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cross-talk, regulating not only liver gene

expression and homeostasis but also
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SUMMARY
In hepatocytes, peroxisome proliferator-activated receptor a (PPARa) orchestrates a genomic andmetabolic
response required for homeostasis during fasting. This includes the biosynthesis of ketone bodies and of
fibroblast growth factor 21 (FGF21). Here we show that in the absence of adipose triglyceride lipase
(ATGL) in adipocytes, ketone body and FGF21 production is impaired upon fasting. Liver gene expression
analysis highlights a set of fasting-induced genes sensitive to both ATGL deletion in adipocytes and PPARa
deletion in hepatocytes. Adipose tissue lipolysis induced by activation of the b3-adrenergic receptor also trig-
gers such PPARa-dependent responses not only in the liver but also in brown adipose tissue (BAT). Intact
PPARa activity in hepatocytes is required for the cross-talk between adipose tissues and the liver during
fat mobilization.
INTRODUCTION

The liver plays a key role in the control of energy homeostasis in

response to nutrient availability. Several transcription factors

regulate hepatic genes involved in metabolic pathways to main-
This is an open access article und
tain energy homeostasis (Goldstein and Hager, 2015). Among

these factors, peroxisome proliferator-activated receptor a

(PPARa) is critical for the adaptive response to fasting (Kersten

et al., 1999; Montagner et al., 2016; Polizzi et al., 2016; Régnier

et al., 2018). PPARa is a ligand-activated transcription factor of
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the nuclear receptor superfamily. Endogenous ligands of PPARa

include fatty acids and fatty-acid-derived lipids (Desvergne and

Wahli, 1999). In hepatocytes, PPARa controls the expression of

genes involved in lipid catabolism during fasting (Kersten et al.,

1999; Montagner et al., 2016; Régnier et al., 2018). Mice with he-

patocyte-specific deletion of Ppara have impaired ketone body

production in response to fasting (Montagner et al., 2016).

PPARa is also required for the expression of fibroblast growth

factor 21 (FGF21) (Badman et al., 2007; Inagaki et al., 2007;

Iroz et al., 2017), a hepatokine with systemic metabolic effects

(Han et al., 2021; Kliewer and Mangelsdorf, 2019).

During fasting, white adipose tissue (WAT) lipolysis releases

fatty acids that are delivered to the liver. Fatty acids are essential

for fasting-induced expression of hepatic FGF21 (Jaeger et al.,

2015). WAT lipolysis is required to fuel thermogenesis during

fasting (Schreiber et al., 2017; Shin et al., 2017) and cold expo-

sure (Chitraju et al., 2020; Heine et al., 2018).

It has been suggested that fatty acids released from WAT

during fasting may act as PPARa ligands (Jaeger et al., 2015).

However, hepatic de novo fatty acid synthesis also provides li-

gands for PPARa-regulated gene expression in the liver (Chak-

ravarthy et al., 2005, 2009). Thus, the source of fatty acids that

activate hepatic PPARa during fasting remains to be clarified.

Here, we identify adipose adipose triglyceride lipase (ATGL)-

dependent lipolysis as a regulator of hepatic function through

the control of gene expression and hepatocyte PPARa as a

key player of this cross-talk between adipose tissues and the

liver.

RESULTS

Adipocyte ATGL-dependent lipolysis is required for
fasting-induced responses in the liver
To investigate the role of WAT lipolysis in hepatic homeostasis,

we used Atgladipo+/+ and adipocyte-specific Atgl knockout

mice (Atgladipo�/�) (Schoiswohl et al., 2015), which were either

fed ad libitum or fasted for 24 h. Adipocyte Atgl deletion reduced

fasting-induced lipolysis as indicated by the absence of an in-

crease in plasma free fatty acids (FFAs) in fasted Atgladipo�/�

mice (Figure 1A). Moreover, induction upon fasting of ketone

bodies and plasma FGF21 levels was blunted in Atgladipo�/�

mice (Figure 1A).

We performed gene expression profiling. Principal-compo-

nent analysis (PCA) showed that differences in gene expression

between Atgladipo�/� and Atgladipo+/+ were observed in the fast-

ing state (Figure S1A). Among the differentially expressed genes
Figure 1. Adipose Atgl deficiency alters hepatic gene expression durin

Atgladipo+/+ and Atgladipo�/� mice were fed ad libitum or fasted for 24 h (n = 6/gro

(A) Plasma FFAs, ketone bodies (b-hydroxybutyrate), and FGF21.

(B) Number of genes differentially expressed between Atgladipo+/+ and Atgladipo�

(C) Microarray experiment performed with liver samples. Hierarchical clustering

(D) Representation of the mean cluster profiles and number of genes in each clu

(E) Gene Ontology (GO) analysis and enrichment of transcription factors in each

(F) Volcano plot of differences in gene expression between Atgladipo+/+ and Atg

emphasized. The genes highlighted in red are PPARa sensitive during fasting.

(G) Hepatic mRNA expression measured by qRT-PCR.

Results are the mean ± SEM. #Fasting effect; *genotype effect, and *** or ###p <
(DEGs) between Atgladipo�/� and Atgladipo+/+ (fold change

[FC] > 2 and adjusted p value [adj.p] < 0.05), 99%were observed

in fasted mice, while only 0.4% of the genes were differentially

expressed in fed mice (Figure 1B). We performed hierarchical

clustering on the DEGs with an FC > 2 and an adj.p < 0.05.

The resulting heatmap identified seven clusters showing specific

gene expression in response to fasting in the two genotypes

(Figures 1C and 1D). Genes from clusters 4 and 7 were sensitive

to fasting, but not dependent on Atgl expression in adipocytes

(Figure 1D). The lack of adipocyte Atgl altered the expression

of genes sensitive to fasting. We identified 1,073 upregulated

genes (cluster 6) and 356 downregulated genes (cluster 2) spe-

cifically in fasted Atgladipo�/� compared with Atgladipo+/+ mice.

Genes from cluster 6 relate to dysregulation in cell cycle and

apoptosis, enriched in Hdac3, Creb1, Pparg, Trp53, and Nfkb1

targets (Figure 1E). The most upregulated genes are shown in

Figure S1B. Genes from cluster 2, which were downregulated

in the absence of adipocyte ATGL, are involved in metabolism.

