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Dysregulation in lipid metabolism is among the most prominent metabolic alterations in cancer. Cancer cells harness lipid
metabolism to obtain energy, components for biological membranes, and signaling molecules needed for proliferation, survival,
invasion, metastasis, and response to the tumor microenvironment impact and cancer therapy. Here, we summarize and
discuss current knowledge about the advances made in understanding the regulation of lipid metabolism in cancer cells and
introduce different approaches that have been clinically used to disrupt lipid metabolism in cancer therapy.

Introduction

Lipids, together with proteins and nucleic acids, are essential
components of biological membranes and building blocks that
constitute cells. In addition, lipids are used in energy storage and
metabolism and have important roles as signaling molecules for
many cellular activities. The regulation of lipid metabolism, such
as lipid uptake, synthesis, and hydrolysis, is essential for the
maintenance of cellular homeostasis (Rohrig and Schulze, 2016).
Cancer cells in tumor microenvironments, where nutrient
availability is consistently changing during tumor progression,
harness lipid metabolism to support their rapid proliferation,
survival, migration, invasion, and metastasis.

Glycolipids and phospholipids (which are subcategorized into
phosphoglycerides and sphingolipids), together with choles-
terol, represent major components of biological membranes.
Cholesterol is also a substrate for the synthesis of fat-soluble
vitamins and steroid hormones (Luo et al., 2020). As major
components of glycolipids and phospholipids, fatty acids (FAs)
can be esterified with a glycerol moiety to form triglycerides,
which are nonpolar lipids synthesized and stored in lipid
droplets during high nutrient availability and hydrolyzed to
generate ATP by FA oxidation (FAO, also called B-oxidation)
under energy stress conditions. Aside from energy metabolism
and membrane formation, lipids form second messengers de-
rived from phospholipase-dependent hydrolyzation of mem-
brane lipids and synthesis from essential FAs, whose availability
is largely determined by lipids in the diet (Park et al., 2012).

Phospholipases (PLC, PLD, and PLA) can generate many bioac-
tive second messengers, such as diacylglycerol, phosphatidic
acid, lysophosphatidic acid, and arachidonic acid. These mole-
cules trigger the activation of the RAS, phosphoinositide 3-
kinases (PI3Ks), protein kinase C, RAC, RHO, and several other
signaling axes that can promote tumorigenesis, which was in-
tensively discussed previously and is not covered in this review
(Moolenaar and Perrakis, 2011; Park et al., 2012). In addition,
sterols, including oxysterol and cholesterol, are critical regu-
lators of sterol regulatory element (SRE)-binding protein
(SREBP) activation for downstream gene expression, and thus
their levels affect lipogenesis in cancer. Cholesterol is a com-
ponent of lipid rafts for signaling and can also covalently
modify Hedgehog and Smoothened proteins for Hedgehog sig-
naling activation (Porter et al., 1996; Xiao et al., 2017).

In this review, we summarize and discuss current knowledge
about the advances in the regulation of lipid (FAs and choles-
terol) uptake, lipogenesis, and FAO-dependent lipolysis in can-
cer cells. We dedicate a separate section at the end to discuss
different approaches that might be used to disrupt lipid me-
tabolism for cancer therapy.

Lipid uptake

FA uptake

Mammals produce only certain FAs, i.e., those carrying double
bonds to the A9 position of the hydrocarbon chain. Other FAs,
particularly polyunsaturated FAs, are essential and obtained
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from the diet (Nakamura and Nara, 2004). The known FA pro-
tein transporters in the plasma membrane include cluster of
differentiation 36 (CD36; also known as FA translocase), the
family of FA transport proteins (also collectively known as
SLC27), and plasma membrane FA-binding proteins (FABPs), all
of which display increased gene and protein expression in tu-
mors (Su and Abumrad, 2009).

High CD36 expression has been correlated with poor prog-
nosis for patients with breast, ovarian, gastric, and prostate
cancer (Koundouros and Poulogiannis, 2020). Deletion of Cd36
in the prostate of cancer-susceptible Pten™/~ mice or mammary
tissues of MMTV-neu mice attenuated increased FA uptake in
cancer and mitigated tumorigenesis (Feng et al., 2019; Watt
et al, 2019). In breast cancer patients, CD36 expression in-
creases following anti-HER2 therapy and correlates with poor
survival. Correspondingly, the HER2 inhibitor lapatinib-
resistant breast cancer cells increase FA uptake, and CD36 in-
hibition suppresses the growth of lapatinib-resistant, but not
that of lapatinib-sensitive, tumor cells (Feng et al., 2019). High-
fat diets induced NF-«kB-dependent CD36 expression and
elicited O-GlcNAcylation of CD36 at S468 and T470, which
enhanced FA uptake and murine gastric cancer metastasis
(Jiang et al., 2019). Hydrogen sulfide, which is implicated in
cancer metastasis, induces CD36 expression and reduces C333-
C272 disulfide bond formation in CD36, which activates the
long-chain FA-binding conformation of CD36 to promote FA
uptake and accelerate gastric cancer metastasis (Wang et al.,
2019). Palmitic acid induces gastric cancer cell migration and
invasion through CD36-dependent activation of the protein
kinase B (PKB, also known as AKT)/B-catenin signaling path-
way, whereas dietary oleic acid up-regulates CD36 expression
and its expression-dependent activation of the Src-ERK1/2
pathway, which promotes cervical cancer cell growth (Pan
et al., 2019; Yang et al., 2018). Palmitic acid or a high-fat diet
can specifically boost the metastatic potential of metastasis-
initiating oral cancer cells with high CD36 expression. Block-
ade of CD36 with neutralizing antibodies inhibits the metastasis
of oral cancer cells in mice (Pascual et al., 2017), implying a role
for dietary lipids and CD36 in tumor metastasis.

The ability of cancer cells to use exogenous lipids for the
provision of unsaturated FAs appears to be dependent on oxygen
levels and the type of oncogene expressed, and not all lipids are
exploited equally (Snaebjornsson et al., 2020). Hypoxic tumor
cells exhibit increased FA import dependent on hypoxia-
inducible factor-la (HIF-1a)-induced FABP3/7 expression, which
accompanies reduced de novo FA synthesis because the catabolism
of glucose to acetyl-coenzyme A (CoA) is decreased (Bensaad et al.,
2014). Compared with myrAKT expression, which boosts de novo
FA synthesis, oncogenic H-RasV12G or K-RasG12D expression un-
der normoxic conditions recapitulates hypoxic conditions and re-
establishes cell reliance on the uptake of lipids, among which
lysophospholipids containing mono- or polyunsaturated acyl
chains are internalized to a far greater extent than phospholipids
and saturated lysophospholipids (Kamphorst et al., 2013). In addi-
tion to being blood resources, adipocytes in the tumor microen-
vironment provide extracellular FAs for tumor cells. FABP4
expression was detected in ovarian cancer cells at the adipocyte-
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tumor cell interface. Omentum-metastatic ovarian cells activate
the lipolysis in adipocytes to produce free FAs that can be subse-
quently secreted and taken up by cancer cells in a FABP4-
dependent manner for increased FAO and rapid tumor growth
(Gharpure et al., 2018; Nieman et al., 2011). In addition, omental
adipocytes induce CD36 expression and associated lipid accumu-
lation in ovarian cancer cells. Inhibition of CD36 attenuated
adipocyte-induced cholesterol and lipid droplet accumulation in
ovarian cancer cells, peritoneal dissemination of tumor cells, and
tumor growth (Ladanyi et al., 2018). Similar to adipocytes, tissue-
resident pancreatic stellate cell-derived cancer-associated fibro-
blasts in pancreatic ductal adenocarcinoma (PDAC) secrete lipids
including lysophosphatidylcholines for cancer cell uptake
and synthesis of phosphatidylcholines. In addition, PDAC
cell-secreted enzyme autotaxin hydrolyzes lysophosphati-
dylcholines into lysophosphatidic acid as an extracellular
signal to promote PDAC cell proliferation and migration
(Auciello et al., 2019). Thus, hypoxia, overexpressed FA
transporters in tumor cells, specific oncogene expression,
and tumor cell-modulated stromal cells including adipocytes
and fibroblasts can induce tumor cells to take up extracel-
lular FAs and create mitogenic signals to sustain tumor cell
proliferation.

