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Abstract

Background & Aims—Cumulating evidence underlines the crucial role of aberrant lipogenesis
in human hepatocellular carcinoma (HCC). Here, we investigated the oncogenic potential of fatty
acid synthase (FASN), the master regulator of de novo lipogenesis, in the mouse liver.

Methods—FASN was overexpressed in the mouse liver, either alone or in combination with
activated N-Ras, c-Met, or SCD1, via hydrodynamic injection. Activated AKT was overexpressed
via hydrodynamic injection in livers of conditional FASN or Rictor knockout mice. FASN was
suppressed in human hepatoma cell lines via specific small interfering RNA.
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Results—Overexpression of FASN, either alone or in combination with other genes associated
with hepatocarcinogenesis, did not induce histological liver alterations. In contrast, genetic
ablation of FASN resulted in the complete inhibition of hepatocarcinogenesis in AKT-
overexpressing mice. In human HCC cell lines, FASN inactivation led to a decline in cell
proliferation and a rise in apoptosis, which were paralleled by a decrease in the levels of
phosphorylated/activated AKT, an event controlled by the mammalian target of rapamycin
complex 2 (mTORC2). Downregulation of AKT phosphorylation/activation following FASN
inactivation was associated with strong inhibition of rapamycin-insensitive companion of mTOR
(Rictor), the major component of mMTORC2, at post-transcriptional level. Finally, genetic ablation
of Rictor impaired AKT-driven hepatocarcinogenesis in mice.

Conclusions—FASN is not oncogenic per sein the mouse liver, but is necessary for AKT-
driven hepatocarcinogenesis. Pharmacological blockade of FASN might be highly useful in the
treatment of human HCC characterized by activation of the AKT pathway.

Keywords
hepatocellular carcinoma; lipogenesis; fatty acid synthase; AKT; Rictor

Introduction

Deregulated fatty acid biosynthesis, also known as de novo lipogenesis, is a key aberration
in cancer [1-3]. It provides rapidly proliferating cancer cells with a continuous supply of
lipids and lipid precursors that are needed for membrane production, energy generation, and
lipid-based post-transcriptional modifications of proteins [1-3]. At the molecular level, de
novo lipogenesis is characterized by upregulation in tumor cells of lipogenic enzymes,
including adenosine triphosphate citrate lyase (ACLY), acetyl-CoA carboxylase (ACAC),
fatty acid synthase (FASN), and stearoyl-CoA desaturase 1 (SCD1) [1-3]. FASN, the
enzyme responsible for production of long-chain fatty acids from acetyl-coA and malonyl-
CoA, is the most investigated lipogenic protein in cancer [1-3]. FASN levels are elevated in
many tumor types, where they significantly correlate with cancer biological aggressiveness
and unfavorable prognosis [1-3]. In addition, upregulation of FASN occurs in preneoplastic
and pre-invasive lesions of various organs [1-3]. Also, FASN blockade triggers tumor
growth restraint and massive apoptosis in numerous in vitro and in vivo models [1-3].
Furthermore, FASN overexpression induces the development of prostate intraepithelial
neoplasia in transgenic mice, thus acting as a bona fide oncogene in prostate cancer [4].
Similarly, overexpression of FASN induces a cancer-like phenotype in non-tumorous breast
cell lines [5].

In hepatocellular carcinoma (HCC), aberrant expression of lipogenic enzymes including
FASN has been linked both to tumor development and progression. For instance,
overexpression of FASN occurs in liver preneoplastic lesions from rat models of
chemically- and hormonally-induced hepatocarcinogenesis [6]. Similarly, sustained
lipogenesis and FASN upregulation characterize human liver clear cell foci, whose
preneoplastic nature has been hypothesized [7]. Also, levels of FASN and other lipogenic
proteins as well as polymorphisms in lipogenic genes are associated with poor outcome in
HCC patients [8-12]. In addition, FASN suppression has been shown to be detrimental for
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HCC growth in vitro [10,13,14]. Despite this body of evidence, key questions about FASN
in HCC remain unanswered. Virtually all functional studies on FASN in HCC have been
performed in HCC cell lines so far. Thus, it is unknown whether FASN contributes to liver
tumor development and/or progression in vivo.

Here, we determined the functional contribution of FASN to liver cancer development in
vivo by overexpressing FASN, either alone or in association with oncogenes that have been
associated with hepatocarcinogenesis, in the mouse liver via hydrodynamic gene delivery.
Furthermore, we assessed the importance of FASN on AKT-driven hepatocarcinogenesis by
overexpressing AKT in FASN-depleted mice.

