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Background & Aims: Hepatocyte-specific deficiency of the phosphatase and tensin homolog (PTEN) triggers steatosis and the
development of hepatic tumors. The hepatoprotective effect of PTEN may partly depend on its ability to block insulin receptor (IR)
and insulin-like growth factor 1 receptor (IGF1R) signaling. This study aimed to evaluate the individual/combined contributions of
IR and IGF1R to hepatic metabolism and tumorigenesis induced by PTEN deficiency.

Methods: Mouse models with hepatocyte-specific deletions of Insr, Igf1r, or both, in addition to Pten, were used to investigate the
distinct/combined roles of IR and IGF1R. Analyses focused on the impact of these deletions on hepatic steatosis and metabolism,
whole-body adiposity, and liver tumor incidence.

Results: IR and IGF1R signaling contribute to steatosis induced by Pten ablation through distinct mechanisms. Hepatic IGF1R
regulates hepatic glucose output and glycogen storage (2.1-fold increase in hepatic glycogen in PTEN-IGF1RKO mice [n = 10],
compared with PTENKO mice [n = 7], p <0.0001). In contrast, hepatic IR exerts a stringent regulation on whole-body adiposity (4-
fold increase in white adipose tissue volume in PTEN-IRKO mice [n = 5], compared with PTENKO mice [n = 6], p = 0.0004).
Interestingly, triple knockout (Insr, Igfir, and Pten) in hepatocytes of young adult mice is largely asymptomatic, indicating that
PTEN deficiency exerts a major overriding control on the effects of Insr and Igf1r deletion. Furthermore, the combined loss of IR
and IGF1R signaling in PTEN-deficient livers restrains liver carcinogenesis, but both receptors have individually distinct effects on
the malignancy of liver cancers, with IR deficiency reducing overall cancer incidence and IGF1R deficiency promoting malignancy.

Conclusions: These findings increase our understanding of the intricate interplay between PTEN, IR, and IGF1R signaling and
provide valuable insights into potential therapeutic interventions in hepatic disorders and hepatocellular carcinoma.

© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD) encompasses hepatic disorders associated with
obesity, insulin resistance, type 2 diabetes, and metabolic
syndrome.” Its development is influenced by genetic, environ-
mental, and lifestyle factors. The disease begins as simple
steatosis, characterized by abnormal accumulation of lipid
droplets in hepatocytes.? Selective hepatic insulin resistance,
leading to uncontrolled hepatic glucose production alongside
persistent lipogenesis, is commonly associated with steatosis.®
Over time, lipotoxicity, glucotoxicity, and mitochondrial
dysfunction drive hepatocyte apoptosis and inflammation,
progressing to metabolic dysfunction-associated steatohepa-
titis (MASH).* This, in turn, activates hepatic stellate cells,
leading to fibrosis, which may progress to cirrhosis and even-
tually hepatocellular carcinoma (HCC).

The dogmatic view of steatosis as a harmful condition asso-
ciated with insulin resistance is challenged by rodent models in

which hepatic steatosis coexists with improved glucose toler-
ance. This phenomenon is evident in rodents fed a soy-enriched
diet,® mice treated with corticosteroids,” or mice with a genetic
deletion of the phosphatase and tensin homolog (PTEN) in he-
patocytes.® PTEN is a phosphatidylinositol-3,4,5-trisphosphate
3-phosphatase that inhibits insulin receptor (IR) and insulin-like
growth factor 1 receptor (IGF1R) signaling. Both receptors acti-
vate PIBK/AKT and MAPK signaling cascades, thereby control-
ling metabolism, mRNA translation, cell growth, and survival.®
Supporting the negative regulatory role of PTEN in insulin/IGF-
1 signaling, PTEN heterozygosity, or conditional deletion of
PTEN in muscle or adipose tissue leads to an improved glucose
tolerance in mice, which is mostly associated with constitutive
activation of downstream effectors of these hormonal factors
and an improvement in insulin sensitivity.'®"" Particularly in the
liver, the specific loss of PTEN in hepatocytes results in the
sequential development of steatosis, inflammation/fibrosis, and
hepatic tumors with age.'®"® Despite this, these mice exhibit
improved systemic glucose tolerance, increased muscle insulin
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sensitivity, lower insulin levels, and reduced adiposity. These
effects have been attributed to a complex inter-organ crosstalk,
mediated through hepatokines. %1416

Consistent with the role of PTEN as a negative regulator of IR
signaling, hepatocyte-specific IR deletion produces a metabolic
phenotype opposite to that of PTEN ablation. Mice lacking IR in
hepatocytes display glucose intolerance, hyperglycemia, and an
absence of steatosis.'” The lack of IR signaling in hepatocytes
has also been reported to lead to B-cell hyperplasia and insulin
hypersecretion.® In contrast, the metabolic impact of IGF1R
deletion in hepatocytes remains less explored. Pérez-Matute
et al.'” demonstrated that inducible IGF1R knockout mice
develop insulin resistance and hepatic steatosis. IGF1R
signaling has also been shown to promote hepatic regenera-
tion?® and cholestatic liver injury.?’ Furthermore, it has been
suggested that IGF1R upregulation is an early event in hep-
atocarcinogenesis, where it maintains high proliferation and
cancer stemness in transformed hepatocytes.?> However, this
remains to be confirmed in vivo. HCC is one of the leading
causes of cancer-related deaths worldwide.?® The insulin/IGF-1
signaling is one of the most deregulated pathways in human
cancers.”* Both are found overexpressed or deregulated in
various in vitro and in vivo models of HCC.?>?” Overactivation of
the IGF1R is one of the major hallmarks of hepatocarcino-
genesis.”’® In support of this, IGF1IR blockade results in
decreased hepatoma cell migration in vitro.?°

In summary, in hepatic steatosis and HCC, PTEN expression
is reduced/lost, whereas signaling through IR and IGF1R is
elevated. Understanding the interplay between PTEN, IR, and
IGF1R is crucial for elucidating hepatic disease mechanisms.
This study examines how IR and IGF1R signaling impact he-
patic and systemic metabolism and contribute to the sponta-
neous development and progression of hepatic steatosis and
tumors driven by PTEN deficiency.

