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EXTRA VIEW

Oncogene dependent requirement of fatty acid synthase in hepatocellular carcinoma
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ABSTRACT
Hepatocellular carcinoma (HCC), the most frequent primary tumor of the liver, is an aggressive cancer type
with limited treatment options. Cumulating evidence underlines a crucial role of aberrant lipid
biosynthesis (a process known as de novo lipogenesis) along carcinogenesis. Previous studies showed that
suppression of fatty acid synthase (FASN), the major enzyme responsible for de novo lipogenesis, is highly
detrimental for the in vitro growth of HCC cell lines. To assess whether de novo lipogenesis is required for
liver carcinogenesis, we have generated various mouse models of liver cancer by stably overexpressing
candidate oncogenes in the mouse liver via hydrodynamic gene delivery. We found that overexpression of
FASN in the mouse liver is unable to malignantly transform hepatocytes. However, genetic deletion of
FASN totally suppresses hepatocarcinogenesis driven by AKT and AKT/c-Met protooncogenes in mice. On
the other hand, liver tumor development is completely unaffected by FASN depletion in mice co-
expressing b-catenin and c-Met. Our data indicate that tumors might be either addicted to or
independent from de novo lipogenesis for their growth depending on the oncogenes involved. Additional
investigation is required to unravel the molecular mechanisms whereby some oncogenes render cancer
cells resistant to inhibition of de novo lipogenesis.
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Hepatocellular carcinoma: A deadly disease with a rising
incidence worldwide

The global incidence of primary liver cancer has progressively
increased during the recent decades. Among primary liver
malignancies, hepatocellular carcinoma (HCC) is the most
prevalent: it affects approximately one million individuals
annually in the world, with the incidence roughly equal to the
mortality rate.1-3 The occurrence of HCC is highest in men,
and the discrepancy in the geographical distribution of HCC
reflects the differences in exposure to hepatitis viruses and dis-
tinct environmental pathogens. The incidence is highest in East
Asia and Sub-Saharan Africa, representing about 85% of the
total number of cases worldwide, while in most industrialized
countries HCC occurrence is low, except for Southern
Europe.1-3 Multiple risk factors have been linked to the devel-
opment of HCC, with chronic viral hepatitis (B and C) infec-
tion, alcohol abuse, non-alcoholic steatohepatitis (NASH),
presence of diabetes and/or metabolic syndrome, and exposure
to aflatoxins being the most frequent; nonetheless, HCC can
also occur in people without any known risk factor.4-6 The clear
majority of HCC patients are diagnosed with an advanced dis-
ease, often precluding potentially effective therapies such as
liver transplantation or curative partial liver resection. Targeted
therapies against HCC are very limited. Sorafenib, a multi-

kinase inhibitor, is the only drug available for the treatment of
unresectable HCC. Its approval was based on the results from a
clinical trial showing an increased survival of 2–3 months in
Sorafenib-treated patients.7 Many other drugs, including tyro-
sine kinase inhibitors (TKIs) and Rapalogs, have also been
tested in clinical trials, but none of them proved to be more
effective than Sorafenib in HCC.8-11 Thus, there is an obvious
unmet medical need for new drug targets for the treatment of
liver cancer.

Our understanding of the HCC pathogenesis has signifi-
cantly improved during the past decade, especially due to the
development of genome-wide analysis methods.12 Using these
techniques, several critical signaling pathways that promote
HCC development and/or progression have been identified,
including Wnt/b-catenin,13 Jak/Stat,14 Ras/MAPK,15 PI3K/
AKT/mTOR,16 c-Met,17 and EGFR18 cascades. These pathways
can represent potential targets for HCC therapeutics.