Materials and methods

Constructs and reagents

pT3-EFla, pT3-EFla-HA-myr-AKT1, pT2-Caggs-N-RasV12, pT3-EFla-V5-c-Met, pT3-
EFla-Cre, and pPCMV/sleeping beauty transposase (SB) plasmids were described previously
[10,15-18]. Human(h) FASN (ID: 6172538) and hSCD1 (ID: 3844850) full length cDNAs
were from Open Biosystems (Lafayette, CO), and cloned into pT3-EF1la vectors via the
Gateway polymerase chain reaction (PCR) cloning strategy (Invitrogen, Carlsbad, CA).
Plasmids were purified using the Endotoxin free Maxi prep kit (Sigma-Aldrich, St. Louis,
MO) before injecting into mice.

Hydrodynamic injection, mouse monitoring

FASN/fl mice (in C57BL/6 background) were previously described [19]. AlbCre mice [20],
purchased from Jackson Laboratory (Bar Harbor, ME), were crossed with FASN™/f mice to
generate liver-specific FASN null mice (AlbCre;FASN™/ mice). Hydrodynamic injections
were performed as reported previously [21]. To determine the oncogenic potential of
lipogenic enzymes, 20 pg of the plasmids encoding the gene(s) of interest along with
sleeping beauty transposase in a ratio of 25:1 were diluted in 2 ml saline (0.9% NaCl) for
each mouse. Saline solution was filtered through a 0.22 pm filter and injected into the lateral
tail vein of six- to eight-week-old mice in 57 seconds. To study the requirement of FASN
for AKT-driven hepatocarcinogenesis, two approaches were employed. In the first approach,
six- to eight-week-old FASNM/fl mice were injected with AKT (8pg) and Cre recombinase
(40pg). Additional FASNT/ mice were injected with AKT (8ug) and pT3 (40ug) as control.
In the second approach, AKT (20pg) was injected into four months old AlbCre; FASNf/fl
mice and control FASN™/ mice. Rictorf mice [22] were purchased from Jackson
Laboratory. To determine the importance of Rictor on AKT-driven hepatocarcinogenesis,
AKT (8pg) together with Cre (40ug) was injected into 6 to 8 weeks old Rictorfl mice. AKT
(8ug) together with pT3EF1a (40ug) was injected into Rictor//fl mice as control. Mice were
housed, fed, and monitored in accordance with protocols approved by the Committee for
Animal Research at the University of California, San Francisco.

Detailed description of Materials and methods is provided as Supplementary material.
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Results

FASN is not oncogenic per se in the mouse liver

To determine whether FASN has oncogenic potential in vivo, we hydrodynamically
delivered the pT3-EF1a-hFASN plasmid to the mouse liver. Overexpression of human
FASN alone did not trigger tumor formation or histological alterations in mice up to 40
weeks post-injection (n=6). Macroscopically and histologically, FASN-injected livers were
indistinguishable from empty plasmid-injected or un-injected livers (Fig. 1A), and did not
show any sign of lipogenesis when compared with control mice (Fig. 1A). Scattered
hepatocytes positive for human FASN immunolabeling were detected in FASN-injected
livers (Fig. 1A, inset). Overexpression of human FASN was also confirmed by real-time
RT-PCR (Fig. 1A). Similarly, co-expression of FASN with c-Met (Fig. 1B; n=5) or an
oncogenic form of N-Ras (N-RasV12; Fig. 1C; n=5) did not result in any liver anomaly at
the same time point. Furthermore, FASN transfection was unable to drive tumor
development or lipid accumulation in the mouse liver when co-injected with another
lipogenic enzyme, SCD1 (Fig. 1D; n=5). Overexpression of SCD1 alone was also
unsuccessful in inducing histological alterations in the mouse liver (Fig. 1E; n=5).
Consequently, no significant difference in liver weight (Fig. 1F) or proliferation rate (Fig.
1G) was detected in the various mouse models when compared with wild-type mice and
mice injected with empty vector. Altogether, the present findings indicate that
overexpression of FASN does not promote hepatocyte malignant transformation and tumor
development in the mouse liver.