Materials and methods

Animals

Generation of mice with hepatocyte-specific deletion of Insr,
Igf1r, and Pten using the Cre/loxP system with Cre-recombinase
under control of the albumin promoter has been described
previously.'> 161729 \We crossbred mice carrying loxP sites for
Insr, Igfir, and Pten with mice having the AlbCre gene and ob-
tained AlbCre-Pten""* (PTENKO), AlbCre-Pten®/X/jns X/
flox  (PTEN-IRKO),  AlbCre-Pten"/1/igf1/1o/fox  (PTEN-
IGF1RKO), and AlbCre-Pten®/10%/insf10x/flox afy flox/flox (pTEN-
IR-IGF1RKO; triple-KO). Floxed mice (Pten™"°* and/or Insr®
flox and/or Igf119/1°X negative for the AlbCre gene) were used
as control (CTRL). Mice were euthanised at the age of 4 months
(metabolic assessment, fed or fasted state) or 12 months (hep-
atocarcinogenesis assessment, fed state) by decapitation under
isoflurane anesthesia. Blood and tissues were collected and
stored at -80 °C. All the mice that were used for experimentation
were male, as MASLD has a higher prevalence in men. The
genetic background of the mice was C57BL/6.

Study approval

Animals were cared for and housed according to the Swiss
guidelines for animal experimentation and ethically validated by
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the Geneva Health head office (experimental authorizations GE/
60/14, GE/63/15, and GE/43/14).

Detailed information on the materials and methods used are
provided in the Supplementary material.

Results

Hepatic IR signaling, but not IGF1R, regulates liver
steatosis status in conjunction with PTEN

We generated C57BL/6 mice with constitutive hepatocyte-
specific deletion of Pten (PTENKO), combined with deletion
of Insr (PTEN-IRKO), Igf1r (PTEN-IGF1RKO), or both receptors
(PTEN-IR-IGF1RKO; triple-KO). The deletions resulted in near
complete absence of PTEN expression in the hepatocytes of
PTENKO, PTEN-IRKO, PTEN-IGF1RKO, and triple-KO mice;
absence of IR expression in hepatocytes of PTEN-IRKO and
triple-KO mice; and absence of IGF1R expression in hepato-
cytes of PTEN-IGF1RKO and triple-KO mice (Fig. S1A).
Moreover, PTEN-IRKO and triple-KO mice had a drastic
reduction of IR-B isoform in the liver, whereas the IR-A isoform
was only slightly decreased (Fig. S1B). Mice carrying floxed
alleles, but not the AlbCre recombinase, were used as con-
trols (CTRL).

PTENKO mice develop hepatomegaly associated with
extensive steatosis early in adulthood.'*'*'® Ex vivo assess-
ment of hepatomegaly was performed under fed and fasted
conditions. Under fed conditions, PTENKO and PTEN-
IGF1RKO mice had similar liver weights, significantly heavier
than those of CTRL mice, whereas PTEN-IRKO and triple-KO
mice had normal liver weights, comparable to those of CTRL
mice (Fig. 1A, left panel). Surprisingly, under fasted conditions,
PTEN-IRKO, PTEN-IGF1RKO, and triple-KO mice all had
significantly lower liver weights compared with PTENKO mice,
with livers of the triple-KO group reaching the same weight as
CTRL livers (Fig. 1A, left panel). Liver weight in PTEN-IRKO and
triple-KO animals remained unchanged between fasted and fed
conditions. Similar results were observed when liver weight was
expressed as a percentage of body weight (Fig. 1A, right panel).
Therefore, both IR and IGF1R signaling can drastically affect
liver volume in PTEN-deficient mice, and such outcome is
dependent on the nutritional status.

Histological analysis of liver sections in the fed state
(Fig. 1B), together with intrahepatic triglyceride (TG) content
(Fig. 1C), revealed that the severe steatosis present in PTENKO
mice was greatly reduced in the absence of IR (PTEN-IRKO
mice) in the fed state; however, deletion of both receptors
appears to have cumulative effects on steatosis clearance, as
observed in the triple-KO group. In contrast, IGF1R deletion did
not reduce hepatic steatosis (Fig. 1B and C). Therefore, in a
PTEN deficiency context under fed conditions, IR signaling is a
critical mediator of hepatic lipid status. Surprisingly, under
fasted conditions, PTENKO mice had hepatic TG levels com-
parable to those of CTRL mice, whereas PTEN-IGF1RKO
and PTEN-IRKO mice had significantly higher hepatic TG
levels (Fig. 1C).

Although not significant, a tendency for increased hepatic
cholesteryl esters was observed in PTEN-IRKO under fed
conditions, suggesting that this lipid species is an important
component of the remnant lipid droplets in the hepatocytes of
this group (Fig. 1D). In contrast, hepatic ketone bodies were
significantly increased in PTENKO and PTEN-IGF1RKO mice,
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Fig. 1. Hepatic IR signaling contributes to PTEN deficiency-induced steatosis. (A) Ex vivo assessment of the liver weight (left panel, fed/fasted state: CTRL n = 48/n =
33, PTENKO n = 23/n = 8, PTEN-IRKO n = 9/n = 8, PTEN-IGF1RKO n = 10/n = 20, and triple-KO n = 13/n = 25) and liver weight presented as ratio to body weight (right
panel). (B) Representative anatomy and histology (H&E staining) of hepatic tissues (fed conditions). (C) Hepatic triglyceride content (fed/fasted state: CTRL n = 15/n = 23,
PTENKO n = 19/n = 8, PTEN-IRKO n = 10/n = 8, PTEN-IGF1RKO n = 9/n = 11, and triple-KO n = 12/n = 12). (D) Hepatic cholesteryl ester content (fed state, n = 5-6/group).
(E) Ketone body (3-hydroxybutyrate) content (n = 3/group). (F) Circulating levels of AST (CTRL n = 15, PTENKO n = 11, PTEN-IRKO n = 4, PTEN-IGF1RKO n = 9, and triple-
KO n =13) and ALT (CTRL n = 13, PTENKO n = 6, PTEN-IRKO n = 4, PTEN-IGF1RKO n = 8, and triple-KO n = 11) from 4-month-old mice analyzed after sacrifice. Values
are mean + SD. One-way ANOVA was performed. Values were considered significant compared with CTRL (*) and PTENKO (~): */~ p <0.05, */~~ p <0.01,**/~~~ p
<0.001, or ***/~~~~ p <0.0001. ALT, alanine transaminase; AST, aspartate transaminase; IR, insulin receptor; PTEN, phosphatase and tensin homolog.

