesity. Based on gene 

expression and lipidomic profiling, p110α is much more influential in a pathological context of 

HFD than under control conditions. The lipid metabolic pathway remains strongly affected 

upon HFD feeding in a p110α-dependent manner that is associated with important lipid 

remodeling, as revealed by the depletion of some lipid species that massively accumulate only 

in fatty livers of wild-type mice. In contrast, our analysis revealed an enrichment of y-linolenic 

acid (C18:3n-6), arachidonic acid (C20:4n-6), and eicosapentaenoate acid (C20:5n-3) in the 

livers of mice lacking p110α and fed an HFD when compared to wild-type animals. 

Interestingly, these lipid species are found at lower levels in patients with NASH compared to 

healthy individuals and could explain, at least in part, the phenotype of mice lacking p110α 

(Kalhan et al., 2011; Puri et al., 2007). 

Intact hepatocyte IR signaling is required for maintaining the rhythmicity of gene expression 

(Fougeray et al., 2022). Therefore, we tested whether p110α is involved in the regulation of 

liver chronophysiology in health and HFD-induced MASLD. First, we revealed that the absence 

of hepatocyte p110α does not alter liver core clock gene expression under healthy conditions 

or in obesity, suggesting that compensatory mechanisms occur downstream of IR to regulate 
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the core clock, possibly through redundant activities of class IA PI3K isoforms. Other classes 

of PI3Ks have been shown to directly regulate circadian rhythms, including class III PI3Ks that 

activate the circadian complex Bmal1-Clock for clock control (Alkhoury et al., 2023). 

Interestingly, and in contrast with class I PI3K, class III PI3Ks do not exhibit redundant activities 

for the regulation of the liver core clock because the absence of Vps15, but not Vps34, is 

sufficient to blunt the activation of the Bmal1-Clock transcriptional complex (Alkhoury et al., 

2023). 

The recent accumulation of data establishing a link between insulin signaling components, 

metabolic dysfunction, and the regulation of gene rhythmicity prompted us to investigate 

whether hepatocyte p110α contributes to the remodeling of gene expression during HFD-

induced obesity (Eckel-Mahan et al., 2013; Dang et al., 2016; Guan et al., 2018; Wu et al., 

2023). We show that p110α-dependent hepatocyte signaling regulates rhythmic gene 

expression in the liver and is critical for the rewiring of gene expression that occurs during 

HFD-induced obesity. The p110α-dependent changes in rhythmic liver gene expression are 

independent of changes in the rhythmicity of liver core clock gene expression. HFD-induced 

obesity was recently reported to cause massive diurnal rhythm transcriptomic remodeling 

with mild changes in the expression of core clock components (Kohsaka et al., 2007; Eckel-

Mahan et al., 2013; Guan et al., 2018), suggesting that other clock-independent factors 

contribute to rhythmic liver gene expression. Our analysis identifies p110α-dependent 

pathways as one such regulator of liver rhythmicity in health and HFD-induced MASLD. 

Even if our data are insufficient to make a direct link between hepatocyte p110α and 

downstream SREBP1-c in the regulation of HFD-induced liver gene rhythmicity, we have 

highlighted the critical role of insulin-driven p110α signaling in the regulation of SREBP1-c, 

especially during HFD-induced obesity. Thus, SREBP1c-mediated alterations in lipogenic 

rhythmicity during HFD feeding depends on upstream signals from the IR/p110α signaling 

pathway. Consistent with this idea, we show that the rhythmicity of lipid metabolism is largely 

modified in the absence of p110α. The modification of de novo lipogenesis rhythmicity during 

HFD-induced obesity is linked to alterations in SREBP1-c oscillations (Guan et al., 2018) and 

clock communications within the liver (Guan et al., 2023). 

In conclusion, the present study extends previous findings regarding the role of p110α in 

regulating key liver functions and demonstrates that hepatocyte p110α acts downstream of 
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liver IR at multiple levels. First, hepatocyte p110α controls gene expression related to insulin 

signaling during feeding. Second, hepatocyte p110α downstream of IR is a key regulator of 

changes in gene expression that occur in HFD-induced MASLD, including the rewiring of gene 

expression rhythmicity that occurs independently of the clock.  
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Figure legends 

Figure 1 - Characterization of the hepatocyte-specific p110α knockout mouse model.  

