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Abstract

Metabolic rewiring is one of the hallmarks of cancer. Altered de novo lipogenesis is one of the
pivotal metabolic events deregulated in cancers. Sterol regulatory element-binding transcription
factor 1 (SREBP1) controls the transcription of major enzymes involved in de novo lipogenesis,
including ACLY, ACACA, FASN, and SCD. Studies have shown the increased de novo lipogenesis
in human hepatocellular carcinoma (HCC) samples. Multiple mechanisms, such as activation of
the AKT/mechanistic target of rapamycin (mTOR) pathway, lead to high SREBP1 induction and
the coordinated enhanced expression of ACLY, ACACA, FASN, and SCD genes. Subsequent
functional analyses have unraveled these enzymes’ critical role(s) and the related de novo
lipogenesis in hepatocarcinogenesis. Importantly, targeting these molecules might be a promising
strategy for HCC treatment. This paper comprehensively summarizes de novo lipogenesis rewiring
in HCC and how this pathway might be therapeutically targeted.
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Hepatocellular carcinoma (HCC), a prominent type of primary liver cancer, is the fifth

common tumor and the third leading cancer-related death disease worldwide.! Infection by
hepatitis viruses, including hepatitis B and hepatitis C viruses, and alcohol consumption are
the main etiological factors for HCC.2 In recent years, fatty liver-related diseases, including
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nonalcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH), have
also become relevant predisposing conditions for the development of this disease.3

For patients with early-stage HCC, liver resection and liver transplant are effective treatment
options. However, most HCCs are diagnosed at a late stage, precluding radical therapies

to these patients. Traditional chemotherapy is not effective against HCC. Sorafenib, a
multikinase inhibitor, has been the first-line treatment drug for advanced HCC for the past
decade. However, it has minimal efficacy.* During the past 2 years, the treatment landscape
for HCC has been dramatically expanded with the approval of several multikinase inhibitors,
including Regorafenib, Cabozantinib, and Ramucirumab as first or second-line therapies

for progressed HCC.> Significantly, recent clinical studies have demonstrated the efficacy
of immunotherapy against HCC.” Specifically, atezolizumab (an anti-PDL1 antibody)
combined with bevacizumab (an antivascular endothelial growth factor antibody) led to
better overall and progression-free survival than Sorafenib in patients with unresectable
HCC.8 Consequently, immunotherapy has become the first-line treatment strategy against
advanced liver cancer. However, a significant percentage of patients do not respond to this
combination therapy, and reliable biomarkers for patient selection are lacking. Thus, there

is a great need to understand the molecular mechanisms underlying hepatocarcinogenesis to
develop novel and effective therapies against this malignancy.

Recent genetic studies have uncovered the genomic landscape of HCC, indicating that

HCC is a highly heterogeneous disease.®11 The most common genetic events occurring

in HCC include mutations of 7P53 CTNNBI1, AXIN1, ARIDI1A, and ARIDZ2 genes, and
amplification of c-MYC, CCND1, and FGF19. Unfortunately, except for the FGF19/FGFR4
pathway, none of these genetic alternations appears to be druggable.1?

Mounting evidence has demonstrated that deregulated cellular metabolism is a hallmark

of various cancer types,13-14 including HCC.1® To maintain rapid cell growth and
proliferation, the tumor cells undergo a metabolic adaptation event known as the “Warburg
effect,” consisting of the switch of the metabolism from oxidative phosphorylation to
aerobic glycolysis.18:17 The aerobic glycolysis provides energy and substrates for biomass
production for cancer cells and, consequently, increases pyruvate accumulation. While most
pyruvate is transferred to lactate and eliminated, some is converted into acetyl-CoA, the
primary substrate for de novo lipogenesis (DNL).18

Increased DNL is one of the most relevant aberrant metabolic events in tumor

development and progression.19-20 Studies have demonstrated the pivotal role of DNL in
hepatocarcinogenesis, suggesting that targeting DNL might effectively prevent and treat
HCC. Here, we provide a review of the genes involved in the DNL pathway, their function(s)
in hepatocarcinogenesis, and the therapeutic approaches to target this metabolic pathway for
HCC treatment.