consistent with steatosis (Fig. 1E). Circulating aspartate trans-
aminase (AST) and alanine transaminase (ALT) were increased
in PTENKO and PTEN-IGF1RKO mice, but not in PTEN-IRKO
and triple-KO mice, suggesting that disruption of IR signaling
might attenuate hepatic injury associated with PTEN deficiency
(Fig. 1F), possibly because of the reduction in hepatic steatosis
in these IR-deficient groups.

Collectively, these data indicate that the IR-PTEN signaling
axis in hepatocytes is a master regulator of hepatic size,
steatosis, and injury. In contrast, IGF1R signaling had only a
minor effect on these parameters under PTEN-deficient con-
ditions in the fasting state.

Hepatic IR/PTEN signaling controls lipid and cholesterol
synthesis in the liver

Further analyses of explanted liver tissue were performed to
distinguish the specific processes of hepatic lipid metabolism
regulated by IR and IGF1R. As expected, PTEN deletion led to
an increase in hepatic de novo lipogenesis (DNL) with signifi-
cant increases in the expression of Fasn, Pparg, and Scd1 and
increased lipid trafficking (Cd36) under fed conditions (Fig. 2A,
upper panels). DNL-related genes were no longer significantly
upregulated in PTEN-IRKO livers, compared with PTENKO
livers, and an even further reduction in expression was
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observed in triple-KO livers (Fig. 2A). In contrast, PTEN-
IGF1RKO livers showed DNL gene expression comparable to
that of PTENKO livers. Similar expression profiles were
observed in the fasted state, and the results were confirmed at
the protein level (Fig. 2B).

However, deficient insulin signaling in Pten-knockout he-
patocytes (PTEN-IRKO) led to an increased expression of fac-
tors involved in hepatic cholesterol metabolism (compared with
CTRL) under fed conditions (Abcg5b, Hmgcr, Lxrb, and HmgcsT;
Fig. S2, upper panels). In contrast, IR loss no longer induced
cholesterol synthesis under fasted conditions and led to a
striking decrease in Hmgcs1 expression (Fig. S2, bottom
panels). Triple-KO livers showed similar trends to PTEN-IRKO
livers in the expression of genes involved in cholesterol meta-
bolism in both fed and fasted conditions. Deletion of IGF1R in
Pten-deficient hepatocytes (PTEN-IGF1RKO) did not signifi-
cantly affect cholesterol metabolism in either the fasted or fed
state, when compared with PTENKO. These findings indicate
that unrepressed IR signaling in the absence of PTEN is the
major driver of deregulated lipid and cholesterol metabolism in
the liver under these conditions, whereas the absence of IGF1R
does not affect these processes.

Finally, assessment of hepatic (-oxidation revealed an
upregulation of Acox7 in PTEN-IRKO livers under fed and fas-
ted conditions, as compared with PTENKO livers (Fig. S3A).
PTEN-IGF1RKO mice had more drastic changes in B-oxidation
compared with PTENKO mice, as Acat2 and Cpt1 were upre-
gulated under fed conditions, and a similar trend was also
observed for Acat1 and Pgc1a (Fig. S3A). The increase in CPT1
in PTEN-IGF1RKO livers was confirmed at the protein level
(Fig. S3B). This effect of IGF1R on hepatic -oxidation did not
persist under fasted conditions (Fig. S3A and B).

Therefore, IR deficiency led to a decrease in hepatic lipid
synthesis, resulting in less hepatic steatosis, whereas IGF1R
deficiency increased lipid oxidation and ketogenesis under fed
conditions. However, the latter was not sufficient to alleviate
hepatic steatosis in PTEN-IGF1RKO mice (Fig. 1B and C).

Both hepatic IR/PTEN and IGF1R/PTEN signaling
contribute to the control of peripheral fat storage

Having established that IR and IGF1R signaling are responsible
for the regulation of different aspects of hepatic lipid meta-
bolism, we further investigated the effects of these hepatic
deletions at the systemic level. No significant changes in body
weight were detected in the five groups under fed conditions
(Fig. 3A). However, PTEN-IGF1RKO mice had a significantly
lower body weight under fasted conditions (Fig. 3A). Further-
more, both PTEN-IGF1RKO and PTEN-IRKO animals showed
an exacerbation of body weight loss under fasted conditions,
compared with fed animals with the same genotype, indicating
that liver-specific IR and IGF1R have the potential to regulate
whole-body metabolic homeostasis, particularly under fasted
conditions (Fig. 3A). EchoMRI (LLC, Huston, USA http://www.
echomri.com/) analysis under fed conditions revealed that
triple-KO animals had significantly lower lean mass than
PTENKO animals, and a similar trend was observed in the
PTEN-IGF1RKO group (Fig. 3B). Intriguingly, when the lean
mass was expressed as a percentage of total body mass of the
animal, PTEN-IRKO mice had a significantly lower ratio
compared with CTRL and PTENKO mice (Fig. S4A). A similar

Role of IR and IGF1R signaling in PTEN deficiency

trend was observed in the triple-KO group, whereas the
opposite was observed in the PTEN-IGF1RKO group.

Furthermore, quantification of total fat mass by EchoMRI
revealed a trend toward a decrease in PTENKO mice,
compared with CTRL mice, whereas PTEN-IRKO and triple-KO
mice had significantly higher fat mass levels, compared with
PTENKO mice (Fig. 3B). When fat mass was expressed as a
percentage of body weight, all three mutants (PTEN-IRKO,
PTEN-IGF1RKO, and triple-KO) had higher fat mass levels,
compared with PTENKO mice (Fig. S4A). Fat mass determined
by echoMRI includes the lipids in the liver; therefore, to deter-
mine the adiposity levels in the mutants without taking into
account hepatic lipid storage, a CT scan was used to measure
the volume of all peripheral fat depots.