A PCR analysis of p110α floxed (p110αflox/flox), p110α deleted (p110αΔ), and Albumin-Cre 

(Albumin-Cre+/-) genes in control (p110αhep+/+) or liver knockout (p110αhep-/-) mice using 

genomic DNA from the liver, white adipose tissue (WAT), brown adipose tissue (BAT), and tail. 

B Liver PIP3/PIP2 ratio determined by LC/MS for  p110αhep+/+ and p110αhep-/- mice that were 

fasted and then treated or not with insulin (5 U/kg) by vena cava injection (n=8 mice/group).  

C Western blots of liver protein extracts evaluating the phosphorylation of AKT, p70S6K, and 

GSK3β in the mice in (B).  

D-F Glucose (D), insulin (E), and pyruvate (F) tolerance tests and corresponding AUC (n= 6 

mice/genotype).  

Data information: In (B,D-F), data are presented as mean ± SEM. ##P≤0.01 and ### P≤0.005 for 

treatment effect; **P≤0.01 and ***P≤0.005 for genotype effect. 

Figure 2 - Absence of p110α-dependent signaling in hepatocytes affects liver growth, glucose 

homeostasis, and the regulation of liver gene expression.  

A Plasma insulin and glucose levels and relative liver weights in p110αhep+/+ and p110αhep-/- 

mice that were fed or fasted for 24 h and processed at ZT16 (n=6 mice/group).  

B Venn diagram representing the genes regulated in a p110α-dependent manner in response 

to the nutritional status.  

C Volcano plot representing the regulated genes in p110αhep-/- vs. p110αhep+/+ fed mice. Green 

dots correspond to genes with a Log2FC>1.5 but that are non-significant (NS). Blue and red 

dots represent significant genes with a Log2FC<1.5 or >1.5, respectively.  

D Left: Heatmap illustrating microarray data for liver samples from fed p110αhep+/+ and 

p110αhep-/- mice. Right: Enrichment of insulin-sensitive genes as determined by Batista et al. 

(2019b). The color of the circle and the gene names are relative to the percentage of all 

identified insulin-sensitive genes within a cluster and the P-value of the hypergeometric test. 

E Top list of the transcription factors up-regulated (top) and down-regulated (bottom) by 

p110α hepatocyte deletion as determined by TRRUST.  
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F Relative expression of Pnpla3, Scd1, Fsp27, Igfbp1, Igfbp2, and Enho measured by qPCR in 

the livers of p110αhep+/+ and p110αhep-/- mice under fed conditions (n=6 mice/group).  

G Profile of p110α-related metabolites based on ihepatocyte genome scale modeling 

visualized on an integrative representation of glycolysis, pyruvate metabolism, and fatty acid 

biosynthesis. Red circles represent metabolites significantly altered (P<0.01) in the absence of 

p110α in the fed state.  

H Relative hepatic abundance of fatty acid methyl ester (FAME) C16:0 and C18:1n-9 

determined by GC/MS.  

Data information: Data are presented as mean ± SEM. ***P≤0.005 for genotype effect. 

Figure 3 - Hepatocyte p110α is required for insulin signaling but not for glucose and fatty 

acid sensing.  

A p110αhep+/+ and p110αhep-/- mice were fasted or fed a chow diet supplemented with glucose 

(20%) in drinking water (n=8 mice/group) and the plasma glucose levels measured  

B Relative liver gene expression of Chrebp-α, Chrebp-β, Lpk, Gck, Acly, and Fasn measured by 

qPCR in the mice in (A).  

C Sucrose intake and plasma glucose levels measured daily during the sucrose preference test 

(10% sucrose in drinking water vs. water, 4 days) (n=23-24 mice/group).  

D Plasma FGF21 measured after 4 days of the sucrose preference test.  

E Plasma insulin and glucose levels in p110αhep+/+ and p110αhep-/- mice fasted for 24 h and refed 

or not for 4 h with 20% glucose in drinking water (n=6 mice/group).  

F Phosphorylation of AKT, p70S6K, and GSK3β determined by Western blot in the mice in (E). 