Overview of the de Novo Lipogenesis Pathway

DNL is a metabolic process leading to the biosynthesis of fatty acids from carbohydrates.?!
When the carbohydrate intake exceeds the body’s storage and oxidation capacities, energy
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can be stored as fat in the form of triglycerides or other lipid molecules through the DNL
pathway. Dysregulation of DNL can lead to various metabolic consequences. For example,
studies suggest that elevated DNL is involved in NAFLD pathogenesis,?2 and it is linked to
insulin resistance.23:24

The biochemical process of DNL is modulated by a series of enzymatic reactions (Fig. 1).
As the primary substrate for DNL, glucose from dietary carbohydrates undergoes a series of
glycolysis reactions and generates pyruvate. Pyruvate produces citrate via the tricarboxylic
acid cycle in the mitochondria. The citrate is transported back to the cytoplasm and
converted into acetyl-CoA by the action of ATP-citrate lyase (ACLY). Through Acetyl-CoA
carboxylase (ACAC) activity, especially ACACa (ACACA), acetyl-CoA is carboxylated

to malonyl-CoA, which is utilized for the production of 16-carbon saturated palmitate.

The critical rate-limiting enzyme in this step is fatty acid synthase (FASN). Palmitate

can be further elongated into long-chain fatty acids. Palmitate can also be converted into
monounsaturated fatty acids (MUFAS), an event catalyzed by stearoyl-CoA desaturase
(SCD). All these fatty acids can be incorporated into complex lipids, including triglycerides,
phospholipids, and cholesterol.

The activity of DNL is strongly affected by the nutritional status. High insulin and

high glucose concentrations induce the transcription of lipogenic enzymes,25:26 which
ultimately triggers fatty acids synthesis. Dietary fructose significantly improves the efficacy
of enzymes involved in DNL.27 Regulation of lipogenesis is predominantly at the
transcriptional level. The effects of nutrients on lipogenic gene expression are mediated

by sterol regulatory element-binding protein-1 (SREBP-1)28 and carbohydrate response
element-binding protein.2?

In physiological conditions, DNL mainly occurs in metabolic tissues such as liver and
adipose tissues,30 and the liver is the major contributor to whole-body lipogenesis. However,
in cancer cells, an increased DNL is often detected, providing fatty acids for tumor cell
growth, even in the presence of exogenous lipids.3! Indeed, the reprogramming of fatty
acid metabolism in cancer cells is pivotal for tumor survival, proliferation, and metastasis.
Highly proliferative cancer cells require fatty acids to satisfy their unlimited energy
demands for various purposes, such as membrane biogenesis, energy production, and lipid
modification of proteins.1” Therefore, deregulated DNL directly leads to cellular fatty-acid
accumulation and affects fundamental cellular processes, including signal transduction and
gene expression. Several studies have shown that the dysregulation of lipogenic enzymes
involved in DNL occurs in multiple cancer types, including HCC.20.31.32

SREBPs are a family of transcriptional regulators that modulate cellular lipid metabolism
and homeostasis.33 Mammalian cells express three isoforms of SREBP proteins, SREBP1a,
SREBP1c, and SREBP2, encoded by two genes: SREBFI1and SREBFZ2. SREBP1a and
SREBP1c are formed from the same gene (SREBFI) but are transcribed by different
promoters.34 SREBP1 transcriptionally activates major DNL enzymes’ expression, including
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ACLY, ACC, FASN, and SCD. SREBP2, on the other hand, is the central transcription factor
regulating cholesterol biosynthesis.

Due to its crucial function in regulating DNL, SREBP1 plays a central role in modulating
cancer metabolism.3° Previous studies revealed the activation of SREBP1 in prostate cancer,
breast cancer, and glioblastoma.36-38 SREBP1 upregulation has also been observed in
human HCC,3° where SREBP1 expression correlates with tumor proliferation rate and
dismal prognosis.*® Moreover, the Cancer Genome Atlas Liver Hepatocellular Carcinoma
(TCGA LIHC) database analysis revealed the coordinated upregulation of SREBP1
downstream targets, including ACLY, ACACA, FASN, and SCD.