Cholesterol uptake

Dietary cholesterol is absorbed by Niemann-Pick type Cl-like
1 (NPCIL1) protein in the membrane of intestinal enterocytes
(Altmann et al., 2004), where cholesterol is esterified by acyl-
CoA:cholesterol acyltransferases (ACATs; also known as sterol
O-acyltransferase) for uptake by the liver (Ko et al., 2020). The
liver, the main cholesterol biosynthesis organ, delivers choles-
terol as very-low-density lipoproteins to the bloodstream, where
the very-low-density lipoproteins are processed into low-
density lipoproteins (LDLs) for uptake by the LDL receptors
(LDLRs) on peripheral cells. The cellularly absorbed cholesterol
eventually reaches the ER for sensing, transport, or esterifica-
tion (Goldstein and Brown, 2009).

LDLR expression was positively correlated with poor prog-
nosis of the patients with small cell lung cancer (SCLC), breast
cancers, and PDAC. LDLR depletion in HER2-overexpressing
breast cancer cells and PDAC cells reduced cholesterol uptake
and tumor growth in mice with hyperlipidemia (Gallagher et al.,
2017; Guillaumond et al., 2015; Zhou et al., 2017). In addition,
LDLR expression is transcriptionally up-regulated by epidermal
growth factor receptor (EGFR) vIII mutant/PI3K-activated
SREBPI in glioblastoma (Guo et al., 2011). Loss of PTEN and
subsequent PI3K/AKT activation in prostate cancer cells largely
enhanced exogenous LDL uptake required for tumor growth
(Yue et al., 2014). These findings underscore that the LDLR-
mediated cholesterol uptake plays instrumental roles in the
proliferation of some types of cancer cells.

Lipogenesis

Lipogenesis in normal tissue is primarily restricted to hep-
atocytes and adipocytes. Nevertheless, cancer cells activate lip-
ogenesis in response to their high metabolic demand, even in the
presence of exogenous lipid sources, or to serum-derived lipid
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Figure 1. Cytoplasmic acetyl-CoA production
for lipid synthesis. Cytoplasmic acetyl-CoA is
produced from ACLY-catalyzed citrate and
ACSS-catalyzed acetate. Glucose and glutamine
contribute to citrate production from mito-
chondrial pyruvate oxidation in the TCA cycle
and reductive carboxylation, respectively. PDH,
pyruvate dehydrogenase; a-KG, a-ketoglutarate;
GLS, glutaminase; PM, plasma membrane.
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deficiency in the tumor microenvironment (Réhrig and Schulze,
2016). The main substrate for lipid synthesis is cytoplasmic
acetyl-CoA, which can be derived from citrate by ATP-citrate
lyase (ACLY) or acetate by acetyl-CoA synthetase (ACSS; Lietal.,
2017a). Carbons from glucose and glutamine contribute to citrate
production (Li et al., 2016b; Metallo et al., 2011; Fig. 1). Glucose-
derived pyruvate is converted to acetyl-CoA by pyruvate dehy-
drogenase followed by citrate synthase-mediated production of
citrate, which is then exported to cytosol from mitochondria by
mitochondrial citrate transport proteins. Glutamine is converted
to a-ketoglutarate mediated by cytosolic glutaminase 1 (GLS1) or
mitochondrial GLS2, which is followed by cytosolic isocitrate
dehydrogenase 1 (IDHI)- and mitochondrial IDH2-dependent
isocitrate and subsequent citrate production. Since both FA
and cholesterol are synthesized from acetyl-CoA through a se-
ries of reactions, acetyl-CoA levels are a key element for lipid
production (Fig. 2).

Acetyl-CoA-producing enzymes ACLY and ACSS

ACLY. ACLY catalyzes the conversion of citrate and CoA to
oxaloacetate and acetyl-CoA. By inhibition of ACLY, bem-
pedoic acid reduces patients’ LDL cholesterol levels (Giral,
2020), displaying a critical role of ACLY in lipogenesis. The
overexpression or enhanced activity of ACLY is correlated
with tumor progression in glioblastoma, colorectal cancer,
breast cancer, lung cancer, and hepatocellular carcinoma
(HCC). Decreased ACLY expression reduces tumor cell via-
bility and suppresses tumor cell proliferation, invasion, and
metastasis in various cancer types (Hatzivassiliou et al.,
2005; Khwairakpam et al., 2020).

ACLY, which is transcriptionally up-regulated by SREBP],
is allosterically activated by glycolytic intermediate fructose
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6-phosphate and inhibited by citrate at high concentrations via
homotropic allosteric regulation of ALCY. The citrate-dependent
inhibition is abolished by ACLY S455 phosphorylation by AKT or
protein kinase A (PKA; Berwick et al.,, 2002; Potapova et al.,
2000). Cullin3-KLHL25 ubiquitin ligase targets ACLY for deg-
radation and inhibits lipid synthesis and tumor progression
(zhang et al., 2016). Under high-glucose conditions, sirtuin-2
(SIRT2) deacetylase-promoted ACLY ubiquitylation and degra-
dation are inhibited by lysine acetyltransferase 2B (KAT2B, also
known as PCAF)-mediated acetylation at K540, K546, and K554.
This acetylation is increased in human lung cancers and pro-
motes lipogenesis and tumor growth (Lin et al., 2013). In addi-
tion, IKKB-phosphorylated ACLY binds to IKKB-phosphorylated
and stabilized ubiquitin-specific protease-30 (USP30), which
deubiquitinates and stabilizes ACLY in HCC cells (Gu et al.,
2020). In diethylnitrosamine (DEN)/CCls-induced liver tumors
in mice, USP30 deletion attenuated lipogenesis, inflammation,
and tumor growth (Gu et al., 2020).

In addition to participating in lipid metabolism in the cytosol,
nucleus-translocated ACLY generates acetyl-CoA for histone
acetylation and gene transcription regulation (Wellen et al.,
2009). In melanoma cells, ACLY enhances acetyltransferase
p300-dependent histone acetylation, thereby promoting PPARy
coactivator (PGC) la-mediated mitochondrial biogenesis for cell
proliferation (Guo et al., 2020). In PDAC, glioma, and prostate
cancer cells, growth factors or oncogenic K-Ras expression
promotes AKT-ACLY signaling, histone acetylation, cell prolif-
eration, and tumor growth (Carrer et al., 2019; Lee et al., 2014).
Following DNA damage, the ataxia telangiectasia mutated-AKT
axis-induced nuclear ACLY S455 phosphorylation promotes
histone acetylation at double-strand break sites, enabling BRCA1
recruitment and DNA repair by homologous recombination
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(Sivanand et al., 2017). Thus, ACLY-mediated acetyl-CoA pro-
duction plays critical roles in multiple cellular activities in both
the cytosol and nucleus.