G Relative liver expression of Vnn1, Cyp4a14, and Fgf21 mRNA measured by qPCR in the mice 

in (E).  

H Acylcarnitine levels measured in the blood of p110αhep+/+ and p110αhep-/- mice fasted for 24 

h and refed or not for 4 h with 20% glucose in drinking water (n=3 mice/group).  

I Blood glucose and ketone levels measured in p110αhep+/+ and p110αhep-/- mice successively 

fed, fasted (24 h), and refed for 5, 10, 15, or 30 min (n=6 mice/group).  

J Blood glucose and ketone levels measured in plasma from p110αhep+/+ and p110αhep-/- mice 

fed a CTRL diet or ketogenic diet (KD) (n=9-11 mice/group).  

K Representative pictures of H/E staining of liver sections from the mice in (J). Scale bar, 100 

µM.  
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Data information: In (A-D,H,J), data are presented as mean ± SEM. #P≤0.05, ##P≤0.01, and 

###P≤0.005 for glucose (A,B) or sucrose effect (C,D), or diet (J) or nutritional status effect (H); 

*P≤0.05, **P≤0.01, and ***P≤0.005 for genotype effect. 

 

Figure 4 - Hepatocyte p110α-mediated regulation of gene expression related to IR-

dependent and IR-independent pathways.  

A Correlation plot of data extracted from two distinct microarray experiments. The values 

used for correlation are -log10 adjusted P-value of the comparison indicated on the axis, 

weighted by the sign of the corresponding log2FC of expression for each gene.  

B Correlation plot of gene set enrichment over genes presented in (A). The values used to plot 

the significant categories are the -log10 adjusted P-value of the comparison indicated on the 

axis, weighted by the sign of the corresponding normalized enrichment score. A manual 

annotation summarizes related GO categories when they cluster in the same area of the plot.  

C Schematic overview of insulin-responsive transcription factors and downstream-regulated 

genes dependent on IR, p110α, or both. Genes in blue are regulated in absence of IR but not 

in absence of p110α. Genes in green are regulated in absence of p110α but not IR. Genes in 

orange are regulated by both IR and p110α. 

Figure 5 - Hepatocyte p110α deficiency disconnects hepatic steatosis from diabetes.  

A,B Glucose (A) and insulin (B) tolerance tests and corresponding AUC for 12-week-old 

p110αhep+/+ and p110αhep-/- mice fed a chow diet (CTRL) or HFD for 12 weeks (n=6 mice/group).  

C Plasma insulin levels in 24 h-fasted p110αhep+/+ and p110αhep-/- mice fed CTRL or HFD for 12 

weeks.  

D Representative pictures of H/E staining of liver sections. Scale bar, 100 µm.  

E Body weight gain and liver weight at the end of the experiment in mice from (A).  

F Liver content in triglycerides.  

G Plasma ALT levels.  

Data information: In all graphs, data are presented as mean ± SEM. #P≤0.05 and ###P≤0.005 for 

diet effect; *P≤0.05 and ***P≤0.005 for genotype effect. 
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Figure 6 - Hepatocyte signaling dependent on p110α regulates HFD-mediated transcriptomic 

changes.  

A Euler diagram representing the number of HFD-sensitive genes determined by microarray 

for each genotype of 12-week-old p110αhep+/+ and p110αhep-/- mice fed a chow diet (CTRL) or 

HFD for 12 weeks (n=6 mice/group).  

B Principal component analysis (PCA) of genes selected in (A) that were regulated by HFD in 

both genotypes.  

C Heatmap with hierarchical clustering of genes presenting a >75% correlation to dimension 

1 of the PCA in (B) and mean z-score for each group within each cluster.  

D Enrichment in GO Biological Process categories on clusters determined in (C) and TRRUST 

enrichment.  

E Schematic overview of insulin-responsive transcription factors and downstream-regulated 

genes dependent on or independent of p110α during HFD-induced obesity. Genes in blue are 

differentially expressed in p110αhep-/- mice during obesity. Genes in black are similarly 

expressed in p110αhep+/+ and p110αhep-/- mice fed an HFD. 

Figure 7 – Protection from hepatic steatosis in absence of p110α occurs only in the context 

of obesity.  