Multiple mechanisms lead to the increased expression of SREBP1, the master regulator

of the DNL pathway, in HCC. Activated AKT Kkinase is the critical signaling pathway
activating SREBP1 via the mTORC1 cascade during hepatocarcinogenesis.2? When an
activated form of AKT is expressed in the mouse liver, it upregulates SREBP1 and its
downstream effectors, and eventually, the fatty liver phenotype.4! A similar phenotype

is observed in liver-specific Pten knockout (KO) mice,*2 which depends on AKT2
overactivation.#3 Also, it has been shown that activated AKT phosphorylates cytosolic
phosphoenolpyruvate carboxykinase 1 (PCK1), INSIG1, and INSIG2, leading to nuclear
accumulation of SREBP1.4* Finally, a recent study showed that ZHX2, a tumor suppressor,
inhibits SREBP1 and its mediated DNL. As loss of ZHX2 expression often occurs in HCC,
this might represent an alternative mechanism of SREBP1-unconstrained activation in this
tumor type.4°

Once activated, SREBP1 proteins induce the transcription of DNL genes, promoting

tumor proliferation, and eventually, tumor development in mice.** Silencing of SREBP1
suppresses HCC cell growth in culture.20:39 Moreover, the enhanced SREBP1 protein
stability promotes proliferation, migration, and invasion of HCC in vitro and xenograft liver
cancer models.%6 Genetic or pharmacologic inhibition of SREBP1 dramatically reduced
diethyInitrosamine (DEN)-induced HCC progression in mice.#’ Altogether, these data
demonstrate the functional role of SREBP1 in regulating HCC lipogenesis and growth.

As a transcriptional target of SREBP1, ACLY catalyzes the conversion of citrate to acetyl-
CoA and oxaloacetate,*8 providing the essential components for fatty acid biosynthesis
(Fig. 1). Overexpression of ACLY correlates with a dismal prognosis, progression, and
metastasis of HCC patients.4® The TCGA LIHC dataset also confirmed that high ACLY
expression is associated with poor survival. ACLY is involved in several oncogenic
pathways. For instance, ACLY can participate in the Wnt/p-catenin cascade in HCC

by regulating the stability of B-catenin.*® AKT directly regulates the phosphorylation

and activation of ACLY and upregulates its mMRNA levels through SREBP1.%0 The
combination of an ACLY inhibitor and anti-PD-L1 therapy dramatically suppressed DEN-
induced hepatocarcinogenesis in mice. The antitumor effect of ACLY suppression was
mediated by increased reactive oxygen species production and AMP-activated protein
kinase (AMPK) activation/phosphorylation.>1 BMS-303141, an ACLY inhibitor, triggers
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endoplasmic reticulum stress and induces apoptosis of HCC cells. Moreover, inhibition
of ACLY synergizes with Sorafenib for improved efficacy against HCC in vivo.52 Also,
a recent study suggests that ACLY inhibition is effective in tumors with high aerobic
glycolysis rates because they are more dependent on ACLY for acetyl-CoA generation.>3

ACAC is one of the key regulators of DNL and catalyzes the carboxylation of acetyl-CoA

to malonyl-CoA (Fig. 1). There are two isoforms (a and ) of ACAC in mammals, and
ACACA is the major isoform involved in DNL. As the first rate-limiting enzyme in
lipogenesis, ACACA was hypothesized to play essential functions in regulating cancer
metabolism and tumor development. The increased expression of ACACA has been reported
in human HCC samples.>* Moreover, bioinformatics analysis revealed that overexpression of
ACACA is highly associated with a poor prognosis in liver cancer,® a finding confirmed by
the TCGA LIHC dataset. In vitro, suppression of ACACA in human HCC cell lines reduces
cell proliferation and viability.20 In vivo, it has been suggested that ACACA-mediated DNL
determines the intracellular lipid content, and overexpression of ACACA promotes HCC
growth.56 ACACA has also been revealed to regulate fatty acid oxidation in this tumor
type.>® At the molecular level, ACACA is inhibited via phosphorylation by AMPK. Loss-
of-function mutations in AMPK phosphorylation sites of ACAC lead to elevated hepatic
lipogenesis and fibrosis development in mice.>’ In the DEN-induced murine HCC model,
ACAC nonphosphorylatable mutant knock-in mice were found to have increased liver tumor
lesions compared to wild-type mice,>8 indicating that ACAC phosphorylation would inhibit
the development of HCC. A potent liver-specific ACAC inhibitor, ND-654, effectively
suppressed liver tumor burden, inflammation, and proliferation in the DEN model in rats.>8
This evidence suggests a potential therapeutic target role of ACAC in HCC.