De novo lipogenesis in cancer

Metabolic rewiring is now recognized as one of the hallmarks of
cancer.19 This metabolic reprogramming goes far beyond the
well-known Warburg effect and it can be observed in multiple
networks of central carbon metabolism. One of the metabolic
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networks that is deregulated along carcinogenesis is the fatty
acid synthesis pathway. Specifically, increased de novo lipogen-
esis is frequently observed in tumor cells.20-22 De novo lipogene-
sis is the synthesis of endogenous fatty acids from acetyl-CoA.23

It is a highly-coordinated process, which involved several lipo-
genic enzymes (Fig. 1). In brief, upon glucose entry into the
cell, pyruvate is generated through the glycolytic process in the
cytosol. In the mitochondria, pyruvate is then converted into
citrate through the tricarboxylic acid (TCA) cycle. Citrate exits
mitochondria, and is converted to acetyl-CoA by ATP citrate
lyase (ACLY). Next, acetyl-CoA carboxylase (ACC) converts
acetyl-CoA into malonyl-CoA via irreversible carboxylation.
Finally, fatty acid synthase (FASN), the key metabolic enzyme
responsible for the terminal catalytic step in fatty acids biosyn-
thesis, induces the condensation of acetyl-CoA and malonyl-
CoA to produce palmitic acid, the 16-carbon saturated fatty
acid. Palmitic acid is then elongated by the elongation of very
long chain fatty acids protein 6 (Elovl6) elongase and forms
stearic acid. Thereafter, stearoyl-CoA desaturase 1(SCD1) is
responsible for desaturation of palmitic and stearic acid on D9
position, resulting in the formation of the palmitoleate and ole-
ate monounsaturated fatty acids (MUSFAs). The fatty acids can
be further desaturated by Fatty acid desaturase (FADS) to form
polyunsaturated fatty acids (PUSFAs). Eventually, all free fatty
acids (FAs) will be used as substrates for the synthesis of trigly-
cerides (TG), cholesterol esters (CE) and phospholipids (PL).

In most adult tissues, energy-providing lipids come almost
exclusively from circulating (dietary) lipids, apart from the
liver, adipose tissue, and lactating breast, where the rate of de
novo lipogenesis is relatively high. Lipids deriving from de novo
biosynthesis provide also energy supply for fetal tissues.24

Importantly, mounting evidence implies a pivotal role of
proteins involved in de novo lipogenesis in the development
and progression of various human neoplasms, including
tumors from breast, colorectal, prostate, bladder, ovary, gastro-
intestinal tract, lung, oral cavity, and head and neck..21,22 In
cancer, deregulated lipid synthesis is necessary to provide a
constant source of lipids and lipid precursors to promote mem-
brane production and lipid-based post-translational

modification of proteins needed for signal transduction in a
context of elevated proliferation.21,22 At the molecular level, the
uncontrolled de novo lipid biosynthesis is underscored by the
increased activity and expression of several lipogenic enzymes
in neoplastic cells, including ACLY, ACC, FASN, and SCD1.
For instance, ACLY increased expression and activity have
been reported in cancer cells, where small RNA interference
(siRNA)-directed and pharmacological inhibition of ACLY
strongly reduced the proliferation and survival of cancer cells.25

Similarly, knockdown of ACAC, FASN, and SCD1 by siRNA
or inhibition of ACC or FASN with small molecular inhibitors
were found to impair tumor cell proliferation and induces apo-
ptosis in various in vitro and in vivo cancer models.22,26,27 Alto-
gether, this body of information supports a pivotal role of
lipogenic proteins and de novo lipid synthesis in cancer initia-
tion and progression.

Increased de novo lipogenesis in cancer cells is regulated by
multiple mechanisms.21 Among them, the activated phosphoi-
nositide 3-kinase (PI3K)/v-Akt murine thymoma viral onco-
gene homolog (AKT)/mammalian target of rapamycin
(mTOR) cascade has been identified as a major pathway pro-
moting lipogenesis28 (Fig. 2). In tumor cells, PI3K is activated
by the activation of receptor tyrosine kinases, such as EGFR or
c-Met, loss of the tumor suppressor gene Pten or activating
mutations of PIK3CA, leading to the activation of AKT. AKT
in turn activates the mTOR complexes (mTORC), which
include mTORC1 and mTORC2.29 mTORC2 functions as feed-
back mechanism and is required for the activation of AKT.
mTORC1 instead phosphorylates 4E-BP1, releasing its inhibi-
tory effect on eIF4E and promoting protein synthesis.
mTORC1 also phosphorylates p70S6K, leading to the phos-
phorylation of RPS6 and increased expression and process of

Figure 1. De novo lipogenesis in the cell. Abbreviations: MUSFA, monounsaturated
fatty acids; PUSFA, polyunsaturated fatty acids; FADS, fatty acid desaturase; CE,
cholesterol esters; TG, triglyceride; PL, phospholipid; TCA, tricarboxylic acid; ACC,
acetyl-CoA carboxylase; ELOVL, elongation of very long chain fatty acids
protein; FASN, fatty acid synthase; SCD1, stearoyl-CoA desaturase 1; ACLY, adeno-
sine triphosphate citrate lyase; TCA, tricarboxylic acid. Details are reported in the
main text.