FASN is required for AKT-induced liver steatosis and tumor development

To determine whether AKT-driven hepatic steatosis depends on FASN-mediated
lipogenesis, we overexpressed the activated form of AKT1 (myr-AKT1) while
simultaneously deleting FASN in the hepatocytes. To achieve this goal, we
hydrodynamically transfected FASNM/fl mice with myr-AKT1 and Cre recombinase (referred
to as AKT/Cre mice; n=5). As a control, we hydrodynamically transfected FASN/fl mice
with AKT and pT3 empty vector (referred to as AKT mice; n=5) (Fig. 2A). Subsequently,
mice were harvested 4 weeks post hydrodynamic injection, when livers overexpressing myr-
AKT1 display extensive lipid accumulation [10]. We found that livers from AKT mice were
macroscopically pale and spotty (Fig. 2B), equivalent to those described when AKT was
overexpressed in wild-type mice [10]. Microscopically, ~60% of the liver parenchyma of
AKT mice was occupied by lipid-rich hepatocytes exhibiting strong immunolabeling for the
injected construct (HA-tagged myr-AKT1), FASN, and phosphorylated/activated AKT (p-
AKT; Fig. 2B). In contrast, livers from AKT/Cre mice were macroscopically normal, and
indistinguishable from un-injected wild-type or FASNT/ mouse livers (Fig. 2C). Only a few
(3-5%) lipid-rich hepatocytes were positive for the injected construct (Fig. 2C). Importantly,
almost all lipid-rich hepatocytes exhibiting immunolabeling for HA-tag did not display
immunoreactivity for FASN, confirming the successful elimination of FASN by Cre
recombinase in HA-tag expressing cells (Fig. 2C). The same lipid-rich hepatocytes exhibited
low or absent p-AKT immunolabeling (Fig. 2C). In addition, Oil-Red-O (ORO) staining
revealed extensive lipid droplet accumulation in AKT (Fig. 2B), but not AKT/Cre livers
(Fig. 2C). Furthermore, only a few of the lipid-rich, HA-positive hepatocytes from AKT/Cre
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mice were proliferating (Fig. 2C, inset), whereas numerous HA-transfected hepatocytes
from AKT mice were in active proliferation (Fig. 2B, inset). Downregulation of AKT and
related lipogenesis in AKT/Cre livers was also confirmed by Western blotting and/or real-
time RT PCR (Supplementary Fig. 1). As an additional control group, we injected AKT and
Cre recombinase into wild-type mice: a marked lipid accumulation in hepatocytes of these
mice was detected (data not shown), indicating that the phenotype observed in AKT/Cre
mice specifically depends on the ablation of FASN by Cre.

AKT overexpression leads to malignant liver tumor formation by 22-32 weeks post-
injection [10]. To determine whether FASN expression is required for AKT-driven
hepatocarcinogenesis, we aged AKT (n=6) and AKT/Cre (n=5) mice. Two AKT mice were
sacrificed 22 weeks post-injection due to liver tumor burden, while all remaining mice being
euthanized 31 weeks post-injection. All AKT mice showed an enlarged liver with a
consequent increased liver weight when compared to control mice (Fig. 3A; Supplementary
Fig. 2). In striking contrast, none of the AKT/Cre mice exhibited either liver enlargement or
increased liver weight (Fig. 3D; Supplementary Fig. 2). Histologically, most of the liver
parenchyma of AKT mice was occupied by multiple hepatocellular tumors (Fig. 3B,C). All
AKT/Cre mice showed instead the absence of preneoplastic and neoplastic lesions (Fig. 3E).
Single, lipid-rich cells were detected in otherwise normal appearing livers in AKT/Cre mice
(Fig. 3F). At the cellular level, livers from AKT mice displayed a significantly higher
proliferation rate when compared with AKT/Cre livers (Supplementary Fig. 2), whereas no
differences in apoptosis were found between the two mouse models (Supplementary Fig. 2).
Both proliferation and apoptosis degree detected in AKT/Cre livers were equivalent to those
in control mice (Supplementary Fig. 2).

To further characterize how FASN regulates lipid metabolism in the liver, levels of
triglyceride (TG) and cholesterol esters (CE) were assayed in livers from control, AKT, and
AKT/Cre mice at this time point (Supplementary Fig. 3). As expected, AKT livers showed
the highest levels of TG and CE. Fatty acid composition analysis showed that
monounsaturated fatty acids (MUFA), including palmitoleic acid (16:1) and oleic acid
(18:1), were higher in both TG and CE in AKT liver tissues, whereas saturated fatty acids
(SFA) levels were lower. In contrast, AKT/Cre livers did not show increased TG and CE
levels when compared with control livers. Increased MUFA and decreased SFA levels
driven by AKT overexpression were significantly attenuated in AKT/Cre livers
(Supplementary Fig. 3).

To complement this study, we generated liver specific FASN knockout mice

(AlbCre; FASNT/!l mice) by hydrodynamically injecting myr-AKT1 into AlbCre; FASN//f
mice and control FASN™/ littermates (Supplementary Fig. 4). Similar to what we observed
previously, FASN ablation completely inhibited AKT-driven hepatic steatosis and
tumorigenesis (Supplementary Fig. 4).