FASN is the key lipogenic enzyme to catalyze fatty acid synthesis. Specifically, FASN
catalyzes the synthesis of palmitate from acetyl-CoA and malonyl-CoA in the presence of
NADPH (Fig. 1). Since FASN is a critical enzyme during DNL, and no other isoforms

of this gene exist, FASN has been extensively studied as a possible target for suppressing
DNL in various diseases, including cancer. Numerous studies have reported the increased
expression of FASN in multiple tumor types, including HCC.15:3259.60 \While SREBP1
is the pivotal transcription factor inducing FASN overexpression in HCC, FASN has
been shown to be also regulated at posttranscriptional levels. For example, it has been
demonstrated that the USP2A protein inhibits proteasome-mediated FASN degradation,
inducing FASN stabilization and increased activity.51 Besides, ACAT1-induced GNPAT
acetylation also promotes FASN stabilization in HCC.%2 The functional significance of
FASN in hepatocarcinogenesis has been demonstrated both in vitro and in vivo. In

vitro, inhibition of FASN via siRNA or small-molecule inhibitors effectively suppresses
HCC cell proliferation.53 In genetically engineered mouse models, liver-specific deletion
of Fasncompletely prevented hepatocarcinogenesis driven by the overexpression of
AKT, either alone or in combination with c-Met proto-oncogene.4:65 Knocking down
FASN in hepatocytes via AAV-shFasn or treating mice with the FASN inhibitor Orlistat
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significantly reduced tumor burden in an mTOR-driven HCC mouse model.%6 Orlistat
treatment also delayed HCC driven by activated AKT and c-Met oncogenes in mice.57
Additional investigations have demonstrated that FASN is required for c-Myc-dependent
hepatocarcinogenesis.®® Furthermore, loss of FASN retards HCC development induced by
overexpression of c-Met and loss of Pten (c-Met/sgPten) in mice.5% Overall, these data
indicate that FASN suppression is a promising therapeutic strategy for HCC treatment.

SCD is the lipogenic enzyme catalyzing palmitate desaturation and the production of
MUFAs (Fig. 1). The conversion of saturated fatty acids into MUFA is tightly linked

to the activation of glycolysis and fatty acid synthesis in cancer cells,’? implying that

SCD might be relevant in tumorigenesis. In HCC, SCD is upregulated and associated

with shorter disease-free survival.”272 In a combined proteomic and lipidomic profiling
study, upregulated hepatic SCD was identified as a reliable marker for HCC diagnosis and
progression.”3 Mechanistically, SCD expression is induced by the AKT/mTOR pathway,
whereas AMPK suppresses its expression.#1.70.74.75 SCD overexpression is also observed in
human HCC cell lines. At the molecular level, SCD has been found to regulate HCC cell
proliferation by inducing MYCN expression.”8 Enhanced activity of SCD is also associated
with chemotherapy resistance and cell proliferation in vitro through phosphatidylinositol

3 kinase (P13K)/c-Jun N-terminal kinase activation.’! In a patient-derived HCC xenograft
model, SCD inhibitors enhanced sensitivity to Sorafenib via modulation of the ER stress.”?
Therefore, targeting SCD might be therapeutically beneficial to HCC patients by hindering
fatty acid biosynthesis and alleviating drug resistance.