Figure 2. Regulation of de novo lipogenesis via the AKT/mTOR cascade. Abbrevia-
tions: RTKs, receptor tyrosine kinases; PTEN, phosphatase and tensin homolog;
mTOR, mammalian target of rapamycin; mTOR, mTOR complex; SREBP-1, sterol
regulatory element-binding protein-1. Details are reported in the main text.
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sterol regulatory element binding protein1/2 (SREBP1/2).
SREBPs, a family of basic-helix-loop-helix-leucine zipper tran-
scription factors are the major regulators of lipogenesis.30 Thus,
increased lipogenesis is a major metabolic readout of increased
AKT/mTOR signaling in tumor cells.

Increased lipogenesis in HCC

Consistent with other tumor types, increased expression of
lipogenic pathway genes, including FASN, has been reported in
human HCC.31-33 In accordance with previous data, we have
found a progressive upregulation of FASN mRNA from human
normal livers to HCC in our sample collection (Fig. 3A). Of
note, our preliminary data show that levels of FASN are higher
in surrounding non-tumorous livers of HCC associated with
the presence of NASH and alcoholic steatohepatitis (ASH)

than in surrounding livers of HCC associated with HBV and
HCV chronic infection (Fig. 3B). However, this etiology-related
difference in FASN expression is not detectable in the tumor
counterpart (Fig. 3C). These findings suggest that FASN might
play a more or less pronounced role depending of the etiology
associated with HCC development, at least in the early phases
of hepatocarcinogenesis. However, a more comprehensive
study is necessary to address this important issue. In addition,
it has been shown that FASN increased expression directly cor-
relates with clinical aggressiveness and poor prognosis in liver
cancer.33 Furthermore, FASN expression correlates with
increased activated AKT33 and loss of PTEN expression32 in
human HCC. In mice, overexpression of an activated form of
AKT or liver-specific deletion of PTEN leads to increased
FASN expression and its mediated lipogenesis, resulting in
hepatic steatosis.33-35 In human HCC cells, it has been found
that AKT/mTOR/RPS6 cascades promotes lipogenesis via mul-
tiple mechanisms, including increased mRNA expression of
FASN and other lipogenic pathway genes, decreased FASN
degradation, and augmented stability of SREBP1/2.33 Alto-
gether, these lines of evidence indicate that the AKT/mTOR
pathway is the major regulator of lipogenesis along
hepatocarcinogenesis.

Functionally, FASN suppression has been demonstrated to
be detrimental to HCC growth in vitro.31,33,36 Specifically,
silencing of FASN using siRNA or inhibition of FASN activity
via the small molecule C75 led to decreased HCC cell prolifera-
tion and increased apoptosis. Mechanistically, it has been sug-
gested that FASN may regulate the AKT33 and p38MAPK36

cascades. However, overexpression of FASN in the liver, either
alone or in combination with other putative oncogenes, such as
activated N-Ras or c-Met, does not trigger tumor formation in
mice.37 Consistently, liver-specific SREBP1C and SERPB1a
transgenic mice showed an increased lipid biosynthesis paral-
leled by the upregulation of FASN, ACC and SCD1, leading to
hepatic steatosis,38 but no liver tumor development. Together,
the results suggest that FASN and its mediated de novo lipogen-
esis are not oncogenic per se.

FASN is required for AKT and AKT/c-Met driven
hepatocarcinogenesis in mice

While virtually all studies investigating whether FASN expres-
sion is required for liver tumor development have been per-
formed in vitro, we sought to determine the requirement of
FASN and its mediated de novo lipogenesis in hepatocarcino-
genesis using genetic approaches. For this purpose, we applied
conditional FASN KO mice39 and various oncogene driven
HCC mouse models, including AKT, AKT/c-Met and c-Met/
b-catenin models.

