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Abbreviations

4-HNE 4-Hydroxy-nonenal
ACC Acetyl-coenzyme A carboxylase
ACLY Adenosine triphosphate citrate lyase
ACSL3 Acyl-coenzyme A synthetase long- 

chain family member 3
ACSS2 Acyl-coenzyme A synthetase short- 

chain family member 2

AMPK Adenosine monophosphate- 
activated protein kinase

ATP Adenosine triphosphate
BMI Body mass index
BTA Benzene-tricarboxylate
CAV1 Caveolin 1
CD36 Cluster of differentiation 36 protein
CoA Coenzyme A
CPT1 Carnitine palmitoyltransferase 1
CTP Citrate transporter protein
DNA Deoxyribonucleic acid
DNLS De novo lipid synthesis
EMT Epithelial-mesenchymal transition
ERS Endoplasmic reticulum stress
FADH2 Flavin adenine dinucleotide
FAO Fatty acid oxidation
FAS Fatty acid synthase
FATP Fatty acid transport protein
GBM Glioblastoma multiforme
HCC Hepatocellular carcinoma
HFD High-fat diet
HIF-1α Hypoxia-inducible factor 1-alpha
HMGCR 3-Hydroxy-3-methylglutaryl-

coenzyme A reductase
IDH Isocitrate dehydrogenase
LD Lipid droplet
LDL Low-density lipoprotein
LPL Lipoprotein lipase
MAPK Mitogen-activated protein kinase
mTOR Mammalian target of rapamycin
mTORC1 Mammalian target of rapamycin 

complex 1

J. K. Park 
Icahn School of Medicine at Mount Sinai,  
New York, NY, USA 

N. J. Coffey 
National Institute on Alcohol Abuse and Alcoholism, 
National Institutes of Health, Bethesda, MD, USA 

A. Limoges 
Department of Biological Sciences, Columbia 
University, New York, NY, USA 

A. Le (*) 
Department of Pathology and Oncology, Johns 
Hopkins University School of Medicine,  
Baltimore, MD, USA 

Department of Chemical and Biomolecular 
Engineering, Johns Hopkins University Whiting 
School of Engineering, Baltimore, MD, USA
e-mail: annele@jhmi.edu

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65768-0_3&domain=pdf
https://doi.org/10.1007/978-3-030-65768-0_3#DOI
mailto:annele@jhmi.edu


40

NADH Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide 

phosphate
NSCLC Non-small cell lung cancer
PDAC Pancreatic ductal adenocarcinoma
PE Phosphatidylethanolamine
PIK3CA P h o s p h a t i d y l i n o s i t o l - 4 , 5 - 

bisphosphate 3-kinase catalytic sub-
unit alpha

PIP2 P h o s p h a t i d y l i n o s i t o l - 4 , 
5- bisphosphate

PTEN Phosphatase and tensin homolog
PUFA Polyunsaturated fatty acid
ROS Reactive oxygen species
SCD Stearoyl-coenzyme A desaturase
TCA Tricarboxylic acid
TG Triglyceride
TME Tumor microenvironment
TSC Tuberous sclerosis protein
ω-3/6 Omega-3/6 fatty acid

Key Points

• Fatty acid synthesis is upregulated in cancer.
• The mitochondrial citrate transporter protein 

(CTP) protects mitochondrial function in 
cancer.

• ATP citrate lyase (ACLY) is upregulated in 
cancer.

• Inhibiting acetyl-CoA carboxylase (ACC) has 
multifaceted effects on cancer.

• The first fatty acid synthase (FAS) inhibitor, 
TVB-2640, is in clinical trials for cancer.

• Markers such as cell type, oncogene muta-
tions, expression/activity of lipid synthesis 
enzymes, and metabolic profiles can be used 
to predict cancer cell sensitivity to lipid syn-
thesis inhibition.

• The tumor microenvironment influences the 
sensitivity of cancer cells to lipid synthesis 
inhibitors.

• The efficacy of inhibiting cholesterol synthe-
sis with adjuvant statins is variable.

• Fatty acid uptake is associated with 
metastasis.