In vivo CT scan imaging of total white adipose tissue (WAT)
showed that the volume of fat depots was significantly reduced
in PTENKO mice compared with CTRL mice (Fig. 3C and D and
Fig. S4B). Conversely, PTEN-IRKO mice exhibited fat depots
similar to those of CTRL mice, indicating that hepatocyte-
specific deletion of IR in a PTENKO setting restores WAT vol-
ume to wild-type levels (Fig. 3C and D and Fig. S4B). Similar
results were obtained in PTEN-IGF1RKO and triple-KO mice;
however, the increase in WAT volume was less than that in
CTRL and PTEN-IRKO mice (Fig. 3C and D and Fig. S4B).

Furthermore, CT imaging showed that brown adipose tissue
(BAT) volume tended to increase in PTENKO and in PTEN-IRKO
mice compared with CTRL mice, although not significantly
(Fig. S5A). BAT size seems to be primarily dependent on IGF1R
signaling, as PTEN-IGF1RKO mice presented a significantly
lower volume of BAT (Fig. S5A). Deletion of both receptors led
to an intermediate phenotype similar to that of CTRL mice
(Fig. S5A). Lipid droplet area quantification in histological sec-
tions of BAT stained with H&E confirmed that PTEN-IGF1RKO
and triple-KO mice had significantly lower amounts of lipids in
BAT (Fig. S5B and C). This striking decrease in adiposity under
IGF1R-deficient conditions could be attributed to an increased
usage of fatty acids in the BATs of these mice. Ucp1 (uncou-
pling protein 1) MRNA levels indicated a tendency for increased
expression in the BAT of PTENKO and triple-KO animals,
whereas PTEN-IRKO and, more strikingly, PTEN-IGF1RKO
mice both had significant fourfold to fivefold increase in the
expression of this marker (Fig. S5D). Similar patterns of
expression were observed with Pgc1a (PPARG coactivator 14).
UCP1 protein increase in PTEN-IRKO mice, and even more in
PTEN-IGF1KO mice, was also confirmed through immunoflu-
orescence (Fig. S5E).

Despite the marked effects observed in adipose tissue,
LabMaster (TSE systems, Germany https://www.tse-systems.
com/) analysis revealed no significant differences in physical
activity or energy expenditure between the groups (Fig. 3E and
Fig. S6A and B). However, a slight tendency to increase these
parameters during the day was observed in PTEN-IGF1RKO
and triple-KO mice (Fig. S6A and B). In addition, triple-KO
mice consumed more food in 24 h (Fig. 3F and Fig. S6C).
Furthermore, PTEN-IGF1RKO and triple-KO mice showed an
increase in the respiratory exchange ratio (RER; VCO./VO,),
indicating a metabolic shift from fat oxidation to glucose con-
sumption (Fig. 3G and Fig. S6D-F).

Finally, leptin and adiponectin, both decreased in PTENKO
mice, were upregulated in the PTEN-IRKO group, indicating an
increased endocrine activity of WAT (Fig. 3H). In contrast,
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Fig. 3. Hepatic IR and IGF1R signaling differentially influence adipose tissue size. (A) Body weight of 4-month-old mice under fed and fasted conditions (fed/
fasted state: CTRL n = 48/n = 38, PTENKO n = 23/n = 15, PTEN-IRKO n = 11/n = 8, PTEN-IGF1RKO n = 10/n = 20, and triple-KO n = 13/n = 25). (B) EchoMRlI analysis of
the lean mass (left panel) and fat mass (right panel) (CTRL n = 22, PTENKO n = 9, PTEN-IRKO n = 7, PTEN-IGF1RKO n = 12, and triple-KO n = 8). (C) CT scan
assessment of total WAT volume (n = 5-6/group) and (D) representative reconstruction of CT scan imaging of the mice under fed conditions. (E) Locomotor movement
and energy expenditure, (F) food consumption, (G) RER and substrate (FA vs. carbohydrate/protein) oxidation rates assessed via LabMaster metabolic cages in 4-
month-old CTRL (n = 11), PTENKO (n = 6), PTEN-IRKO (n = 5), PTEN-IGF1RKO (n = 5), and triple-KO (n = 5) mice under fed conditions. (H) eWAT mRNA expres-
sion of the adipokines leptin and adiponectin (n = 4-6/group). Values are represented as mean + SD. One-way ANOVA was performed. Values were considered
significant when compared with CTRL () and PTENKO (~): */~ p £0.05, **/~~ p £0.01,"*/~~~ p £0.001, or ***/~~~~ p <0.0001. CT, computed tomography; FA, fatty
acid; IGF1R, insulin-like growth factor 1 receptor; IR, insulin receptor; PTEN, phosphatase and tensin homolog; RER, respiratory exchange ratio; WAT, white adi-
pose tissue.
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PTEN-IGF1RKO mice showed a drastic reduction in the
expression of these genes.

These observations indicate that both IR and IGF1R
signaling are required for the crosstalk between the liver and
the peripheral adipose tissue; however, IR has a stronger effect
on WAT size, whereas IGF1R affects BAT size.

Hepatic IGF1R signaling is an important contributor to
whole-body glucose homeostasis under PTEN-
deficient conditions

Hepatic glucose output (HGO) is severely inhibited in PTEN-
deficient hepatocytes.'® In addition, hepatic Pten deletion in-
duces a crosstalk between the liver and the skeletal muscle that
promotes increased muscle insulin sensitivity and glucose
uptake.'*'® These effects of hepatic Pten deletion resulted in
greatly improved glucose tolerance in PTENKO mice, even
though hepatic steatosis is usually associated with insulin and
glucose intolerance.’* Thus, hepatic PTEN deficiency has the
capacity to rewire glucose metabolism at the whole-body level.