Altogether, the present data indicate that FASN expression is indispensable for AKT-
induced steatosis and hepatocarcinogenesis.
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FASN deletion impairs AKT activation by Rictor suppression

Next, we investigated the molecular mechanisms associated with inhibition of
hepatocarcinogenesis in AKT/Cre mice. For this purpose, levels of the main downstream
effectors of AKT were assessed by immunohistochemistry, Western blotting, and/or real-
time RT-PCR (Fig. 4, 5, Supplementary Fig. 5). Levels of FASN and AKT were
significantly higher in AKT mice when compared with AKT/Cre mice. Similarly, levels of
p-AKT at serine 472 (p-AKTser472; homolog to human serine 473) were significantly
higher in AKT mice than AKT/Cre mice. Levels of AKT downstream effectors, including
ACAC, ACLY, SCD1, nuclear/activated sterol regulatory element-binding protein 1
(SREBP1), and pyruvate kinase M2 isoform (PKM2) were highest in AKT mice, whereas
lactate dehydrogenase A/C (LDHA/C) displayed equivalent protein levels in AKT and
AKT/Cre livers (Fig. 4, 5, Supplementary Fig. 5). As concerns mTORC1 members, levels of
phosphorylated/inactivated 4E-binding protein 1 (4E-BP1) and phosphorylated/activated
AMP-activated protein kinase a (AMPKa) were highest in control livers and lowest in
AKT/Cre livers, whereas levels of regulatory-associated protein of mTOR (Raptor) were
equivalent in control and AKT/Cre livers and lowest in AKT mice (Fig. 4, 5, Supplementary
Fig. 5). Since phosphorylation of AKT at ser472/3 depends on mammalian target of
rapamycin complex 2 (MTORC2) [23], we assessed whether FASN depletion affect
mTORC2 levels. For this purpose, the levels of the mTORC2 main component, rapamycin
insensitive companion of mTOR (Rictor) were assessed by Western blotting. Notably, a
strong induction of Rictor characterized AKT livers, whereas low/absent Rictor levels were
detected in AKT/Cre livers (Fig. 5, Supplementary Fig. 5).

To substantiate the latter findings, FASN expression was modulated in human hepatoma cell
lines and Rictor levels were assessed. FASN silencing via specific small interfering RNA
(SiIRNA) resulted in Rictor downregulation HLF and HepG2 cells, whereas levels of Raptor
and other mTORC1 members (phosphorylated/activated ribosomal protein S6, p-4EBP1),
and proteins involved in lipogenesis (activated/nuclear SREBP1) and glycolysis (PKM2)
were either unaffected or upregulated by FASN depletion (Fig. 6A,B, Supplementary Fig. 6,
7). Rictor downregulation occurred at post-transcriptional level, as only protein but not
mMRNA levels of Rictor decreased following FASN knockdown (Fig. 6A,B, Supplementary
Fig. 6-8). FASN silencing also triggered downregulation of p-AKT in both cell lines,
without affecting total AKT levels (Fig. 6A,B, Supplementary Fig. 6, 7). Equivalent results
were obtained when HLF and HepG2 cell lines were subjected to administration of the
FASN chemical inhibitor, C75 (Supplementary Fig. 9). Recently, it has been shown that
ELOVLS5 regulates Rictor levels in hepatoma cells [24]. To determine whether the same
applies for AKT/Cre mice, ELOVLS levels were assessed in AKT and AKT/Cre mice.
ELOVLS5 levels were equivalent in the two mouse models (Fig. 6, Supplementary Fig. 5).
Similarly, FASN depletion in HLF and HepG2 cells did not trigger ELOVLS5 dowregulation
(Fig. 6A, Supplementary Fig. 6, 7), suggesting that FASN promotes Rictor downregulation
via ELOVL5-independent mechanisms. In addition, we assessed the importance of Rictor in
HLF cells depleted of FASN (Supplementary Fig. 10). FASN suppression via siRNA
decreased cell proliferation and augmented apoptosis in HLF cells. However, when FASN
suppression was coupled to concomitant overexpression of Rictor cDNA via transient
transfection, the growth restraint induced by FASN knockdown, both in terms of
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proliferation and apoptosis, was significantly decreased in HLF cells (Supplementary Fig.
10). These results indicate that FASN is necessary for AKT-driven carcinogenesis in the
mouse liver, presumably via its ability to positively regulate Rictor, the AKT upstream
activator.