Previous studies from our laboratory showed that hydrody-
namic transfection of an activated form of AKT1 (myr-AKT)
induces increased lipogenesis and, eventually, HCC formation
over long-term.33 To investigate whether FASN expression is
required for myr-AKT driven liver tumor development, we
hydrodynamically transfected myr-AKT and Cre recombinase
(AKT/Cre mice) into FASNfl/fl mice.37 Strikingly, while AKT
overexpression in control mice led to malignant liver tumor
formation by 22–28 weeks post-injection, in accordance with

Figure 3. Levels of FASN mRNA along human hepatocarcinogenesis. (A) Expression
levels of FASN in normal livers (NL; n D 12), surrounding non-tumorous liver tis-
sues (SL; n D 133) and corresponding HCC samples (n D 133) as assessed by real-
time RT-PCR. (B) Comparison of FASN levels in surrounding non-tumorous livers
associated with different etiologic factors for HCC development. (C) Comparison of
FASN levels in HCC associated with different etiologic factors involved in hepato-
carcinogenesis. Tukey–Kramer’s test: ���P<0.0001. Abbreviations: ASH, alcoholic
steatohepatitis; HBV, hepatitis B virus; HCV, hepatitis C virus; NASH, non-alcoholic
steatohepatitis.
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previous findings,33 none of the AKT/Cre mice exhibited either
liver enlargement or increased liver weight. Histologically,
most of the liver parenchyma of AKT control mice was occu-
pied by multiple hepatocellular tumors, whereas none of AKT/
Cre mice displayed preneoplastic and neoplastic lesions. Similar
results were obtained when we overexpressed myr-AKT in
liver-specific FASN KO mice (AlbCre;FASNfl/fl mice). At the
molecular level, we found that ablation of FASN in AKT/Cre
mice resulted in decreased protein expression of Rictor (rapa-
mycin-insensitive companion of mTOR), the main component
of the mammalian target of rapamycin complex 2 (mTORC2),
leading to the downregulation of phosphorylated/activated
AKT.37 The critical role of Rictor/mTORC2 in mediating acti-
vated AKT driven hepatocarcinogenesis was further validated
using conditional Rictorfl/fl mice.37 Specifically, ablation of Ric-
tor in hepatocytes prevented myr-AKT driven hepatocarcino-
genesis in mice, recapitulating the phenotypes observed in
conditional FASN KO mice.33 Altogether, these data indicate
that FASN expression is indispensable for AKT-induced hepa-
tocarcinogenesis, presumably due to its positive regulation over
Rictor expression and mTORC2 activity.37

Mounting evidence indicates that activation of the c-Met
cascade is a key oncogenic event along human hepatocarcino-
genesis.17 c-Met encodes the receptor tyrosine kinase for hepa-
tocyte growth factor (HGF). Our recent study has shown that
co-expression of AKT and c-Met (AKT/c-Met) triggers rapid
liver tumor development in mice, with all AKT/c-Met mice
being required to be killed by 6 to 8 weeks’ post-injection.40

Importantly, we found that FASN is highly expressed in AKT/
c-Met HCC cells.40 To establish whether c-Met might confer
resistance to FASN depletion along AKT hepatocarcinogenesis,
we determined the effect of disrupting de novo lipogenesis in
AKT/c-Met mice.40 Therefore, we hydrodynamically

transfected AKT, c-Met, and Cre plasmids into FASNfl/fl mice,
thus allowing the simultaneous expression of AKT and c-Met
oncogenes while deleting FASN in the same subset of mouse
hepatocytes (AKT/c-Met/Cre). As a control, AKT, c-Met, and
pT3-EF1a (empty vector) were co-injected into FASNfl/fl mice
(AKT/c-Met/pT3). Of note, all AKT/c-Met/pT3 mice devel-
oped liver tumors by 8 weeks’ post injection, whereas no mac-
roscopic or histopathological alterations were detected in the
livers of AKT/c-Met/Cre mice up to 15 weeks post hydrody-
namic injection.40 Similar results were obtained we expressed
AKT/c-Met into liver-specific FASN KO mice (AlbCre;FASNfl/fl

mice).40 In summary, the present results indicate that c-Met
confers aggressiveness and reduces tumor latency along AKT-
driven hepatocarcinogenesis. Nonetheless, AKT/c-Met tumors
remain fully dependent on FASN activity to develop.