To investigate the respective roles of IR and IGF1R signaling
in this process, glucose tolerance tests (GTTs) were performed.
GTTs revealed that deletion of the hepatic IGF1R signaling in
both PTEN-IGF1RKO and triple-KO mice prevented the
glucose hyper-tolerance observed in PTENKO mice, whereas
dual IR/PTEN deletion showed no significant difference from
PTEN deficiency alone (Fig. 4A). PTEN deficiency in the liver is
associated with hypoglycemia and low insulin secretion
(Fig. 4B). Plasmatic glucose levels were normalized in PTEN-
IRKO and triple-KO mice under fasted conditions, whereas
PTEN-IGF1RKO mice maintained glycemia similar to that of
PTENKO mice (Fig. 4B). Insulinemia was increased to levels
similar to those in CTRL mice in both the fed and fasted states,
with the exception of hepatic IGF1R deficiency, which restored
normal circulating insulin levels only in the fed state but not in
the fasted state (Fig. 4B). Increased insulinemia in these mu-
tants (compared with PTENKO mice) could explain the
increased adiposity. Triple-KO and PTEN-IGF1RKO mice
showed increased glucagon levels under fed conditions,
whereas there were no statistically significant changes between
groups under fasted conditions (Fig. 4B).

Pyruvate tolerance tests (PTTs) were performed to investi-
gate HGO in the absence of IR and/or IGF1R. Consistent with
GTT observations, HGO was significantly reduced in PTENKO
mice. HGO was slightly but not significantly restored when IR
signaling was defective in hepatocytes, but a tendency to in-
crease was observed. However, deletion of the IGF1R
increased HGO to levels comparable to those in CTRL mice
(Fig. 4C). HGO was also restored to CTRL levels in triple-KO
mice. RNA expression levels of the gluconeogenic genes
G6pc and Pck1 under fasted conditions remained unaffected,
except for Pck1, which was decreased in PTEN-IGF1RKO mice
under fasted conditions (Fig. S7). No significant changes in
gene expression were observed in the fed state (Fig. S7).

Hepatic glycogen content under fed conditions was similar
between the CTRL, PTENKO, PTEN-IRKO, and triple-KO
groups, except for PTEN-IGF1RKO, which had a higher
glycogen concentration compared with PTENKO (Fig. 4D). This
increase in glycogen explains, at least in part, the increased
liver weight observed under fed conditions (Fig. 1A) and high-
lights IGF1R as an important player in glycogen metabolism. As
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expected, glycogen levels were not detectable in mice after
overnight fasting (data not shown). Finally, analyses of critical
effectors of the glycolysis pathway further indicate that in
PTEN-deficient livers, Pkir expression is highly upregulated
under fasted and fed conditions, along with Gck and Ladha
under fed conditions (Fig. 4E), and a similar expression pattern
was found in PTEN-IGF1RKO livers, indicating that IGF1R may
not be involved in glycolysis regulation. In contrast, IR defi-
ciency normalized the expression of Ladha, Pdha, and Pkir,
demonstrating the relevance of IR in hepatic glycol-
ysis (Fig. 4E).

Therefore, hepatic IGF1R signaling abrogation had a striking
effect on glucose tolerance and HGO. Accordingly, similar ef-
fects were observed with a combined deletion of both re-
ceptors. Furthermore, IGF1R deficiency dramatically increased
liver glycogen content. Nevertheless, glycolysis remained un-
affected by IGF1R deficiency. However, our data indicate that
glycolysis seems to be under the regulation of IR signaling,
suggesting that both receptors influence hepatic glucose, but
they are involved in the regulation of distinct axes.

Deletion of hepatic IR and IGF1R differentially affects the
development of liver cancer induced by hepatic
PTEN deletion

The IR and IGF1R signalization axes are activated in various
in vitro models of HCC and in biopsies from patients with HCC.
We summarized the previously published studies on IR and
IGF1R and HCC in Table S1, and the main message of this
literature review is that both receptors, together with their
respective ligands, have a pro-oncogenic role in HCC.
Furthermore, in silico analyses of INSR and IGF1R expres-
sion in HCC biopsies (LIHC-TCGA patient cohort) showed a
trend toward increased RNA expression of both receptors in
the cancerous biopsies compared with noncancerous livers
(Fig. 5A). Further investigation of INSR and IGFTR mRNA
expression was performed in four different Gene Expression
Omnibus (GEO) datasets with nontumoral hepatic tissue and
paired HCC biopsy from patients (Fig. S8A). The pooled anal-
ysis from the four datasets revealed that INSR expression can
be both strongly decreased or increased in HCC biopsy,
compared with the patient’s nontumoral liver (Fig. S8A and B,
left panels). However, the frequency distribution revealed a
higher number of patients with increased INSR expression
(Fig. S8B). The same analysis applied to IGF1R expression
patterns showed that there was an almost equal number of
patients overexpressing and underexpressing IGF1R in HCC
biopsy (Fig. S8A and B). When the expression of INSR and
IGF1R was separated according to the staging of the HCC
samples, no significant changes in INSR expression were
observed (Fig. 5B). In contrast, IGFTR mRNA expression
gradually increased at all stages, although this increase did not
reach statistical significance (Fig. 5B). Consistently, patients
with high IGF1R expression (10% of the patients with the
highest gene expression vs. 90% of the rest of the patients)
have a worse survival prognosis (Fig. 5C). Finally, to understand
the molecular patterns occurring in patients with high IGF1R
expression, biopsy data from patients with HCC obtained from
the GSE36379 dataset were separated into the top 20% of
patients expressing the highest levels of IGFTR and the
remaining patients with the lowest expression levels (80% of
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patients). Gene Set Enrichment Analysis (GSEA) was then
performed to determine the enriched molecular signatures in
the high IGF1R-expressing group (Molecular Signatures Data-
base [MSigDB] hallmark gene set collection). Interestingly, the
only three hallmarks found to be significantly enriched in low-
IGF1R tumors (FDR g value <0.05) were bile acid metabolism,
fatty acid metabolism, and peroxisome (Fig. S9). These corre-
lations are consistent with the effect of IGF1R knockout on lipid
oxidation in our mouse model. Notably, no significant enrich-
ment was found when GSEA was performed in biopsies
expressing high INSR vs. low INSR. At the protein level, data
from the Human Protein Atlas indicated that IR is consistently
present in patient HCC samples (n = 7, all samples show in-
termediate intensity staining), whereas the IGF1R detection
showed high variability between samples (n = 11, ranging from
undetectable to high levels of IGF1R) (Fig. S10). Altogether,
these results demonstrate that IR is present with some con-
sistency in HCC samples and its RNA/protein levels are unlikely
to be a good biomarker candidate for patient prognosis. On the
contrary, IGF1R has potential for biomarker use, but more
extensive analyses are required to consider this receptor in
clinical diagnostics.