Rictor deletion suppresses AKT activity and AKT-driven hepatocarcinogenesis in mice

The role of Rictor in AKT-driven hepatocarcinogenesis was further investigated in vivo.
Rictor/f mice were hydrodynamically injected with myr-AKT1 and Cre recombinase
(indicated as AKT/Cre mice; n=8) in order to overexpress myr-AKT1 while simultaneously
deleting Rictor in hepatocytes. As control, Rictorf/fl mice were injected with AKT and pT3
empty vector (AKT mice; n=10). Subsequently, a group of AKT and AKT/Cre mice (n=4
each) was harvested 4 weeks post-injection. While AKT livers were occupied by clusters of
lipid-rich hepatocytes showing strong immunolabeling for HA-tagged myr-AKT1 and p-
AKT, only a few lipid-rich hepatocytes were detected in AKT/Cre livers (Supplementary
Fig. 11). Importantly, AKT/Cre hepatocytes displayed immunoreactivity for HA-tagged
myr-AKT1 but not for p-AKT (Supplementary Fig. 11), indicating that deletion of Rictor
impairs AKT phosphorylation/activation in the mouse liver.

A second group of AKT (n=6) and AKT/Cre (n=4) mice in the Rictor/f background was
aged and sacrificed 22 weeks post-injection. All AKT mice showed the presence of multiple
hepatocellular tumors throughout the liver parenchyma, whereas no preneoplastic and
neoplastic lesions were detected in AKT/Cre mice (Fig. 7). Once again, AKT/Cre
hepatocytes that were positive for HA-tagged-Myr-AKT1 did not display p-AKT
immunolabeling (Fig. 7). Altogether, the present results indicate that Rictor is indispensable
for AKT activity and AKT-dependent hepatocarcinogenesis in the mouse liver.

Overexpression of FASN, phosphorylated-AKT, and Rictor in human hepatocellular

carcinoma

Finally, given the strong anti-neoplastic effect induced by FASN depletion in mouse livers
overexpressing AKT and the molecular mechanisms involved, we assessed the frequency of
HCC patients who might eventually benefit from FASN inhibition. Thus, levels of FASN, p-
AKT, and Rictor were analyzed in a collection of human HCC specimens (n = 88;
Supplementary Table 1) by immunohistochemistry (Fig. 8). Furthermore, levels of ELOVL5
were evaluated to further investigate the relationship between the latter protein and Rictor.
Higher immunolabeling for FASN, p-AKT, and Rictor was found in 81.8%, 60.2%, and
21.6% of HCC specimens, respectively, when compared with surrounding non-tumorous
livers. Importantly, all HCC specimens showing p-AKT and Rictor overexpression also
exhibited elevated FASN levels. Also, all samples showing induction of Rictor displayed
elevated p-AKT. Furthermore, 44 of 72 (61.1%; P < 0.02), 35 of 53 (66.03%; P < 0.005),
and 12 of 19 (63.1%; P < 0.05) liver tumors displaying induction of FASN, p-AKT, and
Rictor, respectively, belonged to the HCC subset with poorer outcome, linking the
overexpression of these proteins to a dismal prognosis in HCC. No association between
FASN, p-AKT, and Rictor staining patterns and other clinicopathological features of the
patients was detected. Upregulation of ELOVLS5 occurred in 28.4% of HCC; however, only
5 of 25 (20%) specimens with elevated ELOVL5 simultaneously displayed Rictor
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upregulation. No association was found between ELOVLS5 levels and patients’
clinicopathological features. The present data indicate that induction of FASN, p-AKT, and
Rictor proteins occurs frequently in human HCC, mainly in the tumor subset with the most
unfavorable outcome.

Discussion

In this study, we addressed the role of FASN along hepatocarcinogenesis for the first time.
We showed here that overexpression of FASN, either alone or in association with N-Ras, c-
Met or SCD1, is not sufficient to malignantly transform hepatocytes and drive liver tumor
development. Nevertheless, our findings imply a pivotal function of FASN in supporting
hepatocarcinogenesis induced by the AKT protooncogene. This assumption is based on the
complete inhibition of preneoplastic and neoplastic liver lesion development in AKT mice
where FASN was genetically deleted. Whether the inhibition of FASN in AKT-
overexpressing hepatocytes is detrimental for their growth due to mechanisms related to the
metabolism and/or the survival signals activated by FASN remains to be determined.
Noticeably, it has been previously reported that AKT-overexpressing cells are incapable of
survival and proliferation in vitro when de novo fatty acid synthesis is inhibited [25]. This
“metabolic addiction” to aberrant lipogenesis is fully recapitulated in our in vivo model.