Furthermore, a cluster of 194 genes associated with circadian

rhythm and lipid metabolism (cluster 1) were repressed by fast-

ing, in an adipocyte ATGL-dependent manner (Figure 1E). Genes

in cluster 5 showed increased expression in response to fasting

in Atgladipo+/+, but not Atgladipo�/� mice. Gene enrichment anal-

ysis revealed that genes of this cluster are PPARa targets related

to fatty acid degradation and peroxisome biogenesis (Figures 1E

and S1C). Genes expressed at higher levels in response to fast-

ing in Atgladipo+/+ compared with Atgladipo�/� mice include

PPARa-sensitive genes. Genes with the opposite profile include

Ddit4 and Sesn1, which are p53 target genes (Figure 1F).

Accordingly, the expression of well-known PPARa target genes

was upregulated by fasting in Atgladipo+/+ mice but was low in the

absence of adipocyte ATGL (Figure 1G). Similar profiles were

observed for other PPARa target genes (Figure S1D).

Together, these results reveal the important contribution of

adipocyte ATGL to the regulation of the liver transcriptome in

response to fasting. Further, it suggests a role of PPARa in

ATGL-dependent hepatic gene regulation.

Hepatocyte PPARa is critical for the fasting-induced
adipose-ATGL-dependent effect on liver gene
expression
To delineate the contribution of hepatocyte PPARa to the fast-

ing-induced adipocyte-ATGL-dependent regulation of hepatic

gene expression, we compared the effect of adipocyteAtgl dele-

tion with that of hepatocyte Ppara deletion. We took advantage

of published gene expression analysis from 24 h fasted
g fasting

up).

/� mice in fed and fasted states (FC > 2; adj.p < 0.05).

shows the definition of seven gene clusters (FC > 2; adj.p < 0.05).

ster.

heatmap cluster.

ladipo�/� in fasting. The 20 most contrasted genes from clusters 5 and 6 are

0.001. See also Figure S1.
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hepatocyte-specific Ppara knockout mice (Régnier et al., 2018).

Among the 17,508 probes (p < 0.05) obtained in liver samples in

both the PPARa and ATGL experiments, we identified 511

probes corresponding to fasting-induced genes that were

dependent on ATGL expression in adipocytes and 226 probes

corresponding to fasting-induced genes dependent on PPARa

expression in hepatocytes (Figure 2A). Among them were 96

probes that shared a common pattern. We also found 568

probes and 221 probes corresponding to downregulated genes

in fasted Atgladipo+/+ and fasted Pparahep+/+ mice, respectively,

53 of which were in common (Figure 2B). Hierarchical clustering

performed on DEG (FC > 2; p < 0.05) in the Ppara deficiency

model allowed the identification of six clusters with different pat-

terns. These PPARa-dependent changes in gene expression

induced by fasting were analyzed in the adipose Atgl-deficient

model. Most genes sensitive to both fasting and hepatocyte

PPARa were also dependent on adipocyte ATGL (Figure 2C).

In contrast, genes in clusters 1 and 6 were sensitive to fasting

but were not dependent on genotype. Furthermore, genes in

cluster 2 were affected by hepatocyte Ppara and adipocyte

Atgl deficiency in both the fed and fasted states; thus, these

genes are not specifically regulated upon fasting. The expres-

sion of 281 fasting-induced genes in control Atgladipo+/+ and

Pparahep+/+ mice (cluster 3) was not upregulated in both

Atgladipo�/� and Pparahep�/� mice, suggesting that the expres-

sion of these genes was dependent on the presence of both

ATGL in adipocytes and PPARa in hepatocytes (Figure 2C).

Among the genes dependent on adipocyte ATGL and hepato-

cyte PPARa expression, many are PPARa targets (Figures 2D

and 2E). Gene network analysis confirmed the upregulation of

genes involved in fatty acid metabolism and enriched in targets

of PPARa in response to fasting in control mice only, indicating

a part played by both adipocyte ATGL and hepatocyte PPARa

(Figures 2F and S2). In contrast, cluster 5 included genes that

were upregulated by fasting in the absence of both PPARa in he-

patocytes and ATGL in adipocytes (Figures 2C andS2). Themain

network includes genes involved in cell death (Figure 2F). Cluster

4 contained a small subset of genes that were upregulated in

fasted Pparahep�/�mice, but not in Atgladipo�/�mice (Figure 2C),

suggesting that these genes are repressed by PPARa. Gene

network analysis revealed that these genes are related to the

innate immune response (Figures 2D and S2).

Altogether, these results reveal that the PPARa-dependent

response in the liver during fasting is dependent on adipocyte

ATGL, suggesting that adipose-derived fatty acids are critical

for hepatocyte PPARa activity.
Figure 2. Hepatocyte PPARa is essential for adipose ATGL-dependen

(A and B) Euler diagrams representing the number of probes corresponding to

expressed (FC > 2; adj.p < 0.05) between Atgladipo+/+ and Atgladipo�/� and/or Pp

(C) The first heatmap shows data from a microarray experiment performed with

6/group). Hierarchical clustering shows the definition of six gene clusters (FC > 2

heatmap, which represents DEGs in the liver of Atgladipo+/+ and Atgladipo�/� fed a

correlation coefficients for mean gene expression by experimental group in each

(D) GO analysis and enrichment of transcription factors in each heatmap cluster.

MAPK, mitogen-activated protein kinase.

(E) Correlation plot of expression levels of genes from cluster 3.

(F) Gene network analysis of genes from clusters 3–5.

See also Figure S2.
Activation of b3-adrenergic signaling is sufficient to
induce adipose ATGL-dependent PPARa activity in
hepatocytes
We next investigated the responses of Atgladipo�/�- and

Pparahep�/�-fed mice following induction of adipocyte lipolysis

through activation of the b3-adrenergic receptor using

CL316243 (CL). Adipocyte Atgl deficiency reduced levels of

FFAs, circulating ketone bodies, and FGF21 in response to CL

(Figures 3A and 3B). In addition, the hepatic expression of

PPARa target genes was reduced in Atgladipo�/�mice compared

with Atgladipo+/+ mice, indicating that adipose ATGL is required

for CL-induced PPARa activity (Figure 3C). Hepatocyte Ppara

deletion did not affect FFA levels following activation of b3-

adrenergic signaling (Figure 3D). However, similar to what was

observed in Atgladipo�/� mice, Pparahep�/� mice exhibited an

impaired b3-adrenergic response in ketogenesis and FGF21

expression (Figures 3E and 3F). We evaluated hepatic gene

expression patterns in CL-treated Pparahep+/+ and Pparahep�/�

mice. DEGs (FC > 2; adj.p < 0.05) were subjected to hierarchical

clustering. The resulting heatmap highlights differences in hepat-

ic gene expression betweenPparahep+/+ andPparahep�/�mice in

response to CL treatment (Figure 3G). We identified six clusters

of genes (Figure 3H). Genes in cluster 1 and cluster 4 were regu-

lated by CL, but not dependent on hepatocyte Ppara. Cluster 2

comprises 370 genes upregulated following b3-adrenergic

signaling activation in Pparahep+/+, but not in Pparahep�/� mice.