ACSS2. ACSS produces acetyl-CoA via the ligation of acetate
and CoA. ACSS1 and ACSS3 are mitochondrial proteins, and
ACSS2 is localized in the cytoplasm and nucleus (Li et al., 2017b).
ACSS2, which is transcriptionally up-regulated by SREBP, is
expressed in a large proportion of human tumors and critical for
acetate catalyzation to sustain cancer cell growth, especially
under metabolic stress (Comerford et al., 2014; Luong et al.,
2000). Acetate can be converted from fructose by the gut mi-
crobiota, and depletion of the microbiota or silencing of hepatic
ACSS2 suppresses the conversion of bolus fructose into hepatic
acetyl-CoA and FAs (Jang et al., 2018; Zhao et al., 2020). In ad-
dition, ACSS2 depletion or deficiency largely inhibits tumor cell
growth and mouse tumor formation, highlighting a critical role
of acetate consumption in the production of lipid biomass for
tumor growth (Mashimo et al., 2014; Schug et al., 2015).

Limited amounts of oxygen, serum, or glucose increase the
nuclear localization of ACSS2 (Bulusu et al., 2017; Li et al., 2017a,
b). Glucose deprivation promotes 5’ AMP-activated protein ki-
nase (AMPK)-mediated ACSS2 S659 phosphorylation, resulting
in exposure of its nuclear localization signal for nuclear trans-
location in glioblastoma cells. In complexes with transcription
factor EB, ACSS2 activates lysosome- and autophagosome-
related genes by locally producing acetyl-CoA for histone H3
acetylation at the promoter regions of these genes by using the
acetate released from histone deacetylation, leading to lyso-
somal biogenesis and autophagy, cell survival, and brain tumor
growth (Li et al., 2017a, b). In addition, ACSS2 enhances the
expression and activation of liver X receptor (LXR)/retinoid X
receptor transcription factors to promote lipogenesis during
prolonged fasting (Huang et al., 2018). Analyses of human tu-
mor specimens showed that ACSS2 S659 phosphorylation was
positively correlated with glioma malignancy and poor survival
of patients with non-SCLC (NSCLC; Li et al., 2017b; Yang et al.,
2019), whereas high ACSS1/2 expression led to increased histone
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H3 acetylation and FA synthase (FASN) expression in HCC pa-
tients (Bulusu et al., 2017). These findings reveal dual roles of
ACSS2 in the direct involvement of de novo lipogenesis and the
epigenetic regulation of gene expression for promoting lysosomal
biogenesis, autophagy, and lipid metabolism.

FA biosynthesis enzymes

Acetyl-CoA carboxylase (ACC). ACC, the rate-limiting enzyme
for FA synthesis, catalyzes the carboxylation of acetyl-CoA to
malonyl-CoA (Fig. 2; Wei and Tong, 2015). Mammalian ACC has
two tissue-specific isoforms: ACC1 (also known as ACCa, en-
coded by ACACA) and ACC2 (also known as ACCB, encoded by
ACACB). ACCl is a cytosolic enzyme primarily expressed in lip-
ogenic tissues (liver and adipose tissues) and is critical for FA
synthesis. In contrast, ACC2 is embedded in mitochondrial outer
membrane and is mainly expressed in oxidative tissues (heart
and skeletal muscles), and ACC2-produced malonyl-CoA inhibits
carnitine palmitoyltransferase I (CPTL, also known as palmitoyl-
CoA transferase I, CAT1, or CCAT), which governs the rate-
limiting step of FA uptake and FAO by mitochondria (Luo
et al., 2012).

ACCl is highly expressed in a variety of human cancers, in-
cluding breast, prostate, liver, and gastric carcinoma, and the
ACACA gene is present in recurrent amplicons associated with
lowered survival of breast cancer patients (Chin et al., 2006; Luo
et al., 2012). ACCI depletion decreases FA synthesis and induces
the apoptosis of prostate and breast tumor cells but not non-
malignant cells (Brusselmans et al., 2005). ACCl is regulated at
the transcriptional level by SREBP and at the protein level by a
complex interplay of phosphorylation, the binding of allosteric
regulators, and protein-protein interactions (Koundouros and
Poulogiannis, 2020). AMPK phosphorylates ACCl S79 and
ACC2 S212 and inhibits their activities, whereas the expression
of ACC1/2 phosphorylation-dead mutants increases lipogenesis
and lesions in mouse liver and the proliferation of human liver
cancer cells (Ha et al., 1994; Lally et al., 2019). In addition, leptin
and TGFP signaling induce TGFp-activated kinase (TAK)
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1-AMPK-mediated ACCI inhibition, resulting in increased cel-
lular acetyl-CoA, Smad2 acetylation and activation, and breast
cancer cell invasion and metastasis. These results suggest that
fine-tuning ACCI activity is critical for balanced FA synthesis
and other cellular activities (Rios Garcia et al., 2017). ACC1 is
allosterically activated by citrate binding and inactivated by the
binding of palmitoyl-CoA and other fatty acyl-CoAs, as well as
the BRCAI C-terminal (BRCT) domains (Hunkeler et al., 2018).
Mutated BRCAI, which is associated with the predisposition to
inherited cancer, or insulin-like growth factor-1 (IGF-1) stim-
ulation disrupts the interaction between BRCAI and inactive
and phosphorylated ACC. Consequently, ACC is dephosphory-
lated and activated for FA synthesis (Koobotse et al., 2018;
Moreau et al., 2006). ACC stability can be increased by its in-
teraction with peptidyl-prolyl cis-trans isomerase PIN1 to in-
hibit its lysosomal degradation in prostate cancer cells and
with aldo-keto reductase family 1 B10 (AKRIB10) to inhibit its
ubiquitylation-dependent degradation in breast cancer cells (Ma
etal., 2008; Ueda et al., 2019). ACCI expression and subsequent de
novo FA synthesis can also be up-regulated by calcium/calmodu-
lin-dependent protein kinase kinase 2 (CAMKK2) expression in
prostate cancer cells, likely in a protein translation-dependent
manner (Penfold et al., 2018). ACC1 also forms a complex with
CPT1 and prevents its mitochondrial distribution under nutrient-
sufficient conditions. During metabolic stress, phosphorylated
ACC1 dissociates from CPT1, which translocates to the mitochon-
dria for FAO, thus maintaining HCC cell survival (Wang et al.,
2016).

ACC2 protein is highly expressed in laryngocarcinoma, and
ACC2 expression level is positively associated with clinical
cancer stage and a decreased 5-yr survival rate (Li et al., 2019a).
During nutrient abundance, prolyl hydroxylase domain protein
3 (PHD3) hydroxylates and activates ACC2, thereby repressing
FAO. In acute myeloid leukemia (AML), PHD3 expression is
dramatically decreased, contributing to a boost of FAO that
drives AML cell proliferation and disease severity (German
et al., 2016).

FASN. FASN condenses one molecule of acetyl-CoA and
seven malonyl-CoA molecules into the 16-carbon palmitate (C16:
0; Fig. 2). FASN overexpression and hyperactivity commonly
occur in many human epithelial cancers and their preneoplastic
lesions and are correlated with a higher risk of both cancer re-
currence and death (Menendez and Lupu, 2007). FASN ex-
pression has been shown to be stimulated by PTEN loss, steroid
hormones, and the activation of EGFR and ERBB2 in a manner
dependent on the activation of the PI3K-AKT and ERK1/2 sig-
naling cascades (Menendez and Lupu, 2007; Yang et al., 2002b).
Tumor-associated FASN overexpression is preferentially regu-
lated at the transcription level by SREBP1 (Rawson, 2003).
Posttranslational regulation of FASN was exhibited by its in-
teraction with androgen-regulated and overexpressed USP2a in
prostate cancer and USP30 in HCC cells, both of which deubi-
quitinate and stabilize FASN (Graner et al., 2004; Gu et al.,
2020). FASN can be acetylated by KAT8 and deacetylated by
HDAC3. FASN acetylation enhances its association with the
ubiquitin ligase TRIM21 for degradation and is frequently re-
duced in human HCC samples with up-regulated HDAC3
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expression (Lin et al., 2016). The tumor suppressor speckle-type
POZ protein is another ubiquitin ligase for FASN ubiquitylation.
The speckle-type POZ protein mutants commonly found in
prostate cancer cannot bind to FASN, thereby up-regulating
FASN expression and lipid accumulation in prostate cancer
cells (Gang et al., 2019). FASN stability is also regulated by its
SUMOylation, which protects FASN against proteasomal deg-
radation in breast cancer cells (Floris et al., 2020).