Besides these effects on liver cancer cell metabolism, our data indicate that FASN regulates
important molecular events. Indeed, we found that FASN is involved in the control of AKT
activation via regulation of Rictor, the main mTORC2 component. The control of Rictor
and, consequently, AKT phosphorylation/activation by FASN, was detected both in mouse
livers and human hepatoma cell lines, implying that this molecular mechanism is conserved
among species. Also, the regulation of p-AKT by FASN has been previously demonstrated
in human osteosarcoma, colorectal, and ovarian cancer cell lines [26-28].

Although the precise molecular event triggered by FASN that is responsible for Rictor
regulation remains poorly defined, our present data indicate that FASN does not affect
mRNA levels of Rictor, but acts post-transcriptionally. In addition, despite a recent report
showing that Rictor levels are modulated by ELOVL5 in HepG2 cells [24], our data seem to
exclude that FASN acts via ELOVLS in liver cancer cells both in vivo and in vitro. Indeed,
ELOVL5 was neither downregulated following FASN deletion in mice nor in FASN-
depleted hepatoma cell lines. Also, no relationship between Rictor and ELOVLS5 levels was
found in human HCC samples. Furthermore, ELOVL5 was found to affect the expression of
Rictor at mMRNA level [24], whereas Rictor mRNA expression remained unmodified
following FASN suppression in hepatoma cells. Also, our preliminary findings indicate the
absence of increased ubiquitination of Rictor in FASN-deprived hepatoma cell lines
(Supplementary Fig. 12). Altogether, the present findings strongly suggest that molecular
mechanism independent of ELOVLS5 activity and proteolysis are responsible for Rictor
downregulation in FASN-depleted cells. Clearly, additional studies are required to fully
elucidate the molecular mechanisms downstream of FASN regulating Rictor and mTORC2
activation. As FASN is a major regulator of lipid metabolism, lipidomic approaches are
necessary to identify the fatty acids and lipids that are specifically modulated by FASN in
HCC cells. The functional contribution of the differentially regulated lipids to HCC cell
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growth and Rictor modulation are currently under investigation. Another possible
mechanism whereby fatty acids may regulate Rictor expression is via microRNA
modulation. Indeed, recent studies showed that fatty acids are important regulators of
microRNAs in the liver [29]. However, such analysis remains to be carried out in HCC cells.
Rictor expression is known to be regulated by some miRNAs, such as miR-218 [30] and
miR-155 [31]. Thus, it would be important to further test whether FASN regulates the
expression of these microRNAs, thus modulating Rictor expression in HCC.

The present findings might have pivotal clinical implications. Indeed, the dependence of
AKT-overexpressing cells on de novo lipogenesis might render these cells “metabolically
vulnerable” to inhibitors of fatty acid biosynthesis. Of note, a number of FASN inhibitors
have been developed to treat obesity and are generally well tolerated by the patients [12,30].
Some of these inhibitors showed encouraging anti-neoplastic effects in many experimental
tumor models [3,4,30]. Thus, it might be envisaged that FASN inhibitors are effective in the
treatment of at least a subgroup of human HCC characterized by the activation of the AKT
pathway. As Rictor is directly regulated by FASN, overexpression of Rictor might represent
a valuable marker for HCC that could benefit from anti-FASN therapeutic approaches.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ACAC acetyl-CoA carboxylase

ACLY adenosine triphosphate citrate lyase

AKT v-akt murine thymoma viral oncogene homolog
ELOVL5 elongation of very long chain fatty acids protein 5
FASN fatty acid synthase

HCC hepatocellular carcinoma

LDH lactate dehydrogenase

mTOR mammalian target of rapamycin

MTORC mTOR complex

N-Ras neuroblastoma Ras viral oncogene homolog
PKM2 pyruvate kinase M2 isoform

Raptor regulatory-associated protein of mMTOR
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Rictor rapamycin-insensitive companion of mTOR
Rps6 ribosomal protein S6
Scdl stearoyl-CoA desaturase 1
SiRNA small interfering RNA
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Fig. 1. FASN is not oncogenic in the mouse liver
(A) Macroscopic (left panel) and microscopic (middle panel) appearance of FASN-injected

livers showing the absence of gross or histological alterations 40 weeks post hydrodynamic
injection. Scattered cells positive for human (h)FASN were detected in FASN-injected livers
(indicated by arrows; inset). Efficient transfection of hFASN was also detected by real-time
RT-PCR in mouse livers (right panel). N target (NT) = 272Ct wherein ACt value of each
sample was calculated by subtracting the average Ct value of the target gene from the
average Ct value of the p-actin gene. Five samples per each mouse group were analyzed.
Tukey-Kramer’s test: P at least <0.001; a, versus control livers; b, versus livers injected with
empty vector.