These genes are associated with fatty acid metabolism and en-

riched in PPARa targets. CL treatment decreased the expression

of PPARa-dependent genes (cluster 5) involved in steroid

biosynthesis (Figures 3I and S3A). Conversely, the expression

of a cluster of genes is sensitive to CL only in the absence of he-

patocyte PPARa. Cluster 6 included 218 genes that are involved

in the response to unfolded proteins and inflammation (Figure 3I).

Finally, the pathways repressed by CL in the absence of PPARa

in hepatocytes relate to fatty acid degradation and PPAR

signaling (cluster 3; Figures 3I and S3B). Hepatic transcriptome

analysis of CL-treated Atgladipo+/+ and Atgladipo�/� also revealed

that the absence of adipocyte ATGL had diverse effects on the

response to CL (Figure S4). The main pathways induced by CL

and dependent on adipocyte ATGL were related to fatty acid

catabolism and peroxisome.

Taken together, these data show that the induction of adipo-

cyte lipolysis induced PPARa-dependent responses in the liver,

even in the fed state. We tested whether insulin receptor (IR)-

dependent signaling influences PPARa activity using mice with

hepatocyte-specific deletion of IR (Nemazanyy et al., 2015;
t hepatic transcriptome in fasted mice

upregulated (A) and downregulated (B) genes upon fasting and differentially

arahep+/+ and Pparahep�/�.
liver samples from Pparahep+/+ and Pparahep�/� fed ad libitum or fasted (n =

; adj.p < 0.05). The same gene clustering was applied to generate the second

d libitum or fasted (n = 6/group). Balloon plots on the right represent Pearson

cluster of both heatmaps.

BP, Biological Process; KEGG, Kyoto Encyclopedia of Genes and Genomes;
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Smati et al., 2020; Figures S5A and S5B). The expression of

PPARa target genes during fasting was not changed in absence

of IR in hepatocytes (Figure S5C). In addition, deletion of IR in he-

patocytes did not affect the decreased levels of plasma ketone

bodies induced by refeeding (Figure S5D). Finally, we employed

the gain-of-function model of chronically activated AKT

signaling, the mouse mutant of hepatocyte-specific inactivation

of phosphatase and tensin homolog (PTEN) protein (Horie et al.,

2004; Patitucci et al., 2017). PTENmutants showed normal keto-

genesis during fasting (Figure S5E). These results suggest that

cell-autonomous hepatocyte response to insulin is dispensable

for inhibition of ketogenesis by feeding.

Previous study reported that FFAs activate PPARb/d (Sander-

son et al., 2009). Therefore, we used mice with hepatocyte-spe-

cific Pparb/d deletion to analyze the metabolic responses

following induction of lipolysis with CL. Compared with Pparb/

dhep+/+ mice, hepatocyte Pparb/d-deficient (Pparb/dhep�/�) mice

showed higher levels of plasma FFAs and ketone bodies in

response to CL, whereas circulating FGF21 was unaffected by

the absence of PPARb/d (Figures 3J and 3K). The hepatic

expression of PPARa-target genes in response to CL was

increased in Pparb/dhep�/� mice compared with Pparb/dhep+/+

mice, suggesting that PPARb/d may influence CL-induced

PPARa activity (Figure 3L). However, hepatocyte PPARb/d is

dispensable for this b3-adrenergic response dependent on

WAT ATGL. Collectively, these results support a role for adipose

lipolysis as a key signal for hepatocyte PPARa activity.

Hepatocyte PPARa is required for BAT activation in
response to activation of b3-adrenergic signaling
b3-adrenergic signaling not only induces triacylglycerol lipolysis

inWAT but also activates thermogenesis in brown adipose tissue

(BAT). Adipose ATGL is required to maintain body temperature

during acute cold exposure (Haemmerle et al., 2006). We inves-

tigated the consequences of hepatocyte-specific Ppara deletion

on BAT activation in response to high-level lipolysis induced by

combined CL treatment and fasting. Plasma FFA levels in

response to CL were similar in the presence and absence of

PPARa in hepatocytes (Figure 4A). While blood glucose levels

were decreased in both genotypes following CL treatment, insu-

lin levels after CL-induced b3-adrenergic signaling activationwas
Figure 3. Hepatocyte PPARa activity is induced upon activation of acu

(A–C) Atgladipo+/+ and Atgladipo�/� ad libitum fed mice received CL or vehicle (n =

(A) Plasma FFA levels.

(B) Circulating levels of ketone bodies (b-hydroxybutyrate) and FGF21.

(C) Hepatic mRNA expression measured by qRT-PCR.

(D–I) Pparahep+/+ and Pparahep�/� ad libitum fed mice received CL or vehicle (n =

(D) Plasma FFA levels.

(E) Circulating levels of ketone bodies (b-hydroxybutyrate) and FGF21.

(F) Hepatic mRNA expression measured by qRT-PCR.

(G) Heatmap presenting data from a microarray experiment performed with liver

clusters (FC > 2; adj.p % 0.05).

(H) Representation of the mean cluster profiles and number of genes in each clu

(I) GO analysis and enrichment of transcription factors in each cluster.

(J–L) Pparbhep+/+ and Pparbhep�/� ad libitum fed mice received CL or vehicle (n =

(J) Plasma FFA levels.

(K) Circulating levels of ketone bodies (b-hydroxybutyrate) and FGF21.

(L) Hepatic mRNA expression measured by qRT-PCR.