FASN inhibition decreases FA synthesis and induces
malonyl-CoA accumulation to inhibit CPT1-mediated FAO and
cause subsequent cell-cycle arrest and apoptosis of tumor cells
(Bandyopadhyay et al., 2006; Menendez and Lupu, 2007). FASN
inhibition alters membrane phospholipid composition, struc-
ture, and fluidity and lipid raft formation, thereby impairing the
correct localization and/or functioning of tyrosine kinase re-
ceptors, such as EGFR and ERBB2 (Menendez and Lupu, 2007).
FASN inhibition also dampens palmitate-dependent palmitoy-
lation and activation of plasma membrane- and mitochondria-
associated EGFR, resulting in EGFR ubiquitylation, abrogation of
EGFR activation-induced mitochondrial fusion, blunted tumor
growth, and increased sensitivity of cancer cells to EGFR in-
hibitors (Ali et al., 2018; Bollu et al., 2014). Overexpression of
FASN reduces the expression of the E-twenty six (ets)-DNA-
binding protein PEA3, a negative regulator of HER2 gene tran-
scription, and consequently increases HER2 mRNA expression
(Menendez et al., 2004; Xing et al., 2000). Although intrahepatic
cholangiocarcinoma showed insensitivity to FASN depletion, an
outcome likely attributed to the high expression of FA uptake-
related proteins and robust long-chain FA uptake in intrahepatic
cholangiocarcinoma cells, ablation of FASN significantly delayed
mouse HCC formation. Notably, FASN deficiency promoted
nuclear translocation and activation of SREBP2 for cholestero-
genesis. SREBP2 inhibition in combination with FASN ablation
completely prevented PTEN deficiency/c-Met-driven mouse
hepatocarcinogenesis (Che et al., 2020; Li et al., 2016a), high-
lighting the critical role of FASN-dependent FA synthesis and
SREBP2-mediated cholesterogenesis in HCC development.

Stearoyl-CoA desaturase (SCD). SCD (SCD1 and SCD5/hSCD2
in humans) is a rate-limiting enzyme in the ER that catalyzes the
formation of a double bond at position A9 in stearic acid (C18:0)
and, to a lesser extent, palmitic acid (C16:0), to generate the
monounsaturated FA (MUFA) oleic acid (C18:1) and palmitoleic
acid (C16:1), respectively (Snaebjornsson et al., 2020; Fig. 2).

SCD requires NADPH and oxygen to function, further ex-
plaining why, under hypoxic conditions, cancer cells rely more
on the exogenous supply of unsaturated FA-containing lipids.
When cells are deprived of exogenous lipids, the subsequent
SCD1 inhibition induced both ferroptosis and apoptosis. Inhibi-
tion of SCD1 decreases CoQ10, an endogenous membrane anti-
oxidant whose depletion has been linked to ferroptosis. A
concomitant decrease in unsaturated fatty acyl chains in the
phospholipids of membranes, including the ER membrane, and
an increase in long-chain saturated ceramides leads to the un-
folded protein response, ER stress, and apoptosis (Ackerman and
Simon, 2014; Tesfay et al., 2019). Inhibited desaturation impairs
mitochondrial respiration, which results in oxidative stress, and
decreases MUFA incorporation into cardiolipins, a specific class
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of lipids exclusive to the inner mitochondrial membrane that
bind cytochrome c and prevent its release from the membrane.
SCD inhibition coincides with increased cytochrome c release
and apoptosis (Peck and Schulze, 2016; Potze et al., 2016).

Activated EGFR in lung cancer cells phosphorylates SCD1 at
Y55 to stabilize SCD1 expression leading to increased MUFA
levels and lung tumor growth in mice (Zhang et al., 2017a). In
Burkitt’s lymphoma cells, overexpressed Myc induces the acti-
vation of ER stress sensor inositol-requiring enzyme 1 (IRE1) and
transcriptional factor X-box binding protein 1 (XBP1) and sub-
sequent SCD1 expression for maintaining ER homeostasis and
cell survival (Xie et al., 2018).

SCD1 overexpression was also found in HCC and predicts the
clinical response of HCC patients to sorafenib treatment and
shorter disease-free survival. Suppression of SCD1 forces liver
tumor-initiating cells to differentiate via the ER stress-induced
unfolded protein response, resulting in enhanced sensitivity to
sorafenib (Ma et al., 2017). SCDI silencing or inhibition in xen-
ograft mouse models also reduced formation of tumors derived
from human stomach, colon, lung, and prostate cancer cells
(Snaebjornsson et al., 2020), underscoring critical roles of SCD1
in tumor development.

Cholesterol biosynthesis enzymes

Mammalian 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase
(HMGCR). HMGCR, the rate-limiting enzyme of the mevalonate
pathway for cholesterol biosynthesis, is an ER-localized glyco-
protein and converts HMG-CoA to mevalonate (Fig. 2; Liscum
et al., 1985). The regulation of HMGCR is achieved at tran-
scriptional, posttranscriptional, translational, and posttransla-
tional levels. HMGCR gene transcription is activated by SREBP2,
whereas its mRNA translation can be blocked by unknown
mevalonate-derived nonsterol metabolites (Luo et al., 2020;
Nakanishi et al., 1988). In addition, HNRNPALI regulates the al-
ternative splicing of HMGCR to increase the expression of an
alternatively spliced HMGCR transcript lacking exon 13, which
exhibits diminished HMGCR activity (Yu et al., 2014). HMGCR
degradation can be induced by sterols, mostly oxysterols and
methylated sterols, and vitamin E family members 8-tocotrienol
and y-tocotrienol. Accumulated sterols in cells stimulate insulin-
induced gene (INSIG) protein binding to the sterol-sensing do-
main of HMGCR and subsequent HMGCR ubiquitylation and
degradation involving multiple ubiquitin ligases, the GP78
complex, TRC8 (also known as RNF139), and RNF145 (Luo et al.,
2020). Under hypoxic conditions, hypoxia-inducible factor-la
activates INSIG2 transcription to trigger HMGCR degradation
and inhibit cholesterol biosynthesis in the liver (Hwang et al.,
2017). AMPK phosphorylates HMGCR S872 and inhibits HMGCR-
dependent cholesterol biosynthesis (Clarke and Hardie, 1990; Sato
et al., 1993). SIRT1, which can be down-regulated by miR-34a, a
microRNA increased in nonalcoholic fatty liver disease, deacety-
lates and activates LKB1 and LKB1-AMPK signaling for HMGCR
inhibition (Min et al., 2012; Ruderman et al., 2010).