A Glucose tolerance test in 12-week-old p110αhep+/+ and p110αhep-/- mice fed a chow diet 

(CTRL), high-fat diet (HFD), or choline-deficient HFD (CD-HFD) for 12 weeks (n=6/genotype). 

B Body weight and plasma glucose levels in the mice from (A).  

C Relative liver weight and liver triglyceride content in the mice from (A). 

D Plasma ALT and AST activity and total cholesterol in the mice from (A).  

E Representative pictures of H/E staining of liver sections. Scale bar, 100 µm.  

Data information: In all graphs, data are presented as mean ± SEM. # P≤0.05, ## P≤0.01, and ### 

P≤0.005 for diet effect; *P≤0.05, **P≤0.01, and ***P≤0.005 for genotype effect. 

Figure 8 - p110α dependent signaling is important for the rewiring of gene expression that 

occurs during obesity.  
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A Body weight, fasting plasma glucose levels, and liver, perigonadal, and subcutaneous 

adipose tissue relative weights in 12-week-old p110αhep+/+ and p110αhep-/- mice fed a chow diet 

(CTRL) or HFD diet for 12 weeks (n=6/group).  

B Plasma glucose levels in p110αhep+/+ (left) and p110αhep-/- (right) mice fed a CTRL or HFD diet 

around the clock (ZT0 to ZT20).  

C Relative hepatic mRNA expression levels of core clock genes and clock-controlled genes from 

qPCR analyzed by the Drylm function (DryR package).  

D,E Analysis of circadian gene expression from microarray analysis of the liver, including the 

cumulative number of rhythmic genes (D) and phase distribution of rhythmic genes (E).  

F Representation of the six rhythmic models identified by dryR that present a significant result 

in hypergeometric testing for at least one of the first level GO Biological Process categories. 

Each line represents a model, and each column an experimental group. When a group has no 

rhythmic parameter, the corresponding tile remains empty. When two groups share the same 

rhythmic parameters, their tiles are colored proportionally to the mean amplitude.  

G 

 Functional enrichment around the clock. Enrichment scores for the indicated functional terms 

are represented by the radial coordinate at the indicated time point. p110αhep+/+ mice are 

represented on the left and p110αhep-/- mice on the right.  

H Heatmap of the models selected in (F). The rows, one per gene, are sorted by acrophase. 

Data are scaled by row. The columns are sorted by hour (ZT0, 4, 8, 12, 16, 20). The right panel 

represents the GO biological process enrichment for each transcriptomic rhythmic profile. 

 

Supplemental Figure legends  

Supplemental Figure 1 - Schematic representation of the strategy for disrupting the p110α 

allele specifically in hepatocytes 

A Organization of the p110α targeted locus.  

B p110α targeting vector including the loxP sites surrounding exons 18 and 19 (length = 2 kb) 

and the PGK/neomycin selection cassette flanked by FRT sites and inserted between exon 19 

and the second loxP site. 

C Targeted p110α allele containing loxP sites, neomycin resistance selection cassette, and FRT 

sites.  

D Targeted p110α allele following FLP recombinase-mediated deletion of the neomycin 

resistance selection cassette. 
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E Targeted p110α allele following CRE-mediated deletion of floxed exons 18 and 19. Intron 

sequences are represented by a black line. Exon sequences are represented by filled black 

rectangles. The loxP and FRT sequences are represented by blue and pink triangles, 

respectively. The position of the primers used to validate p110α floxed and deleted alleles by 

PCR are represented by green arrows. The length of the different targeted DNA fragments is 

written below the schematic construction. 

 

Supplemental Figure 2 - Phosphatidyl inositol profile. 

 

Phosphatidyl inositol, phosphatidylinositol 4-phosphate, and phosphatidyl 4,5-biphosphate 

distribution in liver samples from p110αhep+/+ and p110αhep-/- mice after fasting or under fasted 

conditions and treated with insulin (5 U/kg) through inferior vena cava injection (n=8 

mice/genotype/experimental condition). 

 

Supplemental Figure 3 - Transcriptomic and metabolomic analyses of p110αhep-/- mice. 

      

A Enrichment analysis of the genes significantly down-regulated (left) and up-regulated (right) 

between p110αhep+/+ and p110αhep-/- under fed conditions. 