FASN is dispensable for c-met/b-catenin induced liver
cancer development

Previous studies indicate that not all HCC tumor samples show
elevated FASN expression. Recently, we established another
murine HCC model by hydrodynamically overexpressing c-
Met and activated b-catenin in the mouse liver (c-Met/b-cate-
nin).41 Genomic studies have recently shown that this new
murine model recapitulates a subset of human HCC.41 Of note,
we found that in contrast to that described in HCC induced by
AKT or AKT/c-Met protooncogenes, the expression of FASN
and other lipogenic pathway genes, such as ACC, is not ele-
vated in c-Met/b-catenin tumor tissues (Fig. 4). Thus, we
sought to determine whether FASN expression is required for
c-Met/b-catenin driven hepatocarcinogenesis. For this purpose,
2 distinct approaches were applied. In the first approach, we
hydrodynamically transfected c-Met and b-catenin together

Figure 4. Expression of FASN and ACC is not elevated in c-Met/b-catenin mouse tumor tissues (right panel), when compared with HCCs induced by AKT/c-Met overex-
pression (middle panel). Scale bar: 200mm. Abbreviations: WT, wild-type; FASN, fatty acid synthase; ACC, acetyl-CoA carboxylase; HE, hematoxylin and eosin staining.
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with Cre plasmids into FASNfl/fl mice (c-Met/b-catenin/Cre),
thus allowing the simultaneous expression of c-Met and b-cate-
nin oncogenes while deleting FASN in a subset of mouse
hepatocytes (Fig. 5A). As a control, c-Met, b-catenin, and pT3-
EF1a (empty vector) were co-injected into FASNfl/fl mice
(c-Met/b-catenin/pT3) (Fig. 5A). Noticeably, we found that
both c-Met/b-catenin/Cre and c-Met/b-catenin/pT3 injected
FASNfl/fl mice developed lethal burden of HCC by »8 weeks
post injection (Fig. 5B and C). Histologically, well to moder-
ately differentiated HCC were found in both cohorts of mice
(Fig. 5C). Importantly, immunostaining demonstrated the
absent expression of FASN protein in c-Met/b-catenin/Cre
HCC cells (Fig. 5C), but tumor cells remained highly prolifer-
ative (Fig. 5C). To complement this study, we hydrodynami-
cally injected c-Met/b-catenin into liver-specific FASN KO
mice (AlbCre;FASNfl/fl mice) as well as control littermates
(FASNfl/fl mice) (Fig. 6A). Once again, c-Met/b-catenin overex-
pression induced HCC formation in wild-type and liver-spe-
cific FASN KO mice with the same latency and histology
(Fig. 6B and C). Altogether, our study suggests that FASN
expression is not upregulated in c-Met/b-catenin mouse HCC,
and FASN is dispensable for hepatocarcinogenesis induced by
c-Met and b-catenin oncogenes. The immunohistochemical
patterns of FASN, ACC, and Ki-67 in wild-type (not injected
or injected with empty plasmid), AKT, AKT/c-Met, and c-Met/
b-catenin mice are summarized in Table 1.

It is important to underline that FASN(¡) c-Met/b-catenin
mouse HCCs are highly proliferative (Fig. 5C and 6C).
Clearly, the proliferating tumor cells require additional fatty
acids, at the minimal, for cell membrane production during
cell cycle progression. Ablation of FASN completely elimi-
nates de novo lipogenesis pathway in tumor cells. Yet this