HMGCR expression is up-regulated in multiple types of
cancer, including gastric cancer, glioblastoma, and prostate
cancer. The overexpression of HMGCR promoted the growth
and migration of these cancer cells, while HMGCR knockdown
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inhibited tumorigenesis. HMGCR inhibition has been targeted
for treating solid and blood cancers and cancer with drug re-
sistance (Kong et al., 2018; Lee et al., 2018; Yang et al., 2020).
Intriguingly, lipophilic HMGCR inhibitor simvastatin treatment
reduced the mevalonate pathway-produced geranylgeranyl di-
phosphate, which is required for protein prenylation, and
the prenylation levels of the small guanosine triphosphatase
Rab5 in antigen-presenting cells, resulting in arrested en-
dosomal maturation, prolonged antigen retention, enhanced
antigen presentation, and antigen-specific antitumor im-
munity. In addition, simvastatin treatment robustly enhances
cancer vaccinations and synergizes with anti-PD-1 antibodies for
tumor treatment (Xia et al., 2018). These results highlight the
potential of the mevalonate pathway as a target for boosting
cancer immune therapy.

Squalene monooxygenase (SM). SM (encoded by SQLE), the
second rate-limiting ER-associated cholesterol biosynthesis en-
zyme downstream of HMGCR, converts nonsterol intermediate
squalene to 2,3(S)-oxidosqualene (Fig. 2). Similar to HMGCR,
SM is also a target of SREBP2 (Sharpe and Brown, 2013). SM has
a cholesterol-sensing domain (the first N-terminal 100 amino
acids, termed SM N100), which regulates the proteasomal
SM degradation in a cholesterol, but not INSIG-, 24,25-
dihydrolanosterol-, or side-chain oxysterol-dependent manner
(Chua et al., 2017; Gill et al., 2011; Padyana et al., 2019).
Cholesterol-accelerated SM degradation is mediated by E3 ligase
membrane-associated RING finger 6 (MARCHS6), which is con-
comitantly stabilized by the cholesterol-dependent inhibition of
MARCHS6 autoubiquitylation (Sharpe et al., 2019; Zelcer et al.,
2014). Squalene, as a feedforward factor for cholesterol syn-
thesis, directly binds to the N100 region, thereby reducing the
interaction of SM with and ubiquitination by MARCH6
(Yoshioka et al., 2020). In contrast to cholesterol, unsaturated
FAs, such as oleate, can stabilize SM by inhibiting MARCH6-
mediated degradation (Stevenson et al., 2014), thereby main-
taining cholesterol synthesis.

The SQLE locus has increased copy numbers in multiple
cancers, and its overexpression was detected in nonalcoholic
fatty liver disease-induced HCC and linked to radioresistance in
pancreatic cancer and progression or poor prognosis of breast
cancer, prostate cancer, colorectal cancer, and squamous lung
cancer (Brown et al., 2016; Cirmena et al., 2018; Liu et al., 2018).
In addition, the proliferation of SCLC cells is sensitive to SM
inhibition, which results not from cholesterol biosynthesis in-
hibition but from the toxic accumulation of the SM substrate
squalene (Mahoney et al., 2019). The loss of SM expression,
which has been found in anaplastic lymphoma kinase-positive
anaplastic large cell lymphoma cells, contributes to cholesterol
auxotrophy and renders these cells dependent on LDLR for
cholesterol uptake and tumor growth (Garcia-Bermudez et al.,
2019). These findings reveal distinct features of cholesterol
metabolism in different types of tumor.

Transcriptional regulation of lipogenesis

Lipogenesis is transcriptionally governed by SREBPs (Fig. 3), a
family of helix-loop-helix leucine zipper transcription factors
consisting of three isoforms: SREBPla and SREBPI1c encoded by
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Figure 3. Regulation of SREBP1/2 in cancer
cells. SREBP activity can be regulated at multiple
levels and at different subcellular localizations.
In the ER, sterols bind to SCAP and disrupt the
direct interaction between SCAP and COPII for
the SREBP ER exit. When sterol level decreases,
SCAP dissociates from INSIGs and facilitates the
incorporation of SCAP/SREBP into COPII-coated
vesicles. mTORC1 suppresses autophagy and
subsequent cholesterol trafficking from the ly-
sosome to the ER, leading to SREBP2 activation.
Long-chain unsaturated FAs inhibit SREBP acti-
vation through inhibition of ubiquitylation of
INSIG1. AKT-phosphorylated PCK1 phosphor-
ylates INSIG1/2 and disrupts the bindings of
oxysterols to INSIG1/2 for SREBP1/2 activation.
In addition, activated AMPK can phosphorylate
SREBP1/2 for their retention in the ER. EGFR
activation enhances N-glycosylation of SCAP,
triggering its dissociation from INSIGL. In the
Golgi, SREBP1/2 are cleaved by SIP and S2P,
releasing the transcriptionally active SREBP1/2.
HSP90 facilitates the SREBP-SCAP complex
transit from the ER to the Golgi. PAQR3 poten-
tiates SREBP processing in the Golgi, whereas
TAK1-mediated phosphorylation of SREBP1/2 in-
hibits SREBP. In the nucleus, truncated SREBP1/2
bind to SREs within the promoters of their target
genes. GSK3-phosphorylated SREBP1/2 under-
goes ubiquitylation and degradation, which can

the SREBFI gene, and SREBP2 encoded by the SREBF2 gene.
SREBP-Ic is ubiquitously expressed, whereas SREBP-1a is ex-
pressed in intestinal epithelium, the heart, and macrophages,
and SREBP2 is expressed in the liver and adipose tissue. SREBP1
mainly regulates the expression of FA synthesis genes and LDLR,
whereas SREBP2 preferentially controls cholesterol biosynthesis
gene expression (Horton et al., 2003; Im et al., 2011).

Inactive SREBPs reside in the ER membrane, where their
C-terminal domains interact with the WD-repeat domain in the
C terminus of SREBP cleavage-activating protein (SCAP; Gong
etal., 2015). The N-terminal domain of SCAP binds to INSIG1 and
INSIG2, forming an INSIG/SCAP/SREBP complex that retains
SREBPs in the ER (Yabe et al., 2002; Yang et al., 2002a). The
binding of coatomer II (COPII) to SCAP leads to the translocation
of the SCAP-SREBP complex from the ER to the Golgi, where
SREBPs are sequentially cleaved by membrane-bound site-
1 protease (SIP) and site-2 protease (S2P), releasing the tran-
scriptionally active N-terminal domains. Mature SREBPs then
translocate to the nucleus and bind as homodimers to SREs and
E-boxes within their target gene promoters (Nohturfft and
Zhang, 2009). SREBP activity can be regulated at multiple lev-
els and in different subcellular localizations, such as the ER,
Golgi, and nucleus.