Classification of HCC and de Novo Lipogenesis

There have been significant efforts to clarify human HCCs based on molecular and genetic
signatures during the past decade. HCCs have been divided into different subgroups in
different studies. 7780 Notably, it has become clear that HCCs can be classified into two
major groups: the proliferation and nonproliferation classes.81 While the expression of
lipogenic pathway genes has not been analyzed in detail in these molecular subgroups,

it has been found that the HCC proliferation class tends to be p-RPS6(+) and frequently
harbors mutations of RPS6KA3 or TSC1/281 suggesting the activation of mTOR pathway.
As activated mTOR is the principal regulator of lipogenesis in HCC, it is tempting

to hypothesize that increased DNL is enriched in the proliferation class of human

HCCs. Consistent with the hypothesis, the proliferation class of HCC shows higher

AFP expression.8l In a previous study, it has been demonstrated that increased ACACA
expression is associated with elevated AFP levels in HCC.%8 In addition, HCCs with
mutation of CTA/NBI belong to the nonproliferation class. Significantly, DNL is not
elevated in CTNVNBI mutant HCC, and mouse HCC lesions induced by activated p-catenin
do not require DNL for their growth.15 At the molecular level, it is conceivable that highly
proliferative HCC cells require increased fatty acids as building blocks and/or energy
sources, thus leading to increased DNL. Obviously, additional detailed analyses of the
expression of DNL genes in different HCC molecular subclasses are required to address this
issue entirely.
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De novo Lipogenesis in HNF-1la-Mutated Hepatocellular Adenoma

Hepatocellular adenoma (HCA) is a rare benign liver tumor that predominantly occurs in
young women. Hepatocyte nuclear factor 1a (HNF-1a) mutations are present in 30 to
40% of HCA,82 which show striking tumor steatosis. HNF-1a mutations induce steatosis
by promoting DNL activity by increasing lipogenic gene expression and downregulating
liver fatty acid-binding protein.83 In addition, HNF-1a has been demonstrated to act as

a tumor suppressor gene, and the inactivation of HNF-1a may be an early step in HCC
development.84 These findings suggest that signaling pathways responsible for oncogenic
transformation may also contribute to the increased DNL in tumor lesions.

Targeting de Novo Lipogenesis for HCC Treatment

As discussed previously, increased DNL in cancer is required for tumor progression,

making this metabolic pathway an attractive therapeutic target for cancers, including HCC.19
Targeting DNL for HCC is particularly appealing as NAFLD and NASH are increasingly
common as the underlying etiological factors for HCC. DNL inhibitors may be able to
suppress both HCC growth and NAFLD/NASH phenotypes. Small molecules targeting
various enzymes in the DNL pathway, including SREBP1, ACLY, ACAC, FASN, and SCD,
have been developed (Table 1).85:86 Both in vitro and in vivo studies have provided evidence
that these molecules may be effective against HCC.

SREBP1 is the master regulator of DNL in HCC. Betulin is a lupane-type pentacyclic
triterpenoid, and it binds directly to SCAP (SREBP cleavage-activating protein), which
inhibits the cleavage and activation of SREBP1.87 Betulin has been shown to prevent DEN-
induced HCC formation in mice.#” Betulin also enhances Sorafenib antitumor activity in
HCC cells and xenograft models.88 Curcumin is a nonspecific SREBP1 inhibitor.89 It has
been reported that curcumin could inhibit HCC cell growth via downregulating SREBP1
expression at mMRNA and protein levels.%0 Fatostatin is another SREBP1 inhibitor, and it
suppresses spontaneous HCC formation in the liver-specific ZAx2 KO mice.*°

ACLY could be targeted by inhibitors such as hydroxycitrate®! and bempedoic acid
(ETC-1002)%2 (Table 1). ACLY inhibition might provide a potential advantage over
therapeutic strategies targeting other lipogenic enzymes because it lies upstream of the
other lipogenic enzymes.93 ETC-1002, also known as bempedoic acid, is a potent ACLY
inhibitor,2* and it is currently in phase 3 clinical trial to prevent vascular diseases. In

the DEN-induced HCC model, combined ETC-1002 and anti-PDL1 antibody treatment
dramatically suppressed HCC formation in mice.>! BMS-303141 is a cell-permeable ACLY
inhibitor.%6 The combination of BMS-303141 and Sorafenib hindered HCC cell growth in a
xenograft model.>2