does not affect c-Met/b-catenin tumor cell growth. Based on
this body of evidence, it is plausible to hypothesize that
c-Met/b-catenin tumor cells are most likely dependent on
exogenous fatty acid uptake for their growth and proliferation.
It has been suggested that lipids in circulating lipoprotein par-
ticles provide an exogenous source of fatty acids for tumor
cells, although this process remains poorly understood.42 This
process requires very low-density lipoproteins (VLDL) or tri-
glyceride-rich chylomicrons to be hydrolyzed by lipoprotein
lipase (LPL). The free fatty acids can then be captured by cel-
lular fatty acid transporters (CD36 and SLC27A family mem-
bers) into the tumor cells.43 In a recent study, we found that
LPL is upregulated in human HCC samples; and high expres-
sion of LPL is associated with poor prognosis.44 In human
HCC cell lines, silencing FASN or LPL or culturing the cells
in lipoprotein-deficient medium led to significantly decreased
cell proliferation. In particular, when FASN and LPL were
concomitantly silenced, the growth inhibition was signifi-
cantly more pronounced than silencing of FASN or LPL
alone.44 These data strongly suggest that both de novo lipo-
genesis and exogenous fatty acid uptake may contribute to
hepatocarcinogenesis. In c-Met/b-catenin HCC samples, we
found that, indeed, LPL expression is elevated.44 Conditional
LPL Knockout mice have been generated.45 However, they
have not been used to study the requirement of LPL and its
mediated exogenous fatty acid uptakes along tumorigenesis to
date. Clearly, it would be of high importance to investigate
whether LPL is required for c-Met/b-catenin driven hepato-
carcinogenesis using conditional LPL knockout mice.

In summary, our genetic studies suggest the oncogene-
dependent requirement of FASN and its mediated lipogenesis
during hepatocarcinogenesis.

Figure 5. FASN expression is not upregulated along c-Met/b-catenin driven hepatocarcinogenesis. (A) Study design: activated forms of c-Met and b-catenin were
hydrodynamically injected together with Cre into FASNfl/fl mice (c-Met/b-catenin/Cre, n D 4). This method allows the deletion of FASN while simultaneously expressing c-
Met and b-catenin in the same FASNfl/fl hepatocytes. As a control, c-Met and b-catenin were injected in the same mice together with the empty vector (c-Met/b-catenin/
pT3, nD 4). (B) Survival curve of c-Met/b-catenin/Cre mice (nD 4) and c-Met/b-catenin/pT3 injected FASNfl/fl mice (nD 4), PD 0.16. (C) Histologically, well to moderately
differentiated HCC were found in both cohorts of mice and immunostaining demonstrated the low protein expression of FASN in c-Met/b-catenin/Cre HCC cells. Scale bar:
200mm for H&E and FASN, 100mm for Ki-67. Abbreviations: FASN, fatty acid synthase; HE, hematoxylin and eosin staining.
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Targeting FASN and its mediated de novo lipogenesis
for the treatment of HCC

Because increased de novo lipid biosynthesis is a frequent meta-
bolic event in tumorigenesis, many efforts have been made to
develop strategies targeting lipogenesis for cancer treatment.21

As a major enzyme in lipogenesis, FASN has been the main tar-
get for developing small molecule inhibitors.46,47 Virtually all
these small molecules inhibit b-ketoacyle-reductase, which is
critical for FASN’s enzymatic activity. A complete list of FASN
inhibitors can be found in a recent review.21 Among them, C75
is an early developed FASN inhibitor and has been widely used
as a pharmacological agent to evaluate FASN inhibitor for can-
cer treatment. For instance, it has been shown that C75 has
anti-tumor activity in xenograft models of breast,48 lung,49

prostate50 and renal51 cancers, and it prevents breast cancer for-
mation in HER2 transgenic mice.52 TVB-2640 is the most
recent orally available FASN inhibitor. It is currently in phase I
clinical trial for the treatment of solid tumors (https://clinical
trials.gov/ct2/show/NCT02223247).

In addition to FASN, other genes in the de novo lipogenic
pathway have been pursued as drug targets as well. Among
them, several molecules against ACC have been developed.21 In
a recent study, it was shown that ND-646, an allosteric ACC1/2

inhibitor, suppresses tumor growth in both xenograft and
genetic engineered mouse models of non-small cell lung cancer,
either alone or in combination with standard-of-care drug car-
boplatin,53 supporting the further testing of ACC inhibitors for
cancer treatment.