Results are the mean ± SEM. #CL effect; *genotype effect; * or #p < 0.05; ** or ##
lower in Pparahep�/� mice compared with Pparahep+/+ mice (Fig-

ure 4B). Plasma ketone bodies and FGF21 levels were reduced

in fasted Pparahep�/� mice treated with b3-adrenergic receptor

agonist (Figure 4C). In agreement with Simcox et al. (2017), we

found that CL decreased the plasma level of free carnitine and

enhanced medium- and long-chain acylcarnitines (LCACs)

levels. Compared with Pparahep+/+ mice, Pparahep�/� mice ex-

hibited higher levels of plasma LCACs (Figure 4D). CL-induced

adipose lipolysis also influenced the expression of Fgf21 and In-

hbe dependent on hepatocyte PPARa (Figure 4E). In contrast,

other hepatokine expression, such as Gdf15 and Fst, was

induced in the liver of Pparahep�/� mice (Figure S6).

CL treatment reduced the number of BAT lipid droplets, indi-

cating BAT activation, which was blunted in Pparahep�/� mice

(Figure 4F). The deletion of hepatocyte Ppara led to a reduction

of Ucp1 and Elovl3 mRNA expression (Figure 4G), and UCP-1

protein expression in BAT was lower in Pparahep�/� mice (Fig-

ure 4H). Finally, acute cold exposure at 4�C resulted in hypother-

mia in Pparahep�/� mice compared with Pparahep+/+ mice, indi-

cating cold intolerance (Figure 4I).

During 24 h cold exposure in metabolic cages, food intake, lo-

comotor activity, and body composition were similar in the two

groups (Figures S7A–S7C), whereas energy expenditure (EE)

and O2 consumption (VO2) were increased in Pparahep�/� mice

(Figures S7D and S7E). In addition, Pparahep�/� mice showed

increased respiratory exchange rate (RER) (Figure S7F), sug-

gesting a carbohydrate-oriented metabolism, and a lower rate

of fatty acid oxidation during cold exposure (Figure S7F). In

contrast, fasted Pparahep�/� mice showed no changes in EE,

VO2, or RER (Figures S7G–S7I).

To investigate whether PPARa-dependent BAT activation de-

pends on FGF21, we challenged mice with hepatocyte-specific

deletion of FGF21 with CL. Plasma levels of FFA, glucose, insu-

lin, and circulating ketone bodies in response to CL were unaf-

fected by the absence of hepatocyte FGF21 (Figures 4J–4L).

Consistent with previous data showing that circulating FGF21

mostly originates from the liver (Markan et al., 2014), hepatocyte

Fgf21 deletion abolished increased level of plasma FGF21 in

response to b3-adrenergic signaling activation (Figure 4L). In

addition, the deletion of Fgf21 in hepatocytes did not affect the

number of BAT lipid droplets (Figure 4M) and the expression of
te b3-adrenergic signaling

6/group).

8–9/group).

samples (n = 6/group). Hierarchical clustering shows the definition of six gene

ster.

7–9/group).

p < 0.01, and *** or ###p < 0.001. See also Figures S3 and S4.
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BAT markers (Figure 4N), indicating that hepatocyte FGF21 is

dispensable for BAT activation upon stimulation of b3-adrenergic

signaling.

These results demonstrated that hepatocyte PPARa activity is

required for the full activation of BAT. PPARa activity in hepato-

cytes mediates the cross-talk between adipose tissues and the

liver during lipolysis and thermogenesis through a mechanism

that does not depend on FGF21.

DISCUSSION

PPARa is a regulator of hepatic lipid metabolism during fasting

(Kersten et al., 1999; Montagner et al., 2016; Régnier et al.,

2018). It is accepted that fatty acids derived from adipose tissue

regulate hepatic gene expression (Jaeger et al., 2015). The first

and rate-limiting step of adipose triacylglycerol lipolysis is cata-

lyzed by ATGL. Global and adipocyte-specific Atgl deficiency in

mice results in defective lipolysis (Haemmerle et al., 2006;

Schoiswohl et al., 2015) and cold intolerance (Schreiber et al.,

2017).

In this study, we used mouse models of selective deletion of

Atgl in adipocytes and Ppara in hepatocytes to investigate the

contribution of ATGL-dependent lipolysis to PPARa activity in

the liver. Adipose tissue lipolysis was either induced by fasting

or by b3-adrenergic receptor stimulation.

Our data revealed the contribution of adipocyte ATGL to the

metabolic response and liver gene expression during lipolysis.

As previously reported (Jaeger et al., 2015; Schoiswohl et al.,

2015), we found that ATGL-dependent lipolysis is required for

fasting-induced ketone body and FGF21 production, two pro-

cesses under the transcriptional control of PPARa in hepato-

cytes (Badman et al., 2007; Inagaki et al., 2007; Montagner

et al., 2016; Régnier et al., 2018). In addition, our analysis re-

vealed that the genes most sensitive to Atgl deficiency included

PPARa target genes, such as Fgf21.

Comparison of gene expression profiles indicate that genes

regulated by hepatocyte PPARa in the liver during fasting also

depend on ATGL-dependent lipolysis, suggesting that adipocyte

ATGL-dependent lipolysis is required for PPARa-dependent he-
Figure 4. Hepatocyte PPARa deficiency causes reduced BAT activation

activation

(A–H) Pparahep+/+ and Pparahep�/� mice were fasted for 10 h and then received

(A) Plasma FFA levels.

(B) Blood glucose and plasma insulin levels.

(C) Circulating levels of ketone bodies (b-hydroxybutyrate) and FGF21.

(D) Plasma levels of carnitine, short-chain acylcarnitines (SCACs) (C2–C5), me

(LCACs) (C14–C18).

(E) Hepatic mRNA expression measured by qRT-PCR.

(F) Representative histological sections of BAT stained with H&E.

(G) mRNA relative expression in BAT measured by qRT-PCR.

(H) Representative UCP1 protein expression in BAT.

(I) Body temperature after a cold-tolerance test at 4�C.
(J–N) Fgf21hep+/+ and Fgf21hep�/� mice were fasted and then received CL or veh

(J) Plasma FFA levels.

(K) Blood glucose and plasma insulin levels.

(L) Circulating levels of ketone bodies (b-hydroxybutyrate) and FGF21.

(M) Representative histological sections of BAT stained with H&E.

(N) mRNA expression measured in BAT by qRT-PCR.