ACAC has been a significant target of drugs for the treatment of NAFLD and NASH.%7
Some of these drugs have been investigated for their efficacy against HCC. For instance, the
ACAC inhibitor TOFA can inhibit AKT-dependent HCC cell growth in vitro.29 ND-654 is

a liver-specific ACAC inhibitor. Combined administration of ND-654 and Sorafenib suffices
to suppress HCC formation in DEN-induced HCC in rats.>8

Semin Liver Dis. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 8

As a central regulator of DNL, FASN is a major focus for cancer therapeutic studies,:99
including HCC.15 The FASN inhibitor C75 has been shown to hamper HCC cell growth

in vitro.42:49 Also, Orlistat can suppress hepatocarcinogenesis in an mTOR-driven mouse
model and in a mouse model consisting of the simultaneous activation of AKT and c-Met
oncogenes.86:67 Fenofibrate inhibits FASN via binding to its thioesterase domain of FASN,
similar to Orlistat. This drug can induce Hep3B cell apoptosis and necroptosis.100

SCD is another DNL enzyme that has been studied for cancer treatment.101 The SCD
inhibitor A939572 suppresses the migration and invasion of human HCC cells.”? Also, the
SCD inhibitor SSI-4 reduces HCC growth and enhances Sorafenib toxicity in mouse HCC
models.”2 CAY 10566, another SCD inhibitor, activates the AMPK pathway, leading to HCC
cell death.192 MK8245, another SCD inhibitor, has been shown to possess antiproliferative
effects on zebrafish HCC models and human HCC cells.103

In summary, numerous small molecules against DNL pathway genes have been developed,
and the experimental data support the targeting of DNL for HCC treatment. However, most
of these small molecules have yet to be investigated in human HCC. One of the most
promising drugs is TVB-2640, a FASN inhibitor currently in phase 1 clinical trial for
metabolic syndrome. Recent results suggest that TVB-2640 is well tolerated and effectively
reduces DNL in patients with metabolic diseases.1%4 Similar results have been obtained with
NDI-010976, an ACAC inhibitor.105 Thus, it would be essential to investigate whether these
drugs are effective in inhibiting HCC growth using experimental approaches.

Challenges and Future Direction

An investigation by Calvisi et al published in 2011 is the first comprehensive analysis of the
DNL pathway in HCC.20 Since then, multiple studies have been published, validating the
major conclusion that DNL is necessary for hepatocarcinogenesis, and targeting DNL may
be an effective treatment strategy against this aggressive malignancy. Despite this progress,
many challenges remain, and our understanding of this metabolic pathway in HCC is still
incomplete.

One key issue to delineate is that most of the investigations focused on HCC cells.

The role of DNL in the HCC microenvironment cells, such as immune cells, cancer-
associated fibroblasts, and endothelial cells, has not been adequately analyzed. However,
previous evidence has demonstrated the importance of DNL in these cells.106 Of particular
importance is the study of DNL in immune cells. Evidence suggests that tumor-infiltrating
immune cells undergo metabolic changes that influence their phenotype and functions.107
For instance, increased DNL promotes the proliferation and differentiation of effector T
cells.108 In TLR (toll-like receptor)-mediated dendritic cells, lipid biosynthesis promotes
their activation by affecting the ER and Golgi expansion.1%9 Inhibition of ACAC prevents
the formation of T helper 17 lineage cells and induces the development of Treg cells.110
As tumor cells increase DNL to sustain their growth, this may also lead to high lipid
content in the tumor microenvironment. These lipids could be readily taken up by the
cells within the tumor microenvironment, such as M2 macrophages. Studies have shown
that these macrophages depend on exogenous fatty acids and fatty acid oxidation for their
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function.11! Therefore, the fatty acids secreted by the tumor cells may be used by these

cells for their development and activity. It is important to note that while there are some
studies about DNL in immune cells, few such studies have been conducted in HCC. As
concerns immunotherapy, especially immune-checkpoint inhibitors, such as anti-PD1 and/or
anti-PDL1-based treatment, are becoming the first line therapeutics against HCC. Thus, it
would be critical to determine whether these treatments affect DNL in tumor-infiltrating
immune cells. The detailed analysis of these metabolic changes within the tumor cells and
immune cells will provide clues for possible combination therapies for improved efficacy.