As PTENKO mice develop hepatic tumors with aging in the
context of MASLD, '>'® we assessed cancer development in all
mutant groups at 12 months of age. Consistent with the liver
weights at 4 months (Fig. 1), liver weights at 12 months were
significantly increased in PTENKO and PTEN-IGF1RKO mice
compared with CTRL mice (Fig. S11). Additional deletion of IR
in PTENKO livers reduced liver weight, but it remained slightly
elevated compared with that of CTRL mice. Genetic ablation of
both receptors was required to completely prevent hepato-
megaly, as observed in triple-KO mice (Fig. S11). Liver
dissection revealed the presence of tumor nodules in all mutant
mice, but a nodular liver structure was more prominent in
PTENKO and PTEN-IGF1RKO mice than in the other mutant
mice (Fig. 5D).

Histological analysis of the liver/tumor sections was per-
formed by a trained pathologist, and tumoral lesions were
classified according to Thoolen et al.®' (Fig. S12A). The
assessment revealed that in 12-month-old PTENKO mice, the
liver appeared nodular and exhibited steatohepatitis features
(Figs S12A and S13Ba and b). All the mice in this group
developed hepatocellular nodules composed of well-
differentiated hepatocytes arranged in regular and thin liver
plates. They had a clear, ballooned, or steatotic cytoplasm
and corresponded to hepatocellular adenomas (HCAs). A few
small biliary lesions with inflammatory cells (cholangiomas)
were detected as well. In PTEN-IRKO mice, the liver was
much less nodular, and there was no obvious steatohepatitis
(Fig. S12A and Ca-f). A few steatotic HCAs were present,
smaller than those in PTENKO mice, showing most of the time
a combination with biliary elements, giving rise to mixed
hepatobiliary tumors. Cholangiomas were also present.
PTEN-IGF1RKO mice had a nodular liver and exhibited
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steatohepatitis. The nodules they developed either were
HCAs, as seen in PTENKO mice, or were larger and corre-
sponded to fully developed HCCs, with thick trabeculae,
atypical cells, and necrosis (Fig. S12A and Da and b). Some
mixed hepatobiliary nodules and cholangiomas were also
present. Finally, triple-KO mice did not display nodular pa-
renchyma or steatohepatitis. Nodules corresponded to HCA,
HCC, or mixed hepatobiliary nodules (Fig. S12A and Ea—c). A
few cholangiomas were found. Additional CK19 was per-
formed to further characterize the biliary lesions seen in the
mutants (Fig. S12). Biliary lesions correspond to hyperplasia in
some portal tracts (not illustrated), cholangioma (very
frequently observed), and hepatocholangioma (not seen in
PTENKO mice) without fully developed cholangiocarcinoma or
hepatocholangiocarcinoma (Fig. S12). Of note, there was no
CK19 expression in HCA or HCC. In general, the biliary lesions
observed in our models were all benign looking, well-defined
with regular contours, and without formally identified malig-
nancy or overt fully developed cholangiocarcinoma. Never-
theless, this observation is interesting as previous studies
indicate an association between intrahepatic chol-
angiocarcinoma and MASLD/MASH incidence.®>** There-
fore, these numerous cholangiomas and, in rarer cases,
hepatocholangiomas might be linked to biliary carcinogenesis
in these MASLD-associated models.

Liver volume, tumor number, and tumor volume quantifica-
tion were performed using in vivo CT scan imaging (Fig. 5E).
The quantified liver volume showed the same profile as
compared with the liver weight of the mutant mice (Fig. 5F). The
liver volumes of PTENKO and PTEN-IGF1RKO mice were
increased compared with those of CTRL livers. However, the
liver volumes of PTEN-IRKO and triple-KO mice were similar to
those of CTRL mice (Fig. 5F). In addition, the inhibition of IR
and/or IGF1R signaling in PTENKO mice also tended to reduce
tumor number and total tumor volume, whereas the average
tumor volume was not statistically different between the mutant
mice (Fig. 5G). However, PTEN-IGF1RKO mice displayed a
clear tendency to have the highest average tumor volume.
These data confirm that the inhibition of IR signaling in PTEN-
deficient hepatocytes is necessary to prevent the develop-
ment of hepatomegaly and the progression of MASLD.
Furthermore, inhibition of IR and/or IGF1R reduced tumor for-
mation in PTEN-deficient livers but did not completely prevent
the appearance of cancerous foci.

To further characterize the tumors in the different groups, an
assessment of different markers was performed via quantitative
reverse transcription PCR (RT-gPCR). No changes in expres-
sion were observed with the differentiation marker hepatocyte
nuclear factor 4a (Hnf4a) (Fig. S13). Interestingly, tumors that
developed in PTEN-IRKO and triple-KO livers presented a
lower average expression of vascular endothelial growth factor
a (Vegfa, a marker of angiogenesis) and glypican 3 (Gpc3, a
marker of malignancy), compared with PTENKO and PTEN-
IGF1RKO tumors. Nevertheless, the highly variable number of