Results are the mean ± SEM. #CL effect, *genotype effect, * or #p < 0.05, ** or ##
patic gene expression and that together they orchestrate the

fasting response in the liver. A recent study, using liver-specific

deletion of Atgl in mice, has reported that hepatic ATGL is not

required for the fasting-induced PPARa-dependent responses

in the liver, implying that adipocyte lipolysis-derived fatty acids

are sufficient to activate PPARa independent of hepatocyte lipol-

ysis (Selen et al., 2021). We cannot exclude that adipose tissue

lipolysis also activates other pathways, such as PPARb/

d-dependent gene expression (Sanderson et al., 2009). How-

ever, our findings suggest that hepatic PPARb/d is dispensable

for the effect of CL-induced adipose lipolysis on PPARa-de-

pendent regulation of gene expression, FGF21 production, and

ketogenesis.

A set of genes related to immunity are upregulated by fasting in

the absence of hepatocyte PPARa, but not in the absence of

adipocyte ATGL. This likely reflects the anti-inflammatory role

of hepatocyte PPARa (Paumelle et al., 2019; Pawlak et al., 2014).

Our work revealed that ATGL-dependent lipolysis repressed

the hepatic expression of genes related to lipid metabolism

and may be involved in the hepatic regulation of sterol regula-

tory element-binding proteins SREBP-1 and SREBP-2 (cluster

1; Figure 1E). This result is consistent with increased nuclear

SREBP-1 levels in hepatocytes of Atgladipo�/� mice after re-

feeding (Wieser et al., 2020) and suggests that adipose lipol-

ysis-derived fatty acids may suppress SREBP-1 activation in

the liver.

We also identified a set of genes regulated by fasting in the

absence of adipocyte ATGL, which suggests that they are either

normally repressed by fatty acids derived from ATGL-dependent

lipolysis or induced in the absence of fatty acids as a compensa-

tory mechanism. They are mainly targets of p53, a transcription

factor that regulates the expression of genes controlling cell pro-

liferation and apoptosis and is frequently mutated in hepatocel-

lular carcinoma (HCC) (Calderaro et al., 2017). Several lines of

evidence indicate that p53 controls metabolic pathways (Lacroix

et al., 2020). In mice, acute and hepatocyte-specific deletion of

p53 leads to fasting hypoglycemia (Prokesch et al., 2017). In

addition, p53 is necessary for fasting-mediated sensitization to

therapeutic response of HCC-resistant models (Krstic et al.,
and defective thermogenesis in response to b3-adrenergic signaling

CL or vehicle and were analyzed 6 h later (n = 6–10/group).

dium-chain acylcarnitines (MCACs) (C6–C12), and long-chain acylcarnitines

icle (n = 9–10/group).

p < 0.01, and *** or ###p < 0.001. See also Figures S6 and S7.
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2022). In the absence of ATGL, hepatic p53 may drive an adap-

tive response by coordinating cell cycle progression, apoptosis,

and metabolism.

Furthermore, we observed that induction of lipolysis via acute

CL treatment is sufficient to induce a PPARa-dependent tran-

scriptional response in fed animals. Thus, even when insulin is

present, the PPARa-dependent responses are induced upon

adipose lipolysis stimulation. We also found that direct IR-

dependent insulin signaling does not influence hepatocyte

PPARa activity. Although we cannot completely exclude nega-

tive regulation of PPARa activity by the insulin/mTORC1 axis

during feeding (Jo et al., 2015; Kim et al., 2012; Sengupta

et al., 2010), our findings suggest that insulin-sensitive adipose

tissue lipolysis acts as a key signal for hepatocyte PPARa

activation.

Another interesting finding is the effect of hepatocyte PPARa

on insulin following b3-adrenergic receptor stimulation. b3-

adrenergic signaling activation promotes insulin secretion from

pancreatic b cells despite the presence of hypoglycemia (Cyp-

ess et al., 2015). This response to CL requires the presence of

b3-adrenergic receptors in white adipocytes (Grujic et al.,

1997). In addition, this process is blunted in mice with whole-

body deletion of ATGL (MacPherson et al., 2014). It has been

suggested that FFAs regulate insulin secretion through GPR40

(Itoh et al., 2003).

CL-mediated increase in plasma insulin levels depends on

adipose lipolysis and is essential for the uptake of lipids by

the BAT and for thermogenesis during b3-adrenergic receptor

stimulation (Heine et al., 2018). Here, we show that hepatocyte

PPARa influences insulin level, which suggests a cross-talk be-

tween the liver and the pancreas that involves PPARa. Whether

this effect is mediated by metabolites or through other hepatic

signals remains to be investigated. We found that, upon activa-

tion of b3-adrenergic signaling, hepatic Ppara deficiency im-

pairs expression of Fgf21 and SerpinB1, two liver-derived pro-

teins that influence b cell function (El Ouaamari et al., 2016;

Wente et al., 2006). However, using mice with hepatocyte-spe-

cific deletion of Fgf21, we demonstrated that hepatic FGF21

does not influence insulin secretion induced by b3-adrenergic

activation.

Finally, our results reveal that PPARa activity in hepatocytes

influences BAT activation. Another study first identified the liver

as an important tissue for thermogenesis regulation during

cold exposure (Simcox et al., 2017). Simcox et al. showed that

acylcarnitines generated by the liver through activation of

HNF4a in response to cold exposure are required to provide

fuel for BAT thermogenesis. Here, we found that activation of he-

patic PPARa is also required for BAT activation. However, we did

not observe differences in plasma acylcarnitine levels in

Pparahep�/� mice compared with Pparahep+/+ mice. Substrates

for BAT activation include glucose (Hankir and Klingenspor,

2018), fatty acids derived from WAT lipolysis (Schreiber et al.,

2017; Shin et al., 2017), circulating triglycerides (Heine et al.,

2018), and acylcarnitines (Simcox et al., 2017). We did not find

evidence that PPARa influences these parameters. Other

PPARa-dependent metabolites include ketone bodies, which

may also serve as an energy source to fuel thermogenesis (Mae-

kubo et al., 1977).
10 Cell Reports 39, 110910, June 7, 2022
We confirmed that hepatic PPARa controls the hepatic

expression of Fgf21, which influences BAT activity (Ameka

et al., 2019; Fisher et al., 2012; Hondares et al., 2010). However,

using mice with hepatocyte-specific deletion of Fgf21, we

demonstrated that hepatic FGF21 is dispensable for such PPAR-

a-dependent activation of BAT in response to CL-induced lipol-

ysis. We also identified activin E as a PPARa-sensitive hepato-

kine likely to contribute to BAT activation (Hashimoto et al.,

2018).