While DNL produces fatty acids required for tumor growth, fatty acids could also be taken
up into cells. Therefore, the exogenous fatty acid uptake can compensate for the loss of
DNL in HCC cells.112 Additional studies are required to elucidate the molecular crosstalk
between DNL and fatty acid uptake in HCC pathogenesis.

As cellular metabolism is an integrated system, deregulation of DNL may lead to other
metabolic alterations as compensatory feedback mechanisms. For example, ablation of Fasn
and its mediated DNL in a murine HCC model induced by loss of Pten and overexpression
of c-Met led to the compensatory upregulation of the cholesterol biosynthesis pathway.

The latter cascade can sustain HCC growth in the absence of DNL. Notably, it has been
demonstrated that targeting both DNL and cholesterol biosynthesis completely prevents
HCC development in mice.®9 Comprehensive analysis of the metabolic pathways modulated
by inhibition of DNL will therefore be necessary to design effective combination therapies
against HCC.

It is worthwhile to mention that many of the genes responsible for DNL have additional
functions besides regulating fatty acid synthesis. For example, ACAC is involved in
antioxidant defense and hepatocyte survival.113 Thus, it was not surprising to see that DEN-
induced hepatocarcinogenesis in liver-specific depletion of Acac mice leads to increased
HCC burden than in wild-type mice, suggesting the possible tumor-suppressing role of
ACAC in HCC. Therefore, it is necessary to fully illustrate DNL enzymes’ functions to
select the most effective and safe molecules for HCC treatment.

Finally, it is also important to note that not all HCCs have elevated DNL or depend on DNL
for their growth. Murine HCCs induced by activated mutant of B-catenin and overexpression
of c-Met develop at the same latency and efficiency in wild-type or liver-specific Fasn KO
mice, suggesting that DNL is dispensable for this murine HCC model.114 Thus, it is critical
to identify reliable biomarkers that can predict whether patients will respond or not to
anti-DNL therapies. Since the AKT/mTOR pathway is a major regulator of DNL in HCC,20
genetic events leading to the activation of this signaling cascade, for example, 75C1/2or
PIK3CA mutations,® may be used as biomarkers for patient selection. Clearly, additional
studies are required to validate this hypothesis.

In summary, deregulated DNL is one of the pivotal metabolic aberrations in HCC. Targeting
DNL has been identified as a possible therapeutics and prevention strategies against HCC.
Despite all the progress during the past 10 years, much still need to be learned about

this pathway’s enzymes, how they function as an integrated system, how they regulate
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the HCC microenvironment, and how we can identify patients who will benefit from anti-
DNL therapies. Studies focusing on these crucial issues will undoubtedly provide novel
insight into the molecular mechanisms leading to hepatocarcinogenesis and help scientists to
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Overview of the de novo lipogenesis pathway. Dietary glucose undergoes a series of
reactions of glycolysis to generate pyruvate. Pyruvate enters mitochondria to be used in

the tricarboxylic acid (TCA) cycle to produce energy and form citrate. After transported
back to the cytoplasm, citrate is converted to acetyl-CoA by the action of ATP-citrate

lyase (ACLY). Acetyl-CoA is subsequently converted to malonyl-CoA, which is utilized
for the 16-carbon saturated palmitate synthesis by fatty acid synthase (FASN) activity.
Stearoyl-CoA desaturase (SCD) converts saturated fatty acids to monounsaturated fatty
acids. Regulation of de novo lipogenesis (DNL) is mainly mediated by sterol regulatory
element-binding protein-1 (SREBP-1), which activates DNL enzymes’ expression, including
ACLY, ACC, FASN, and SCD. Based on the TCGA LIHC database, these enzymes (labeled
in red) are significantly upregulated at the transcriptional level in liver cancer compared
with matched adjacent nontumorous tissues. TCGA LIHC, The Cancer Genome Atlas Liver

Hepatocellular Carcinoma.
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