enzymes regulating glycolysis in 4-month-old CTRL, PTENKO, PTEN-IRKO, PTEN-IGF1RKO, and triple-KO mice under fasted conditions (left panel; CTRL n = 10,
PTENKO n =10, PTEN-IRKO n = 8, PTEN-IGF1RKO n = 10, and triple-KO n = 10) and fed conditions (right panel; CTRL n = 12, PTENKO n = 10, PTEN-IRKO n = 10,
PTEN-IGF1RKO n = 10, and triple-KO n = 12). Values are represented as mean + SD. One-way ANOVA was performed. Values were considered significant when
compared with CTRL (*) and PTENKO (~): */~ p £0.05, */~~ p £0.01, **/~~~ p £0.001, or ***/~~~~ p £0.0001. GTT, glucose tolerance test; IGF1R, insulin-like
growth factor 1 receptor; PTEN, phosphatase and tensin homolog; PTT, pyruvate tolerance test.
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LIHC).° (B) Relative mRNA expression of the INSR and IGF1R genes in HCC samples from patients in the TCGA cohort, segregated by the stage of the tumor. (C)
Kaplan—Meier survival representation of the LIHC patients in the TCGA cohort regarding the level of INSR or IGF1R gene expression (10% of the patients with the
highest gene expression vs. 90% of the rest of the patients). Graphical representation and statistical assessment for (A) and (C) were done through the Gepia2 cancer
database (http://gepia2.cancer-pku.cn/#index). (D) Representative liver macroscopic morphology. (E) CT scan micrographs, (F) liver volume determined by CT scan,
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nificant when compared with CTRL (*) and PTENKO (~): */~ p <0.05, */~~ p £0.01, **/~~~ p £0.001, or ***/~~~~ p <£0.0001. CT, computed tomography; HCC,
hepatocellular carcinoma; IGF1R, insulin-like growth factor 1 receptor; IR, insulin receptor; PTEN, phosphatase and tensin homolog.
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tumors per group did not allow statistical assessment of these
data. Finally, measurement of interleukin 6 (//6) and interleukin
1b (/I1b) revealed increased expression of these cytokines in
PTEN-IRKO and PTEN-IGF1KO tumors, in comparison with
PTENKO tumors (Fig. S13). Again, these data were not statis-
tically significant because of the variable distribution of avail-
able tumoral samples per group.

Interestingly, all mutant livers at 12 months of age presented
some bile duct malformations, suggesting that PTEN depletion
induces specific processes leading to alterations in the biliary
tract. Unexpectedly, the absence of hepatic IGF1R signaling
promoted the malignant transformation of some nodules. Indeed,
PTEN-IGF1RKO and triple-KO mice had clear HCC, composed of
malignant hepatocytes, unlike PTENKO and PTEN-IRKO mice.
Therefore, IR and IGF1R signalizations have distinct roles in
PTEN deficiency-induced hepatocarcinogenesis.

Discussion

The IR and IGF1R are closely related receptors sharing a high
degree of structural similarity. Upon stimulation by their ligands,
both receptors transduce signaling through the PISK/AKT and
MAPK pathways, albeit with different terminal outputs. Genetic
studies investigating mouse phenotypes associated with the
single constitutive deletion of each receptor have suggested
that the IR is mainly involved in metabolic signaling, whereas
the IGF1R triggers principally mitogenic signaling.

Our data indicate that in the liver, signaling through the IR
and IGF1R controls distinct processes that regulate hepatic
glucose and lipid homeostasis, which are disrupted by PTEN
deficiency. Loss of PTEN expression/activity in hepatocytes
rapidly induces an aberrant accumulation of lipids in the he-
patocytes.®'43° Herein, we found that signaling through the IR
is critical to activate DNL and induce steatosis in the absence
of PTEN. Indeed, PTEN-IRKO mice showed reduced levels of
hepatic DNL and steatosis compared with PTENKO mice. In
agreement, IR knockdown in ob/ob mice decreases the
expression of DNL genes and ameliorates hepatic steatosis.*®
Deletion of the IR in PTEN-deficient hepatocytes did not
completely prevent the accumulation of lipid droplets. Our
biochemical analyses of the lipid content in the liver of these
mice indicated that these remaining lipid droplets could accu-
mulate cholesteryl esters, consistent with the observed upre-
gulation of key enzymes involved in cholesterol metabolism.
Biddinger et al.>” previously reported that hepatic insulin
resistance induced by deletion of the IR in the liver of mice
under dietary challenge was associated with increased
cholesterol metabolism and the presence of cholesterol gall-
stones.®” Furthermore, in our mutant mice, the additional
deletion of PTEN in hepatocytes mimics a state of hepatic in-
sulin hypersensitivity, suggesting that AKT-independent IR
signaling inhibits cholesterol metabolism.

In addition to the presence of steatosis in PTENKO mice,
these animals are hypoinsulinemic and have impaired HGO, as
well as increased insulin sensitivity and glucose uptake in
skeletal muscle. In contrast, LIRKO mice (hepatocyte-specific
deletion of IR) develop hyperglycemia and hyperinsulinemia
associated with increased hepatic glucose production, but not
steatosis.'”” HGO was still partially inhibited in PTEN-IRKO
mice, indicating that this mechanism is not strictly dependent
on IR signaling upstream of PTEN. In contrast, the absence of
IGF1R in hepatocytes reverses the inhibition of HGO associated
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with PTEN deficiency, which appears to abolish the benefit of
PTEN deletion in improving glucose tolerance. However, how
hepatic IGF1R signaling modulates glucose metabolism in the
liver remains unclear. Nevertheless, our findings corroborate
previously published reports demonstrating that in the absence
of IR, IGF-1 can mimic the function of insulin and inhibit hepatic
gluconeogenesis through its receptor IGF1R.*®