In conclusion, our study supports a dominant role for adipose

ATGL in generating tissue-derived signal that triggers hepato-

cyte PPARa activity and underscores the critical role of hepatic

PPARa in this adipose tissue to liver axis and in triggering BAT

activation. Intact PPARa activity in hepatocytes is required for

the cross-talk between adipose tissues and the liver during fat

mobilization.

Limitations of the study
WAT ATGL is required for the regulation of liver gene expression.

ATGL is the rate-limiting enzyme involved in triacylglycerol hy-

drolysis to produce diacylglycerol and FFA. It is possible that

such lipids act as messengers to control the liver activity in

response to lipolytic stimulus. A first limitation of our study is

that we did not identify the ATGL-dependent signal that origi-

nates from the WAT to drive gene expression in the liver.

Hepatocyte PPARa plays a part in the hepatic control of gene

expression regulated by WAT lipolysis. However, another limita-

tion is that we do not provide evidence for a direct genome

recruitment and enhanced transcriptional activity of hepatocyte

PPARa in response to WAT lipolysis.
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Régnier, M., Polizzi, A., Lippi, Y., Fouché, E., Michel, G., Lukowicz, C., Smati,
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Tamoxifen Free Base MP Biomedicals Cat #156738
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TRIzol Reagent Invitrogen Cat #TR118

Critical commercial assays

FGF21 ELISA kit Sigma-Aldrich Cat# EZRMFGF21-26K

Sureprint G3 Mouse G v2 microarrays Agilent Technologies N/A

Hot star Taq DNA Polymerase Quiagen Cat #203605

High Capacity cDNA RT kit ThermoFisher Cat #4368813

BCA Protein Assay kit ThermoFisher Cat #23227

Deposited data

Microarray data Régnier et al. (2018) GEO: GSE96559

Microarray data This paper GEO: GSE165699

Microarray data This paper GEO: GSE165558

Experimental models: Organisms/strains

Mouse: Albumin-Cre�/�Pparaflox/flox Montagner et al. (2016) N/A

Mouse: Albumin-Cre+/�Pparaflox/flox Montagner et al. (2016) N/A

Mouse: Adiponectin-Cre�/�Atglflox/flox Schoiswohl et al. (2015) N/A

Mouse: Adiponectin-Cre+/�Atglflox/flox Schoiswohl et al. (2015) N/A

Mouse: Albumin-Cre�/�Fgf21flox/flox This paper N/A

Mouse: Albumin-Cre+/-Fgf21flox/flox This paper N/A

Mouse: Transthyretin-Cre�/�IRflox/flox Nemazanyy et al. (2015)

Smati et al. (2020)

N/A

Mouse: Transthyretin-Cre+/�IRflox/flox Nemazanyy et al. (2015)

Smati et al. (2020)

N/A

Mouse: Albumin-Cre�/�Ptenflox/flox Horie et al. (2004)

Patitucci et al. (2017)

N/A

Mouse: Albumin-Cre+/�Ptenflox/flox Horie et al. (2004)

Patitucci et al. (2017)

N/A

Mouse: Albumin-Cre�/�Pparbflox/flox Schuler et al. (2006) N/A

Mouse: Albumin-Cre+/�Pparbflox/flox This paper N/A

Oligonucleotides

Oligonucleotide sequences are listed in Table S1 This paper N/A

Software and algorithms

LinRegPCR (v2017.1) Ruijter et al. (2009) http://LinRegPCR.nl

GraphPad Prism (version 7.00) GraphPad https://www.graphpad.com

Metascape Zhou et al. (2019) http://metascape.org
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Bioconductor Huber et al. (2015) https://bioconductor.org/

tidyverse (v1.3.1) Wickham (2019)

https://doi.org/10.21105/joss.01686

https://cran.r-project.org/package=tidyverse

pheatmap (v1.0.12) Raivo Kolde (2019) https://cran.r-project.org/package=pheatmap

Illustrator(v26.1) Adobe www.adobe.com/Illustrator

limma(v3.48.3) Ritchie et al. (2015) https://bioconductor.org/packages/release/bioc/

html/limma.html

Scan Control A.8.5.1 Agilent https://www.agilent.com/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hervé

Guillou (hervé.guillou@inrae.fr).

Material availability
This study did not generate new reagents. Mouse lines for this study are available from the lead contact with a completed material

transfer agreement.

Data and code availability
d Microarray data have been deposited at GEO and are publicly available as of the date of publication. Accession numbers are

listed in the Key resources table. All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
In vivo studies were performed in compliance with the European guidelines for the use and care of laboratory animals, and approved

by an independent ethics committee under the authorization numbers 16432-2018081010184501, 31741-2021052011598985,

14005-2018030917086471 and 17430-2018110611093660, and by the Austrian Federal Ministry for Science, Research, and

Economy (protocol number GZ: 39/9-4/75 ex 2017/18). All mice were housed at 21–23�C on a 12-h light (ZT0–ZT12)/12-h dark

(ZT12–ZT24) cycle and had free access to the standard rodent diet (Safe 04 U8220G10R) and tap water. ZT stands for Zeitgeber

time; ZT0 is defined as the time when the lights are turned on. All mice used in this study were males and were sacrificed at

ZT16, unless stated otherwise. All experiments were performed in 12–16 week-old mice.

Ppara hepatocyte-specific knockout (Pparahep�/�) mice were generated at INRAE’s rodent facility (Toulouse, France) by mating

the floxed-Ppara mouse strain with C57BL/6J albumin-Cre transgenic mice, as described previously (Montagner et al., 2016), to

obtain albumin-Cre+/�Pparaflox/flox mice. Albumin-Cre�/�Pparaflox/flox (Pparahep+/+) littermates were used as controls. Genotyping

was performed using an established protocol (Montagner et al., 2016).

Adipocyte-specific Atgl knockout (Atgladipo�/�) mice were bred at the animal facility of the University of Graz. They were originally

generated at the animal facility of the University of Pittsburgh by mating the floxed-Atgl mouse strain with adiponectin-Cre mice,

as described previously (Schoiswohl et al., 2015), to obtain adiponectin-Cre+/�Atglflox/flox mice. Adiponectin-Cre�/�Atglflox/flox

mice (Atgladipo+/+) were used as controls.