B Left: Coefficient plots related to the O-PLS-DA models from 1H-nuclear magnetic resonance 

(NMR) discriminating between p110αhep+/+ and p110αhep-/- mice under fed conditions. The 

figure shows the discriminant metabolites that are higher or lower in p110αhep+/+ versus 

p110αhep-/- mice. Metabolites are color-coded according to their correlation coefficient, with 

red indicating a very strong positive correlation (R2 >0.65). The direction of the metabolite 

indicates the group with which it is positively associated, as labeled on the diagram. Right: 

Area under the curve of the 1H-NMR spectra was integrated for the lactate and betaine 

signals. 

C Plasma levels of triglycerides and total, HDL, and LDL cholesterol in p110αhep+/+ and p110αhep-

/- mice under fed or fasted conditions (n=6 mice/group/experimental condition). 

 

Supplemental Figure 4 - Gene expression profile of SREBP1-c and PPARα target genes. 

 

A Relative expression of Srebp1-c, Acc-α, Elovl6, Pepck, and G6pc mRNA in liver tissue from 

p110αhep+/+ and p110αhep-/- mice under fasting conditions or supplemented with 20% glucose 

in drinking water (n=8 mice/genotype/experimental condition). 

B Expression of Cyp4a10, Pdk4, Pparα, Fsp27, and Hmgcs2 mRNA in liver tissue from 

p110αhep+/+ and p110αhep-/- mice under fasting conditions or supplemented with 20% glucose 

in drinking water (n=8 mice/genotype/experimental condition). 

 

Supplemental Figure 5 - Clinical parameters of p110αhep+/+ and p110αhep-/- mice under fed 

and fasted conditions. 

 

Liver weight and plasma measurements including glucose levels, ketone bodies, free fatty 

acids, and cholesterol levels (total, HDL, and LDL). 
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Supplemental Figure 6 - Cholesterol metabolism in HFD-fed mice. 

A Plasma cholesterol levels (total, HDL, and LDL) in p110αhep+/+ and p110αhep-/- mice fed a CTRL 

diet or HFD (n=6 mice/group/experimental condition). 

B Hepatic cholesterol levels in p110αhep+/+ and p110αhep-/- mice fed a CTRL diet or HFD. 

 

Supplemental Figure 7 - Lipidomic analysis of HFD-sensitive differences depending on 

p110α. 

 

A Heatmap of hepatic lipid quantification in liver samples (n=6/group). Hierarchical clustering 

highlights seven different clusters based on the lipid levels. 

B Relative abundance of phosphatidyl ethanolamine (PE) 40:3 and phosphatidyl choline (PC) 

36:3 (n=6/genotype/experimental condition). 

C Relative abundance of PC 32:1 and triglyceride (TG) C51 (n=6/genotype/experimental 

condition). 

D Relative abundance of TG C55 and ceramide (Cer) C18:0 (n=6/genotype/experimental 

condition). 

E Relative abundance of PE 38:4 and Cer C16:0 (n=6/genotype/experimental condition). 

F Relative abundance of esterified cholesterol C18 and PE 36:1 (n=6/genotype/experimental 

condition). 

G Relative abundance of fatty acid C20:5n-3 and PI 36:1. 

H Differentially expressed genes involved in lipid trafficking, fatty acid metabolism, 

unsaturated fatty acid metabolism, lipid droplets, cholesterol metabolism, phospholipid 

metabolism, sphingolipid metabolism, and cannabinoid metabolism between p110αhep+/+ and 

p110αhep-/- in mice fed CTRL diet (yellow) and HFD (grey), respectively. 

Data information: In all graphs, data are presented as mean ± SEM. # P≤0.05 for treatment 

effect, *P≤0.05 for genotype effect. 

Supplemental Figure 8 - Hepatokine gene expression profile in HFD-fed mice. 

 

The relative expression of Fgf21, Igfbp1, Gdf1, Enho, FetB, Igfbp2, Fgl1, Angptl6, Ctsd, Fst, 

and Lect2 mRNA in liver extracts from p110αhep+/+ and p110αhep-/- mice fed a CTRL diet or 

HFD (n=6 mice/group/experimental condition).  
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