Analogously, concomitant overexpression of FASN with c-Met (B), N-RasV12 (C) or SCD1
(D), or overexpression of SCD1 (E) alone was not oncogenic in the mouse liver. (F,G)
Overexpression of FASN either alone or in association with the aforementioned genes did
not induce changes in liver weight (F) or hepatocyte proliferation (G) when compared with
wild-type (un-injected) or empty vector injected mice. Original magnification: 100x in A-E.
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Fig. 2. Genetic ablation of FASN impairs lipid accumulation in mouse hepatocytes in vivo
(A) Scheme of the hydrodynamic gene delivery strategy. (B) Overexpression of myr-AKT1

led to extensive lipid accumulation in FASN/l mice retaining an intact FASN gene
(indicated as AKT), 4 weeks post hydrodynamic injection. Macroscopically, livers from
AKT mice were paler than wild-type livers, but did not show any appreciable parenchymal
alteration. Microscopically, a strong immunoreactivity for the injected construct (HA-tag),
FASN, and phosphorylated/activated (p-)AKT was detected. The elevated intracellular lipid
storage was also underscored by the intense positivity for Oil-red-O (ORO) staining. In
addition, the altered, lipid-rich hepatocytes showed an elevated proliferation rate, as
assessed by Ki67 immunolabeling. (C) In striking contrast, Cre-mediated depletion of FASN
gene in FASN/l mice injected with myr-AKT1 (indicated as AKT/Cre) abolished lipid
accumulation in mouse hepatocytes at the same time point. Livers from AKT/Cre mice were
equivalent to wild-type livers and showed only single, scattered cells with lipid
accumulation (indicated by arrows and better appreciable in insets) that stained positive for
HA-tag. Of note, the vast majority of lipid-rich hepatocytes transfected with HA-tag in
AKT/Cre livers did not show immunolabeling for FASN, thus confirming the deletion of
FASN by Cre recombinase. Immunolabeling for FASN was instead retained by the non-
transfected, surrounding hepatocytes. Altered hepatocytes transfected with HA-tag in
AKT/Cre mice also exhibited very weak or no staining for p-AKT, and only few of them
were positive for Ki67 (the arrow indicates an enlarged, transfected hepatocyte showing
absence of Ki67 staining, while another transfected cells displays positive immunoreactivity
for the same protein). Furthermore, ORO staining did not provide an appreciable signal in
AKT/Cre mice. Original magnifications: 100x in HE, HA, and FASN; 200x in insets and
ORO staining.
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Fig. 3. Genetic ablation of FASN abolishes AKT-driven hepatocarcinogenesis in mice
(A—-C) Overexpression of myr-AKT1 promoted the development of multiple liver tumors

within 31 weeks post hydrodynamic injection in FASNf/fl mice with an intact FASN gene
(indicated as AKT). (A) Macroscopically, liver of AKT/FASN mice appeared pale,
enlarged, and characterized by the presence of numerous nodules occupying most of its
surface. (B) Microscopically, the liver parenchyma of AKT/FASN mice was occupied by
numerous colliding hepatocellular tumors (T). (C) Hepatocellular tumors were mainly
composed of malignant cells with an enlarged, clear cytoplasm owing to lipid accumulation.
(D—F) In striking contrast, Cre-mediated depletion of FASN gene in FASN™/f mice injected
with myr-AKT1 (indicated as AKT/Cre) completely inhibited carcinogenesis. Livers of
AKT/Cre mice did not show any alteration macroscopically (D), whereas microscopically
few, lipid rich hepatocytes were observed (E,F). Original magnifications: 40x in B and E;
200x in C and F. Abbreviation: HE, hematoxylin and eosin staining.
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Fig. 4. Suppression of hepatocarcinogenesis following FASN deletion is accompanied
downregulation of phosphorylated/activated AKT in the mouse liver