Pparb hepatocyte-specific knockout (Pparbhep�/�) mice were generated at INRAE’s rodent facility (Toulouse, France) by

mating the floxed-Pparb mouse strain (Schuler et al., 2006) with C57BL/6J albumin-Cre transgenic mice, to obtain albumin-

Cre+/�Pparaflox/flox mice. Albumin-Cre�/�Pparbflox/flox (Pparbhep+/+) littermates were used as controls.
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Fgf21 hepatocyte-specific knockout (Fgf21hep�/�) mice were generated at INRAE’s rodent facility (Toulouse, France) bymating the

floxed-Fgf21 mouse strain (B6.129S6(SJL)Fgf21 < tm1.2Djm>/J provided by The Jackson Laboratory) with C57BL/6J albumin-Cre

transgenic mice, to obtain albumin-Cre+/�Fgf21flox/flox mice. Albumin-Cre�/�Fgf21flox/flox (Fgf21hep+/+) littermates were used as

controls.

Insulin receptor hepatocyte-specific knockout (IRhep�/�) mice: Animals carrying LoxP sites flanking the fourth exon of the IR gene

(IRlox/lox stock number: 006955; Jackson Laboratory, Bar Harbor, ME, USA) were intercrossed with C57BL/6J mice, which

specifically express Cre recombinase in the liver under the transthyretin promoter (TTR-CreTam mice), as previously described

(Nemazanyy et al., 2015; Smati et al., 2020). At the age of 8 weeks, males IRhep�/� (IRfloxed/floxed/TTR�CreTam+/+)) and IRhep+/+

(IRfloxed/floxed/TTR�CreTam�/�) mice received tamoxifen (Tamoxifen Free Base, MP Biomedicals) by intraperitoneal injection

(1,5mg/kg) during three consecutive days, to induce deletion of hepatocyte Insulin receptor. Experiments started two weeks after

the last tamoxifen injection.

PTEN hepatocyte-specific knockout (PTENhep�/�) mice: Ptenflox/flox mice were mated to AlbCre transgenic mice (C57BL6/J

background; The Jackson Laboratory, Bar Harbor, Maine, USA), in which expression of Cre is controlled by the promoter of the

hepatocyte-specific gene Albumin, as previously described (Horie et al., 2004; Patitucci et al., 2017).

METHOD DETAILS

Fasting experiment and b3-adrenergic receptor activation in the adipocyte Atgl-deficient mouse model
Six 12-week-old mice were fed ad libitum or fasted for 24 h (starting at ZT16). For b3-adrenergic receptor activation, 12-week-old

mice were transferred in a ventilated cabinet at the specific temperature of 30�C (thermoneutrality) 2 weeks before experiments.

Mice were fed ad libitum and given CL316243 (3 mg/kg body weight; Sigma Aldrich) or vehicle (0.5% carboxymethylcellulose in ster-

ilized water) by gavage at ZT10 and sacrificed at ZT16 (n = 6/genotype/experimental condition).

Plasma FFA levels and PPARa activity are increased after 24 h of fasting (Jensen et al., 2013; Montagner et al., 2016). Moreover

hepatic PPARa expression as well as its activity are circadian and peak at ZT16 (Montagner et al., 2016). Therefore, we chose here to

fast mice for 24 h starting at ZT16.

b3-adrenergic receptor activation and cold exposure in the hepatocyte Ppara-deficient mouse model
Twelve-week-old mice were transferred in a ventilated cabinet at the specific temperature of 30�C (thermoneutrality) 2 weeks before

experiments. Mice were fed ad libitum or fasted at ZT0 and given CL316243 (3 mg/kg body weight; Sigma Aldrich) or vehicle (0.5%

carboxymethylcellulose in sterilized water) by gavage at ZT10 and sacrificed at ZT16 (n = 6–10/genotype/experimental condition).

For cold exposure, mice were single-housed without nesting material and had free access to food and water. Mice were transferred

to 4�C for 5 h. Body temperature was taken every 15 min during the first hour, every 30 min during the second hour, then every hour

with a RET-3 rectal probe (Physitemp) using a digital thermometer (Bioseb) (n = 8/genotype).

b3-adrenergic receptor activation in the hepatocyte Pparb-deficient mouse model
Sixteen-week-old mice were transferred in a ventilated cabinet at the specific temperature of 30�C (thermoneutrality) 2 weeks before

experiments. Mice were fed ad libitum and given CL316243 (3 mg/kg body weight; Sigma Aldrich) or vehicle (0.5% carboxymethyl-

cellulose in sterilized water) by gavage at ZT18 and sacrificed at ZT24 (n = 7–9/genotype/experimental condition).

b3-adrenergic receptor activation in the hepatocyte Fgf21-deficient mouse model
Fourteen-week-old mice were transferred in a ventilated cabinet at the specific temperature of 30�C (thermoneutrality) 2 weeks

before experiments. Mice were fasted at ZT0 and given CL316243 (3 mg/kg body weight; Sigma Aldrich) or vehicle (0.5% carboxy-

methylcellulose in sterilized water) by gavage at ZT10 and sacrificed at ZT16 (n = 8–10/genotype/experimental condition).

Fasting-refeeding experiment
Twelve-week-old IRhep+/+ and IRhep�/� mice were fasted for 12 h (starting at ZT12) or fasted for 12 h (from ZT12) and then re-fed ad

libitum until sacrifice (n = 6 mice/genotype/experimental condition).

Indirect calorimetry
All animals were individually housed in a cage with lights on from 8 a.m. to 8 p.m. and an ambient temperature of 22 ± 0.5 or 7�C for

cold exposure. Mice were acclimated to their calorimetric cages for 48 h before experimental measurements. After baseline record-

ings for 3 days, mice were either fasted for 24 h or fed ad libitum and exposed to 7�C for 24 h. Data were collected every 15 min. Total

energy expenditure (kcal/h), oxygen consumption and carbon dioxide production (VO2 and VCO2, where V is the volume), respiratory

exchange rate (RER = VCO2/VO2), food intake (g), and locomotor activity (beam breaks/h) were measured using calorimetric cages

with bedding, food and water ad libitum (Labmaster, TSE Systems GmbH, Bad Homburg, Germany). Animals were monitored for

body weight and composition at the beginning and end of the experiment. Data analysis was carried out with Excel XP using ex-

tracted raw values of VO2 consumption, VCO2 production (mL/h), and energy expenditure (kcal/h). Subsequently, each value was

expressed as a function of total lean tissue mass extracted from the EchoMRI analysis.
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Blood and tissue sampling
Prior to sacrifice, blood was collected into EDTA-coated tubes (Sarstedt, K3E tubes) from the submandibular vein. Plasma was pre-

pared by centrifugation (1500 g, 15 min, 4�C) and stored at �80�C. Following sacrifice by cervical dislocation, the liver and the BAT

were removed, weighed, and prepared for histology, or snap frozen in liquid nitrogen and stored at �80�C until use.