Regulation of SREBPs in the ER. SREBP activation is regulated
by sterol fluctuations in the ER. Cholesterol binds to SCAP,
thereby disrupting the interaction between SCAP and COPII
and retaining SREBP in the ER (Shimano and Sato, 2017). Oxy-
sterols, such as 25-hydroxycholesterol, are much more potent
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be counteracted by acetylation of the ubiquity-
lated Lys residues of SREBP1/2. LD, lipid droplet.

than cholesterol in the SREBP’s ER retention by binding to IN-
SIGs and promoting INSIG binding to SCAP (Eberlé et al., 2004).
When the sterol level decreases, SCAP dissociates from INSIGs,
which facilitates the incorporation of SCAP/SREBP into COPII-
coated vesicles (Menendez and Lupu, 2007). p53 transcription-
ally induces the ATP-binding cassette transporter (ABCAL), a
cholesterol transporter gene. p53 loss or ABCAI ablation de-
creases the retrograde transportation of cholesterol from
the plasma membrane to the ER, thereby promoting SREBP2
maturation and mouse liver tumorigenesis (Moon et al., 2019).
ER-residing ACAT esterifies ER cholesterol with FAs to form
cholesteryl esters for the storage in lipid droplets, thereby
controlling ER cholesterol levels. Inhibition of ACAT accumu-
lates ER cholesterol, reduces lipid droplet formation, and sup-
presses glioblastoma growth and the aggressiveness of prostate
cancer cells by blocking SREBPI-regulated gene expression
(Geng et al., 2016; Yue et al., 2014).

mTORCI suppresses autophagy and maintains endosomal
recycling to the plasma membrane, thereby preventing
membrane-derived cholesterol from reaching lysosomes and
subsequent ER localization, leading to SREBP2 activation (Eid
et al,, 2017). Long-chain unsaturated FAs inhibit SREBP activa-
tion through interaction with ubiquitin regulatory X domain-
containing protein 8 (UBXDS). UBXDS binds to polyubiquitylated
INSIG], in turn recruiting the valosin-containing protein com-
plex, which facilitates INSIG1 degradation. Long-chain unsatu-
rated FAs induce the detachment of UBXD8 from INSIG], thereby
stabilizing INSIG1 (Lee et al., 2008; Lee et al., 2010).
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The INSIG/SCAP/SREBP complex can also be regulated in
lipid-independent manners. Receptor tyrosine kinase activation
and active K-RAS mutations in cancer cells induce AKT-
mediated phosphorylation of S90 of cytosolic phosphoenolpy-
ruvate carboxykinase 1 (PCK1), resulting in inhibition of the
gluconeogenic activity of PCK1 and its translocation to the ER,
where it acts as a protein kinase phosphorylating INSIG1 S207
and INSIG2 S151. Phosphorylated INSIGs reduce their binding to
oxysterols, thereby activating SREBP-dependent lipogenesis
for liver tumor formation. In addition, PCKl-mediated INSIG
phosphorylation is associated with poor HCC prognoses (Xu
et al., 2020). EGFR activation also leads to enhanced SCAP
N-glycosylation to trigger its dissociation from INSIGI to induce
lipogenesis and glioblastoma growth (Cheng et al., 2015). In
addition to regulation by the AKT-PCK1 axis, SREBPI activation
by AKT- and mTORCl-dependent or mTORCl-independent
mechanisms was revealed (Diivel et al., 2010; Guo et al., 2009;
Yecies et al., 2011). CREB-regulated transcription coactivator
2 (CRTC2) competes with the COPII complex subunit Sec23A to
interact with Sec314, thereby disrupting SREBPI transport, and
this inhibitory effect was attenuated by mTOR-mediated CRTC2
phosphorylation (Han et al., 2015). It was shown that insulin
signaling and AKT activation suppress INSIG2 expression by
promoting its mRNA decay (Yecies et al., 2011). In addition,
INSIG], but not INSIG2, is ubiquitinated by GP78 and degraded
upon sterol depletion (Lee et al., 2006). INSIG] degradation,
which is also induced in HCC cells in an AKT-mediated INSIG1
S207 phosphorylation-dependent manner, results in SREBP
activation-increased transcription of downstream genes, in-
cluding INSIGI itself (Shao and Espenshade, 2012; Xu et al.,
2020). The newly synthesized INSIG1 continues to be de-
graded until a sufficient amount of cholesterol is produced to
induce a conformational change of SCAP that enables INSIG1
binding in normal cells (Gong et al., 2006). However, switching
off SREBP activation by the feedback-produced cholesterol and
INSIG1 protein is disrupted by INSIG1 S207 phosphorylation in
tumor cells, and thus a high level of lipogenesis is maintained
(Xu et al., 2020). In contrast to AKT-mediated INSIG phospho-
rylation, activated AMPK phosphorylates SREBPs for their po-
tential retention in the ER, thereby suppressing lipogenesis in
HepG2 liver cancer cells (Li et al, 2011). In addition, the
SCAP-SREBP2-INSIG complex can be also retained in the ER
upon its binding to the LATS2 tumor suppressor, interaction
with ERLINs and RNF139 independent of ubiquitylation, or the
RNF145-dependent SCAP ubiquitylation that prevents COPII
binding (Aylon et al., 2016; Huber et al., 2013; Irisawa et al.,
2009; Zhang et al., 2017b). Mice harboring liver-specific Lats2
knockout spontaneously developed fatty liver disease in asso-
ciation with impaired p53 activation (Aylon et al., 2016),

Thus, the INSIG/SCAP/SREBP complex in the ER can be
regulated by sterol and FA fluctuations; posttranslational mod-
ifications of INSIG, SCAP, and SREBP; mRNA and protein sta-
bility of INSIG; and the protein interaction that affects the
binding of SCAP to COPII.

Regulation of SREBPs in the Golgi apparatus. Heat shock
protein 90 (HSP90) binds to and stabilizes the SREBP-SCAP
complex in both the ER and the Golgi and facilitates its transit to
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the Golgi, whereas HSP90 inhibition leads to proteasomal deg-
radation of the complex (Kuan et al., 2017). The Golgi-anchoring
protein progestin and adipoQ receptor 3 (PAQR3), which is
transcriptionally induced under cholesterol-depleting con-
ditions, interacts with SCAP and SREBP and tethers them to the
Golgi to potentiate SREBP processing and enhance lipid syn-
thesis (Xu et al., 2015). ER- or Golgi-localized SREBPs can be
phosphorylated and inhibited by TAK1 without blocking their
nuclear localization, and hepatic Takl deficiency causes steatosis
(Morioka et al., 2016).

Regulation of nuclear SREBPs. mTORCI promotes the nuclear
localization of mature SREBPI through the phosphorylation and
cytoplasmic retention of the phosphatidate phosphatase LPINI,
which, in its unphosphorylated state, inhibits SREBP1 by se-
questering it at the nuclear periphery (Peterson et al., 2011).
Nuclear SREBP can be degraded by the SCFFBXW? ubiquitin
ligase dependent on GSK3-mediated SREBP phosphorylation
(Sundqvist et al., 2005). This phosphorylation is prevented by
SREBPla R321 dimethylation by protein arginine methyltrans-
ferase 5 (PRMTS5), resulting in increased lipogenesis, accelerated
tumor cell proliferation, and poor prognosis for HCC patients
(Liu et al., 2016). The SREBP degradation can be also inhibited by
the acetylation of the ubiquitylated Lys residue by p300 and its
related protein CBP (Giandomenico et al., 2003), and this inhi-
bition can be abrogated by SIRT1 deacetylatase (Walker et al.,
2010). In addition, ERK-mediated phosphorylation of nuclear
SREBP2 at S432 and S455 enhances SREBP2 activity, whereas
SUMO-1-conjugating enzyme Ubc9-dependent SREBP SUMOy-
lation decreases its transcriptional activity (Hirano et al., 2003;
Kotzka et al., 2004).

The vicinity of the SRE motif of the promoter regions of
lipogenic genes, including SREBF2, contains binding sites for
transcription factors SP1 and/or NFY (Shimano and Sato, 2017).
SP1 or NFY interacts with SREBPs and coordinates the expres-
sion of a subset of SREBP target genes. Hepatocyte nuclear factor
4 (HNF4) and PGCIP up-regulate SREBP activity also via direct
binding (Lin et al., 2005; Misawa et al., 2003). Upon ER stress or
glucose deprivation, ATF6 interacts with SREBP2, resulting in
the recruitment of HDACI to the ATF6-SREBP2 complex and the
inhibition of SREBP2 (Zeng et al., 2004). Thus, the activity of
nuclear SREBPs can be regulated by phosphorylation, acetyla-
tion, ubiquitylation, and protein-protein interactions.