Our study further demonstrated that hepatic IR and IGF1R
signaling, in concert with PTEN, differentially affect adipose
tissue metabolic homeostasis. The molecular mechanisms by
which impaired hepatic IR/IGF1R/PTEN activity affects pe-
ripheral organs are poorly characterized. Accumulating evi-
dence suggests that the liver can release circulating endocrine
factors called hepatokines,'® which play key roles in metabolic
homeostasis and energy expenditure under physiological and
pathological conditions. Among them, we have previously
identified a myriad of hepatokines (e.g. ANGPTL4, FGF-21,
FETUA, FETUB, LECT2, IGFBP1, and IGFBP2), deregulated in
the livers of PTENKO mice and involved in muscle insulin
sensitivity, glucose uptake, adipogenesis, energy expenditure,
and browning of WAT.'*'® Together, these hepatokines may
contribute to the liver-to-peripheral organ crosstalk and the
metabolic phenotype observed in our mouse models. The he-
patic expression of Ahsg (FETUA), Fetub, and Igfbp2 was
decreased in PTENKO mice compared with CTRL mice, and it
remained decreased in the PTEN-IGF1RKO group (Fig. S14).
The mRNA levels of these hepatokines seem dependent on the
presence of IR, as in both PTEN-IRKO and triple-KO livers, the
expression was rescued to the CTRL level. A similar pattern of
expression was observed for Lect2, although the differences
were not significant. Intriguingly, Igfbp1 expression presented a
tendency to decrease in the PTENKO group compared with
that in the CTRL group, whereas the PTEN-IGF1RKO group
presented a significant increase in expression (Fig. S14). Fgf21
expression presented a tendency to increase in the PTENKO
group, and a further increase was observed in the PTEN-
IGF1RKO and triple-KO groups (Fig. S14). This hepatokine is
known to exert beneficial effects on muscle insulin sensitivity
and glucose uptake in pathological states. Similarly, Angptl4
presented a tendency to increase in PTENKO livers, compared
with CTRL livers; however, only the triple-KO group presented
a significant increase in the expression of this hepatokine.

Finally, a major finding of this study is that the triple
knockout of IR, IGF1R, and PTEN in hepatocytes induces only
minor metabolic changes in young adult mice. Indeed, triple-
KO mice have a completely normal liver, without any stea-
tosis and with a gene expression profile comparable to that of
control mice. How these mice cope with the lack of these three
master metabolic regulators under stress conditions remains to
be investigated; however, under normal breeding conditions,
triple-KO mice surprisingly do not display any abnormal
metabolic phenotype. This observation suggests that PTEN
deficiency exerts an important overriding control over the ef-
fects of IR and IGF1R deletion on hepatic metabolism.

PTEN deficiency in hepatocytes was also shown to promote
the development of hepatic nodular lesions in 1-year-old mice,
which can progress to HCC. This genetic model of HCC mimics
the development of HCC in patients with steatohepatitis, which
has a poor prognosis.'> MASLD and diabetes, as well as abnormal
insulin and IGF-1 signaling, have been identified as important risk
factors and contributors to HCC development.*>*" This study
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provides evidence that IR and IGF1R are components in the
process of hepatocarcinogenesis induced by hepatic PTEN
deletion. We demonstrate that the deletion of IR and/or IGF1R
does not prevent the formation of liver tumors in PTENKO mice at
12 months of age. Nevertheless, the number of tumors and the
average tumor volume were reduced in PTEN-IRKO and triple-KO
mice, as compared with PTENKO mice. IR signaling induced the
formation of nodules with severe steatosis in PTENKO and PTEN-
IGF1RKO mice. In addition, both mutant mice displayed HCA. In
contrast, steatohepatitis was greatly reduced or even absent in
tumor nodules of PTEN-IRKO and triple-KO mice. However, the
tumoral lesions in both mutant mice were mixed hepatobiliary
tumors of unknown malignant potential, characterized by distinct
bile duct malformations lined by liver-cell nests or plates. Some
PTEN-IRKO mice also developed pure cholangioma. It is note-
worthy that the Cre-recombinase under the albumin promoter
(Alb-Cre) used to excise flox sites in PTEN, IR, and/or IGF1R in this
study is active in cholangiocytes during development, and
therefore, all the mutants lack the expression of these three genes
in these cells. Of note, PTEN, IGF1R, and IR are all expressed in
hepatocytes and cholangiocytes (Fig. S15A and B). Therefore, the
cholangiomas we observed could originate from cholangiocytes
lacking PTEN/IR/IGF1R expression in our models. Nevertheless,
the origin of these cholangiomas could also be transformed he-
patocytes, as previous studies have reported hepatocyte-driven
ICC development. For example, this has been observed in vivo
in the AKT-NICD model of liver carcinogenesis.****
Unexpectedly, the inhibition of IGF1R signaling induced ma-
lignant transformation of tumor foci in PTEN-IGF1RKO and
triple-KO mice. These data suggest that neither IR nor IGF1R are
critical for the oncogenic transformation in PTENKO livers.

Role of IR and IGF1R signaling in PTEN deficiency

Rather, PTEN deletion in combination with the IGF1R silencing
may trigger mitogenic processes that ultimately lead to tumor
malignancy. Notably, other studies have shown that the inhibi-
tion of IGF1R signaling does not prevent the induction of hep-
atocarcinogenesis in mice.***> Moreover, in some cases, IGF1R
inhibition and downregulation still induced IGF1R downstream
signaling despite an apparent inhibition of the receptor phos-
phorylation, which is reviewed in detail elsewhere.*® The inef-
fectiveness of a single IGF1R anticancer therapy is often
explained by the increased formation of IGF/IR hetero-
receptors®>*® and by the increased abundance of the oncogenic
IR-A isoform in tumoral tissues,*” which efficiently activates the
PIBK/AKT and RAS/RAF/MAPK signaling cascades. IR-A is
generated by alternative splicing and lacks exon 11 compared
with IR-B, which accounts for the relevant functional differences
between the two IR isoforms.*” IGF-2 strongly activates IR-A,
thereby promoting proliferation, migration, and inhibition of
apoptosis. Interestingly, tumors that overexpress IR-A and IGF-
2, were resistant to IGF1R anticancer therapy alone.*”*® To our
surprise, IR-A expression levels were significantly lower in PTEN-
IGF1IRKO tumors than in PTENKO tumors, whereas IR-B
expression was unchanged (Fig. S16). This, in turn, resulted in
lower IR-A/IR-B ratios in PTEN-IGF1RKO tumors than in
PTENKO tumors (Fig. S16). Therefore, an increased IR-A/IR-B
ratio can be excluded as a possible favored mechanism of
malignancy in these mouse groups. Taken together, these
findings suggest that PTEN may not only counteract the prolif-
erative and mitogenic properties of IR and IGF1R signaling.
Instead, PTEN may also regulate the expression of components
within the insulin/IGF system. This would add a new layer to the
tumor-suppressive activities of PTEN.
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