Blood glucose and plasma analysis
Free fatty acids (FFAs) were determined from plasma samples using a COBASMIRA + biochemical analyzer (Anexplo facility,

Toulouse, France). Plasma insulin concentration was measured using the Insulin Mouse Serum Assay HTRF Kit (Cisbio) (WE-MET

in Toulouse). Blood glucose was measured with an Accu-Chek Guide glucometer (Roche Diagnostics). b-Hydroxybutyrate was

measured with Optium b-ketone test strips that carried Optium Xceed sensors (Abbott Diabetes Care). Plasma FGF21 was assayed

using the rat/mouse FGF21 ELISA kit (Sigma) according to the manufacturer’s instructions.

Free carnitine and acylcarnitines weremeasured from plasma (10 mL) spotted on filter membranes (Protein Saver 903 cards; What-

man), dried, and then treated as reported (Chace et al., 1997). Briefly, acylcarnitines were derivatized to their butyl esters and treated

with the reagents of the NeoGramMSMS-AAAC kit (PerkinElmer). Their analysis was carried out on aWaters 2795/Quattro Micro AP

liquid chromatography–tandem mass spectrometer (Waters, Milford, MA).

Gene expression
Total cellular RNAwas extracted from liver and BAT samples using TRIzol reagent (Invitrogen). RNAwas quantified using a NanoDrop

(Nanophotometer N60, Implen). Two micrograms of total RNA were reverse transcribed using the High-Capacity cDNA Reverse

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

assays are presented in Table S1. Amplifications were performed on an ABI Prism 7300 Real-Time PCR System (Applied

Biosystems). qPCR data were normalized to the level of TATA-box binding protein (TBP) messenger RNA (mRNA) and analyzed

with LinRegPCR (v2017.1) to derive mean efficiency (N0) (Ruijter et al., 2009; Tuomi et al., 2010).

Transcriptome profiles were obtained for 6 liver samples per group at the GeT-TRiX facility (GénoToul, Génopole Toulouse Midi-

Pyrénées) using Sureprint G3 Mouse GE v2 microarrays (83 60K, design 074809, Agilent Technologies), according to the manufac-

turer’s instructions. 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 Technologies), according to the manufacturer’s instructions, followed by Agencourt RNAClean XP

(Agencourt Bioscience Corporation, Beverly, Massachusetts). Dye incorporation and cRNA yield were determined using a Drop-

sense 96 UV/VIS droplet reader (Trinean, Belgium). Next, 600 ng of Cy3-labeled cRNA were hybridized on the microarray slides,

following themanufacturer’s instructions. Immediately after washing, slides were scanned on an Agilent G2505CMicroarray Scanner

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

v10.10.1.1 with default parameters. Microarray data and experimental details are available in NCBI’s Gene Expression Omnibus

(GEO) database (accession numbers GSE165699 and GSE165558).

Histology
Paraformaldehyde-fixed, paraffin-embedded BAT was sliced into 3-mm sections and stained with hematoxylin and eosin (H&E).

UCP1 protein expression
Tenmilligrams of BATwas homogenized in RIPA buffer (50mMTris-HCl, pH 7.4, 150mMNaCl, 2mMEDTA, 0.1%SDS, 1mMPMSF,

1%NP40, 0.25% sodium deoxycholate, proteinase and phosphatase inhibitors) and centrifuged 30min at 13,000 g. The protein con-

centration in supernatants was measured using a Pierce BCA Protein Assay Kit (Thermo Scientific). Proteins were denatured in

Laemmli buffer (62.5 mM Tris HCl, pH 6.8, 2% SDS, 10% glycerol, 5% b-mercaptoethanol, 0.02% bromophenol blue), separated

by SDS-polyacrylamide gel electrophoresis (12%), and transferred onto nitrocellulose membrane. The membrane was blocked

with 5% BSA in TBST (10 mM Tris-HCl, 150 mM NaCl, 0.05% Tween 20). Immunodetection was performed using anti-UCP1

(1:1,000, Abcam, ab10983) and anti-Hsp90 (1:1,000, Cell Signaling, #4877) overnight at 4�C, followed by horseradish peroxidase-

conjugated secondary antibody (anti-rabbit 1:5,000) for 1 h at room temperature. Signals were acquired using enhanced chemilumi-

nescence using Clarity Western ECL Substrate (Bio-Rad) and a ChemiDoc Touch Imaging System (Bio-Rad).

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses on biochemical and qPCR data were performed using GraphPad Prism for Windows (version 7.00; GraphPad

Software). Two-way ANOVA was performed, followed by appropriate post-hoc tests (Sidak’s multiple comparisons test) when dif-

ferences were found to be significant (p < 0.05). When only 2 groups were compared, the Student’s t-test was used; p < 0.05 was

considered significant. * or #p < 0.05, ** or ##p < 0.01, *** or ###p < 0.001.

Microarray data were analyzed using R and Bioconductor packages (Huber et al., 2015) as described in GEO accession numbers

GSE165699 and GSE165558. Raw data (median signal intensity) were filtered, log2 transformed, corrected for batch effects (micro-

array washing bath and labeling serials), and normalized using the qsmooth method (Hicks et al., 2018). A model was fitted using

the limma lmFit function (Ritchie et al., 2015). Pair-wise comparisons between biological conditions were applied using specific
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contrasts. A correction for multiple testing was applied using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) to

control the false discovery rate (FDR). Probeswith an 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 expression signals. Gene

ontology and transcription factor enrichment analysis were performed using Metascape (Zhou et al., 2019). Gene network analysis

was performed using String (version 11.0) (Szklarczyk et al., 2019).
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