Transcriptional regulation of SREBPs and the roles of LXRs in
lipid homeostasis. The SREBFI and SREBF2 promoters each con-
tain an SRE for their own autoloop activation, which generates
positive feedback self-regulation upon SREBP activation (Shimano
and Sato, 2017). In addition, LXRa and LXRB form heterodimers
with retinoid X receptor and bind to conserved LXR response el-
ements in the promoters of SREBFI in the presence of different
nuclear oxysterols, which function as LXR ligands, to promote
lipid synthesis (Lin and Gustafsson, 2015; Repa et al., 2000). The
expression of SREBP2 can be inhibited by the binding of FOXO3 to
the SREBF2 promoter, leading to the recruitment of SIRT6 to de-
acetylate histone H3 (Tao et al., 2013). In addition to transcrip-
tional regulation, the negative regulation of SREBPs at the mRNA
level by miR-29, miR-185, and miR-342 has also been revealed
(Cheng et al., 2018).
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Figure 4. The FAO pathway. FAs are activated
to fatty acyl-CoA by fatty acyl-CoA synthetase.
On the outer mitochondrial membrane, fatty
acyl-CoA is converted to fatty acylcarnitine by
CPT1and shuttled into the mitochondrial matrix.
CPT2 on the matrix side of the inner membrane
then reconverts acylcarnitine to acyl-CoA, which
is cleaved into acetyl-CoA by a repeated four-
step cycle catalyzed sequentially by the activity
of acyl-CoA dehydrogenase, enoyl-CoA hydra-
tase, 3-hydroxyacyl CoA dehydrogenase, and
3-ketoacyl-CoA thiolase, resulting in the short-
ening of FAs by two carbons in each cycle. The
breakdown product acetyl-CoA enters the TCA
cycle, and the produced NADH and FADH2 are
coenzymes used in the electron transport chain
to generate ATP. CACT, carnitine/acylcarnitine
translocase; IMM, inner mitochondrial mem-
brane; OMM, outer mitochondrial membrane.

The role of LXRs in lipid metabolism in cancer cells is com-
plicated by the expression of their multiple downstream genes,
and LXR has been shown to exert positive or negative regulation
on the growth and survival of different tumor cells (Flaveny
et al., 2015; Guo et al., 2011). LXRs can reduce intracellular
cholesterol levels by enhancing cholesterol efflux mediated by
up-regulated ABCAI expression, and decreasing cholesterol up-
take mediated by increased expression of inducible degrader of
the LDLR (Idol), a ubiquitin ligase for LDLR degradation (Lin and
Gustafsson, 2015; Repa et al., 2000; Zelcer et al., 2009). In
contrast, in addition to activating SREBFI expression, LXRs can
increase lipogenesis by inducing FASN and SCD1 expression and
enhances glycolysis by inducing phosphofructokinase-2 (PFK2)
and glucokinase (GCK1) expression (Kim et al., 2009; Tao et al.,
2013; Zhao et al., 2012). Given that LXR activation also induces
the expression of cell cycle regulators and genes involved in
immune cell functions, studying LXR in cancer in intact tumor
immune microenvironments may elucidate more insightful
information.

Lipolysis and FAO

FAO allows the mitochondrial conversion of long-chain FAs into
acetyl-CoA, which enters the TCA cycle, and NADH and FADH?2,
which are coenzymes used in the electron transport chain
(Fig. 4). FAO occurs in peroxisomes when the FA chains are too
long to be oxidized in mitochondria. On the outer mitochondrial
membrane, fatty acyl-CoA is converted to fatty acylcarnitine by
CPT1, for which the isoforms CPT1A, CPT1B, and CPTIC are
predominantly expressed in the liver, muscle, and brain, re-
spectively. Carnitine/acylcarnitine translocase located on the
inner mitochondrial membrane shuttles acylcarnitine into the
mitochondrial matrix. CPT2 on the matrix side of the inner
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membrane reconverts acylcarnitine to acyl-CoA for being
cleaved into acetyl-CoA, which enters the TCA cycle to generate
ATP and malic enzyme-dependent NADPH (Fig. 4). In addition,
FAO-generated citrate can be exported to the cytoplasm for
NADPH production by IDH-mediated isocitrate oxidation.
NADPH is a reducing agent that supports biosynthesis and redox
homeostasis (Carracedo et al., 2013).

Many types of cancer, such as lung cancer with K-Ras mu-
tation, triple-negative breast cancer, and glioma, exhibit high
FAO activity (Carracedo et al., 2013; Padanad et al., 2016). Con-
sistently, the overexpression of various FAO pathway proteins,
including CPT1A, CPT1B, CPTIC, CPT-2, carnitine transporter
CT2, and acyl-CoA synthetase long-chain family member 3
(ACSL3), is found in multiple types of cancers, while some FAO
enzymes, such as CPT1A, are highly correlated with poor out-
comes patients with AML or ovarian cancer (Carracedo et al.,
2013). CPTIC, expressed normally in the brain, is up-regulated in
human lung tumors, depending on AMPK, and promotes FAO,
ATP production, and the resistance of tumor cells to energy
stress (Zaugg et al., 2011).

The most prominent transcriptional regulators of FAO are
PPARs (Poulsen et al.,, 2012). Promyelocytic leukemia protein,
which is overexpressed in triple-negative breast cancer, acti-
vates PPAR and FAO by reducing PGC-la acetylation (Carracedo
et al., 2012). Jumonji D3 (JMJD3) histone demethylase, interact-
ing with SIRTI and PPARa, decreases H3K27me3 at FAO genes
and thereby epigenetically activates the expression of these
genes (Seok et al., 2018). Acting as a transcription factor, HNF4
directly activates FAO genes and is required for the renewal of
intestinal stem cells (Chen et al., 2020). In breast cancer cells,
c-Myc/PGC-1B/ERRa signaling induces FAO enzyme expression
(Yan et al, 2017), and FAO inhibition blocked MYC-driven
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breast tumor growth in mice (Camarda et al., 2016). In addition,
mammary adipocyte-derived leptin up-regulates STAT3-
induced CPTIB expression and FAO activity in breast cancer
stem cells, which promotes cancer cell stemness and chemore-
sistance (Wang et al., 2018). Similar to CPT1 overexpression,
acyl-CoA-binding protein (also known as diazepam binding in-
hibitor [DBI]) is highly expressed in glioblastoma and binds to
acyl-CoAs to promote mitochondrial long-chain fatty acyl-CoA
accumulation, FAO, and tumor growth (Duman et al., 2019). As
the first and rate-limiting enzyme in FAO and a major producer
of H,0, in peroxisomes acyl-CoA oxidase 1 (ACOX1) exhibits
increased succinylation and activity due to the down-regulated
expression of SIRT5 desuccinylase, which enhances DNA dam-
age response to oxidative stress in HCC cells (Chen et al., 2018).
FAO can also be stimulated by the AMPK activation, which re-
duces ACC-produced malonyl CoA, an allosteric CPT1 inhibitor
(Jeon et al., 2012). CircACCl, an ACCl-derived circular RNA with
elevated expression in human colon cancer, regulates the as-
sembly and activation of the AMPK complex under metabolic
stress, thereby facilitating FAO and xenograft tumor growth (Li
et al., 2019b).

In addition to its role in ATP production and cell prolifera-
tion, FAO is critical for NADPH homeostasis, mitochondrial
function, and cell survival. FAO inhibition decreases NADPH
levels with correspondingly increased ROS levels and apoptosis
rates of glioma cells (Pike et al., 2011). During energy stress,
AMPK activation increases NADPH production through FAO and
inhibits NADPH consumption in FA synthesis, thereby inhibit-
ing lung cancer cell death (Jeon et al., 2012).