In HCC, currently, there are no studies assessing whether
pharmacological inhibition of FASN and/or ACC can lead to
tumor regression in preclinical models. Based on our studies,
we would predict that FASN and/or ACC inhibitors are
likely to have therapeutic potential against at least a subset
of human HCCs. Importantly, valid biomarkers, such as
immunostaining of FASN protein and ACC protein in HCC
tumor samples, may be required to identify patients who
may be most likely to benefit from anti-FASN/ACC based
therapy. As increased FASN expression is tightly linked to
the increased AKT/mTOR signaling, it is also possible to use
p-AKT or p-RPS6 immunostaining as biomarkers for patient
selection. Because Sorafenib is still the standard target ther-
apy for advanced stage HCC, future studies are also required
to evaluate whether anti-FASN/ACC drugs can be used in
combination with Sorafenib for the treatment of HCC.
Finally, it is important to consider the possible mechanisms
of resistance to lipogenic pathway inhibitors. Most likely,

Figure 6. Genetic ablation of FASN in the mouse liver does not affect tumor development driven by c-Met/b-catenin co-expression. (A) Study design: Overexpression of c-
Met/b-catenin promotes the development of multiple hepatocellular carcinomas both in FASNfl/fl mice with an intact FASN gene (n D 4) and in those where FASN was
deleted by the Cre system (AlbCre;FASNfl/fl mice; n D 4). (B) c-Met/b-catenin induced HCC formation in wild-type and liver-specific FASN KO mice with the same latency
and histology. (C) Survival curve of FASNfl/fl mice (n D 4) and liver-specific FASN KO mice (AlbCre;FASNfl/fl mice; n D 4) injected with c-Met/b-catenin, P D 0.35. Scale bar:
200mm for H&E and FASN, 100 mm for Ki-67. Abbreviations: FASN, fatty acid synthase; HE, hematoxylin and eosin staining.

Table 1. Summary of the immunohistochemical patterns of FASN, ACC, and Ki-67 detected in wild-type livers (Wild-type), livers injected with empty vector (Empty vector)
as well as in hepatocellular lesions (both preneoplastic and neoplastic) developed in AKT, AKT/c-Met, and c-Met/b-catenin mice.

Protein name Wild-type Empty Vector AKT AKT/c-Met c-Met/b-catenin

FASN C C CCC CCC C
ACC C C CCC CCC C
Ki-67 C/¡ C/¡ CC CCC CCC

The intensity of immunostaining was defined semi-quantitatively with a scale from “¡“ to “CCC” (¡, negative;C, weak; CC, moderate;CCC, strong).
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based on our findings, HCC cells might compensate the loss
of de novo lipogenesis by inducing exogenous fatty acid
uptake. Thus, small molecules which target fatty acid trans-
porters or LPL may be highly beneficial in combination with
anti-FASN/ACC inhibitors for HCC treatment. Of note,
some bile acids, such as ursodeoxycholic acid (UDCA), have
been found to be efficient inhibitors of liver fatty acid trans-
porter.54 It would be of great interest to further test whether
UDCA can be combined with FASN/ACC inhibitors for
HCC treatment in preclinical models.

In summary, our and other studies have demonstrated the
importance of FASN and its mediated de novo lipogenic meta-
bolic cascade in hepatocarcinogenesis. It is of high importance
to note that HCCs induced by different oncogenes are either
addicted to or independent from de novo lipogenesis to grow.
Future studies are required to evaluate the therapeutic potential
of anti-lipogenic drugs for the treatment of HCCs, especially in
those patients whose HCC shows elevated activation of the
AKT/mTOR/lipogenesis cascade.

Materials and methods

Constructs

The plasmids used in the study, including pT3-EF1a-DN90-
b-catenin, pT3-EF1a-c-Met, and pCMV-SB have been
described previously.55 All plasmids were purified using the
Endotoxin-free Maxi Prep Kit before injecting into mice.