(A) Overexpression of myr-AKT1 resulted in the development of multiple liver tumors by 31
weeks post hydrodynamic injection in FASN/fl mice with an intact FASN gene (indicated as
AKT). These tumors and preneoplastic lesions were homogeneously immunoreactive for
HA-tagged myr-AKT1 (HA), implying their origin from the transfected cells. In addition,
preneoplastic and neoplastic lesions exhibited strong immunolabeling for phosphorylated/
activated AKT (p-AKT) and FASN. (B) Noticeably, Cre-mediated depletion of the FASN
gene in FASN™/ mice injected with myr-AKT1 (indicated as AKT/Cre) completely
abolished tumor development. Indeed, only few, altered cells positive for HA-tagged myr-
AKT1 were detected in the livers of AKT/Cre mice. Importantly, most lipid-rich
hepatocytes transfected with HA-tag in AKT/Cre livers did not show immunolabeling for
FASN, thus confirming the deletion of FASN by the Cre recombinase. Immunolabeling for
FASN was instead retained by the non-transfected hepatocytes. Altered hepatocytes
transfected with HA-tag in AKT/Cre mice also exhibited very weak or no staining for p-
AKT (altered cells are indicated by arrows in insets). Original magnification: 40x.
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Fig. 5. Suppression of hepatocarcinogenesis following FASN deletion is accompanied
downregulation of activated AKT and Rictor in the mouse liver

(A) Representative Western blot analysis of livers from control (FASN™/ mice injected with
empty vector) mice, FASN™/f mice injected with myr-AKT1 (AKT) and livers from FASNf/fl
mice injected with myr-AKT1 and Cre (AKT/Cre) is shown. Deletion of FASN in AKT/
FASN/Cre mice resulted in downregulation of phosphorylated/activated AKT at serine 472
(p-AKT) and Rictor. Levels of some AKT downstream effectors (ACLY, ACAC, SCD1,
nuclear (n)SREBP1, LDHA/C, PKM2) were downregulated in AKT/Cre mice when
compared with AKT mice. Four to six livers from each group of mice were used for the
analysis, and representative images are shown. f-Actin and Ponceau Red reversible staining
were used as loading controls (examples are shown in the bottom of the two blot panels). (B)
Real-time RT-PCR analysis showing strong upregulation of AKT1 in AKT livers when
compared with control and AKT/Cre livers. N target (NT) = 272Ct wherein ACt value of
each sample was calculated by subtracting the average Ct value of the target gene from the
average Ct value of the p-actin gene. Four to six mice per each group were analyzed. Tukey-
Kramer’s test: P at least <0.001; a, versus control livers; b, versus AKT livers.
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Fig. 6. Molecular consequences of FASN suppression in human hepatoma cell lines
(A) In HLF cells, FASN silencing via specific sSiRNA resulted in the downregulation of

phosphorylated/activated AKT at serine 473 and Rictor, as detected by Western blot analysis
(A, left panel). Equivalent results were obtained in HepG2 cells (B; left panel). For Western
blot analysis, p-Actin and Ponceau Red reversible staining were used as loading controls
(examples are shown in the bottom of the blot panels).
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Fig. 7. Genetic ablation of Rictor abolishes AKT-driven hepatocarcinogenesis in mice
(A) Scheme of the hydrodynamic gene delivery strategy. (B) Overexpression of myr-AKT1

promoted the development of multiple liver tumors by 22 weeks post hydrodynamic
injection in Rictor™/f mice with an intact Rictor gene (indicated as AKT). Macroscopically,
livers of AKT mice were enlarged with several nodules emerging in the parenchyma.
Microscopically, livers of AKT mice were occupied by numerous hepatocellular tumors,
which were mainly composed of malignant cells with an enlarged, clear cytoplasm owing to
lipid accumulation, and displaying strong immunolabeling for HA-tag and p-AKT. (C) In
contrast, Cre-mediated depletion of Rictor gene in Rictor™/f mice injected with myr-AKT1
(indicated as AKT/Cre) completely inhibited carcinogenesis. Livers of AKT/Cre mice did
not show any alteration macroscopically, whereas microscopically few, lipid rich
hepatocytes were observed. These hepatocytes were positive for HA-tag but not for p-AKT.
Original magnifications: 40x in HE; 100x in HE, HA, and p-AKT. Abbreviation: HE,
hematoxylin and eosin staining. (D) Western blotting showing the abolishment of AKT
activity in AKT/Cre mouse livers.
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Fig. 8. Immunohistochemical patterns of FASN, activated/phosphorylated AKT, Rictor, and
ELOVLS5 in human hepatocellular carcinoma (HCC)

Upper panel: HCC specimen showing strong immunolabeling for FASN, activated/
phosphorylated AKT (p-AKT), and Rictor, whereas does not exhibit immunoreactivity for
ELOVL5. Lower panel: HCC specimen with strong immunoreactivity for FASN, p-AKT,
Rictor, and ELOVL5. Abbreviation: HE, hematoxylin and eosin staining. Original
magnification: 200x in all pictures.
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