MCL-1, which is a BCL-2 family protein linked to a FAO sig-
nature in AML, interacts with very-long-chain acyl-CoA dehy-
drogenase and promotes long-chain FA B-oxidation (Escudero
et al., 2018). Truncated BH3 interacting domain death agonist,
a proapoptotic mitochondrial protein, decreases CPT-1 activity
and inhibits FAO, while overexpressed CPT-1 interacts with Bcl-2
and counteracts the effects exerted by BH3 interacting domain
death agonist on FAO. Inhibition of FAO promotes Bak and Bax
oligomerization, mitochondrial permeability transition, cy-
totoxic accumulation of long-chain FAs, ER stress, and sub-
sequent apoptosis (Giordano et al., 2005; Ma et al., 2018;
Samudio et al., 2010).

However, overly active FAO can be cytotoxic. In glioblastoma
cells, highly expressed diacylglycerol-acyltransferase 1 (DGAT1)
converts diacylglycerol and excessive fatty acyl CoA to trigly-
cerides, which are stored in lipid droplets. Inhibiting DGATI
resulted in excessive FAO and ROS production and apoptosis
(Cheng et al., 2020). DGAT1/2 depletion also increased saturated
toxic FAs in clear cell renal cell carcinoma cells and impaired
mouse tumor growth (Ackerman et al., 2018; Chitraju et al.,
2017). In obesity- and nonalcoholic steatohepatitis-driven
HCC, CPT2 down-regulation prevents lipotoxicity in HCC cells
and promotes liver tumorigenesis (Fujiwara et al., 2018). Thus,
dynamic and balanced control of FAO supports tumor cell
proliferation and survival by providing the needed ATP and
NADPH, eliminating potentially toxic lipids, inhibiting proa-
poptotic pathways, and producing the metabolic intermediates
required for anabolism.
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Targeting lipid metabolism for cancer treatment

The integrated and mutual regulation between oncogenic sig-
naling and lipid metabolism promotes cancer cell growth, sur-
vival, proliferation, migration, invasion, and metastasis. Lipid
metabolism in cancer cells and other cells in the tumor micro-
environment, including immune cells, adipocytes, endothelial
cells, and fibroblasts, is dynamically regulated and inter-
connected, and great efforts have been made to develop thera-
peutic drugs to intervene in lipid metabolism at different levels.
Numerous preclinical studies on many inhibitors of a variety of
lipid metabolism enzymes have been reported (Koundouros and
Poulogiannis, 2020; Ma et al., 2018; Rohrig and Schulze, 2016)
and will not be covered in detail here. Instead, advanced studies,
especially clinical trials, are discussed.

To target cholesterol synthesis, statin family drugs, such as
HMGCR inhibitors, are currently being tested as anticancer
agents in multiple clinical trials (Mullen et al., 2016). Some in-
consistent results were reported. Retrospective studies showed
that statin treatment prolonged the survival of patients with
multiple myeloma, colorectal cancer, and metastatic pancreatic
cancer cotreated with first-line chemotherapy (Abdel-Rahman,
2019; Branvall et al., 2020; Cardwell et al., 2014). In contrast,
randomized phase III trials in patients with SCLC, metastatic
colorectal cancer, HCC, or gastric cancer showed that addition of
pravastatin or simvastatin to standard chemotherapy offers no
additional benefit (Jouve et al., 2019; Kim et al., 2014; Lim et al.,
2015; Seckl et al., 2017). Notably, a phase II study revealed that
simvastatin in combination with the EGFR inhibitor gefitinib,
but not afatinib, resulted in higher tumor response rates and
longer progression-free survival than did EGFR inhibitor alone
in NSCLC patients (Han et al., 2011; Lee et al., 2017). It was
suggested that the lipophilic statin drugs more readily enter
extrahepatic cells, whereas hydrophilic statins are more hep-
atoselective (Duncan et al., 2006). In addition, clinical data in-
dicate that the anticancer effects of statins are both dose and
time dependent (Kim et al., 2014). Thus, identification of pre-
dictive biomarkers for patient stratification and selection of
appropriate statin type, dosage, and treatment durations
likely provide more definitive evaluations of statins as adjuvant
treatments.

Nelfinavir, an S2P inhibitor that has been used in HIV
treatment, was administered concurrently with chemo-
radiotherapy during early-phase clinal trials, and the results
showed encouraging antitumor activity and acceptable safety
in patients with NSCLC, inoperable pancreatic cancer, or
multiple myeloma, although the exact contribution of lipid
synthesis inhibition by nelfinavir to the anticancer effect
warrants further study (Das, 2019; Driessen et al., 2016; Rengan
et al., 2012; Wilson et al., 2016).

To target FA synthesis, the FASN inhibitor TVB-2640 is
currently being evaluated in phase II clinical trials as a single
agent in NSCLC with KRAS multination (NCT03808558), in
combination with paclitaxel and trastuzumab in triple-negative
breast cancer (NCT03179904), or with the anti-angiogenic drug
bevacizumab in high-grade astrocytoma (NCT03032484). Pre-
clinical animal studies showed that ACC inhibitors ND-646 and
ND-654 markedly suppressed growth of mouse lung tumor and
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rat HCC, respectively (Lally et al., 2019; Svensson et al., 2016). In
addition, the ACC inhibitor ND-630, originally developed for the
treatment of nonalcoholic steatohepatitis, is currently under-
going phase I testing as a cancer treatment (NCT02876796;
Snaebjornsson et al., 2020).

Given that lipid uptake and synthesis both contribute to lipid
resources in cancer cells, simple treatment strategies inhibiting
FA or cholesterol biosynthesis may be less effective due to the
compensation from dietary lipids. In addition, the dynamic FAO
regulation exerts critical roles in cancer progression. Thus, more
specific and combinational approaches for the intervention of
lipid uptake, synthesis, and lipolysis, such as FAO, are needed.
Tumor lipid metabolism in each patient can manifest unique
features and render profiles showing specific regulation with
distinct genetic fingerprints determined by genetic mutations
and epigenetic gene regulation in each type and subtype of
cancer. A rational combination of conventional chemotherapy
and/or radiation treatment with immunotherapy and targeted
therapies, including lipid metabolism-targeted approaches,
should be investigated for developing more efficient cancer
treatments that do not elicit drug resistance.

Conclusion and perspectives

Our current understanding of the aberrant regulation of lipid
metabolism in cancer indicates increased comprehension of the
metabolic wiring of cancer cells. Lipid metabolism in cancer cells
can be regulated not only through intracellular oncogenic sig-
naling but also by the input from the tumor microenvironment
composed of various types of cells, cytokines, growth factors,
DNA, RNA, and nutrients, including lipids. In turn, aberrant
lipid metabolism reroutes oncogenic signaling pathways in
cancer cells and affects neighboring normal cell populations
through secretory components, including lipids. This complex-
ity highlights the need for studying not only the lipid metabo-
lism network in cancer cells but also the interconnected
pathways in the tumor microenvironment and the effects of
interfering with lipid metabolism in the cells in the tumor mi-
croenvironment on tumor progression and treatment responses,
especially the antitumor immune and anti-angiogenesis re-
sponses. In addition, structural elucidation of oncogenic
signaling-induced and posttranslationally modified lipid en-
zymes, as well as lipid metabolism-regulating enzymes, will
facilitate the identification of specific interventions that target
aberrantly regulated, but not normal, lipid metabolism. Insight
into the tumor-specific regulation of lipid metabolism will re-
veal new and exciting therapeutic opportunities for cancer
elimination with minimal side effects.
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