Hydrodynamic injection and mouse monitoring

FASNfl/fl mice as well as AlbCre;FASNfl/fl line in C57BL/6 back-
ground were described previously.56 Hydrodynamic transfec-
tion was performed as described.57 In brief, the plasmids
encoding the gene(s) of interest along with sleeping beauty
transposase (SB) in a ratio of 25:1 were diluted in 2 ml saline
(0.9% NaCl), filtered through 0.22 mm filter, and injected into
the lateral tail vein of the mice in 5 to 7 seconds. Mice were
monitored and killed when they become moribund. Mice were
housed, fed, and monitored in accordance with protocols
approved by the Committee for Animal Research at the Uni-
versity of California, San Francisco.

Quantitative reverse transcription real-time polymerase
chain reaction (qRT-PCR)

Validated Gene Expression Assays for human FASN (ID:
Hs01005622_m1) and b- Actin (ID: 4333762T) were purchased
from Applied Biosystems (Foster City, CA). PCR reactions
were performed with 100 ng of cDNA on the whole sample col-
lection and cell lines, using an ABI Prism 7000 Sequence Detec-
tion System and TaqMan Universal PCR Master Mix (Applied
Biosystems). Cycling conditions were: 10 min of denaturation
at 95�C and 40 cycles at 95�C for 15 s and at 60�C for 1 min.
Quantitative values were calculated by using the PE Biosystems
Analysis software and expressed as N target (NT). NT D 2-
DCt, wherein DCt value of each sample was calculated by sub-
tracting the average Ct value of the target gene from the average
Ct value of the b- Actin gene.

Immunohistochemical staining

Liver specimens were fixed in 4% paraformaldehyde and
embedded in paraffin. For immunohistochemistry, deparaffi-
nized sections were incubated in 3% H2O2 dissolved in 1X
phosphate-buffered saline (PBS) for 30 minutes to quench the
endogenous peroxidase. For antigen retrieval, slides were
microwaved in 10 mM citrate buffer (pH 6.0) for 12 minutes.
Subsequently, slides were incubated with primary antibodies
overnight at 4�C. The following primary antibodies were used:
anti-FASN (Cell Signaling Technology, #3180; 1:150), anti-
ACC (Cell Signaling Technology, #3676; 1:100), and anti-Ki-67
(Thermo Fisher Scientific, #MA5–14520; 1:150). The immuno-
reactivity was visualized with the Vectastain Elite ABC kit
(Vector Laboratories, Burlingame, CA), using Vector
NovaREDTM (Vector Laboratories) as the chromogen. Slides
were counterstained with Mayer’s hematoxylin. The intensity
of immunostaining was defined semi-quantitatively with a scale
from “¡“ to “CCC” (¡, negative; C, weak; CC, moderate;
CCC, strong). The immunohistochemical expression patterns
of FASN and Ki-67 in the various mouse models are summa-
rized in Table 1.

Statistical analysis

Data analysis was performed with Prism 6 (GraphPad, San
Diego, CA). Kaplan-Meier analysis was used to compare the
survival rate of 2 cohorts. Statistical differences among various
groups were assessed using the Tukey–Kramer’s test. All graphs
represent mean § SEM.

Abbreviations

ACLY adenosine triphosphate citrate lyase
AKT v-akt murine thymoma viral oncogene homolog
ELOVL elongation of very long chain fatty acids protein
FASN fatty acid synthase
HCC hepatocellular carcinoma
mTOR mammalian target of rapamycin
mTORC mTOR complex
Raptor regulatory-associated protein of mTOR
Rictor rapamycin-insensitive companion of mTOR
FA fatty acid
PTEN phosphatase and tensin homolog
RPS6 ribosomal protein S6
SREBP sterol regulatory element binding protein
HGF hepatocyte growth factor
SCD stearoyl-CoA desaturase
UDCA ursodeoxycholic acid
ACC Acetyl-CoA carboxylase
LPL lipoprotein lipase
VLDL low-density lipoproteins
siRNA small RNA interference
TKIs kinase inhibitors
MAPK mitogen-activated protein kinase
PI3K phosphoinositide-3-kinase
MUSFA monounsaturated fatty acids
PUSFA polyunsaturated fatty acids
FADS Fatty acid desaturase
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CE cholesterol ester
TG triglyceride
PL phospholipid
TCA tricarboxylic acid
EGFR epidermal growth factor receptor
N-Ras neuroblastoma Ras viral oncogene homolog
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