• Targeting fatty acid oxidation (FAO) for can-
cer therapy may be achieved by inhibiting car-
nitine palmitoyltransferase 1.

• Carnitine palmitoyltransferase 1 (CPT1) 
inhibitors are now in clinical trials for cancer 
treatment.

• FAO occurs at peroxisomes, where peroxi-
some proliferator-activated receptors (PPARs) 
act as ligand-activated transcription factors.

1  Introduction

The study of cancer cell metabolism has tradition-
ally focused on glycolysis and glutaminolysis. 
However, lipidomic technologies have matured 
considerably over the last decade and broadened 
our understanding of how lipid metabolism is rel-
evant to cancer biology [1–3]. Studies now sug-
gest that the reprogramming of cellular lipid 
metabolism contributes directly to malignant 
transformation and progression [4, 5]. For exam-
ple, de novo lipid synthesis can supply proliferat-
ing tumor cells with phospholipid components 
that comprise the plasma and organelle mem-
branes of new daughter cells [6, 7]. Moreover, the 
upregulation of mitochondrial β-oxidation can 
support tumor cell energetics and redox homeo-
stasis [8], while lipid-derived messengers can 
regulate major signaling pathways or coordinate 
immunosuppressive mechanisms [9–11]. Lipid 
metabolism has, therefore, become implicated in 
a variety of oncogenic processes, including meta-
static colonization, drug resistance, and cell dif-
ferentiation [10, 12–16]. However, whether we 
can safely and effectively modulate the underly-
ing mechanisms of lipid metabolism for cancer 
therapy is still an open question.

As discussed in previous chapters, inter- and 
intra-tumoral heterogeneities are major causes of 
treatment failure in clinical oncology because 
tumor subclones with either intrinsic or acquired 
resistance to therapy can be selected by Darwinian 
mechanisms and allowed to drive disease relapse 
[17–20]. An alarming number of parameters seem 
to be capable of inducing this diversity, including 
(epi)genetic lesions, microenvironmental con-
straints, stromal interactions, and treatment effects 
[21–23]. Perhaps unsurprisingly then, transla-
tional strategies targeting lipid metabolism have 
reported mixed or even diverging responses in 
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preclinical models of cancer. These results hint at 
differential tumor cell dependencies on lipids, but 
we are far from understanding the extent to which 
this heterogeneity arises. Moreover, how this 
 nonuniformity of lipid metabolism undermines 
patient treatment is unclear. To better understand 
the clinical potential of this emerging discipline, 
we will have to address both the spatial and 
 temporal heterogeneities of cellular lipid 
metabolism.

Here, we provide a brief synopsis of novel 
findings on the lipid metabolism of cancer cells, 
with an emphasis on heterogeneity across and/or 
within tumors. Given the rapid pace of this field, 
we focus on central pathways involving fatty acid 
synthesis, uptake, and oxidation.

2  Fatty Acid Synthesis Is 
Upregulated in Cancer

Endogenous fatty acid synthesis is frequently 
upregulated in cancer because fatty acids can 
serve as substrates to produce lipid signaling 
molecules, modify protein functions through lipi-
dation, synthesize phospholipids for cell mem-
branes, or store energy as triglycerides. The 
primary source of carbons for fatty acid synthesis 
in cancer cells comes from glucose. Glucose car-
bon is incorporated into acetyl-CoA, which then 
forms citrate in the mitochondria. The mitochon-
drial citrate transporter protein (CTP) carries 
citrate from the mitochondria to the cytosol. ATP 
citrate lyase (ACLY), a key enzyme of de novo 
fatty acid synthesis (DNLS), cleaves cytosolic 
citrate into acetyl-CoA and oxaloacetate. 
Cytosolic acetyl- CoA is used to form fatty acids. 
Hence, the localization of acetyl-CoA within a 
cell can determine its metabolic fate.

2.1  The Mitochondrial Citrate 
Transporter Protein (CTP) 
Protects Mitochondrial 
Function in Cancer

The Avantaggiati research group has extensively 
studied the mitochondrial citrate transporter 

protein (CTP) and demonstrated that CTP plays 
an important role in preventing mitochondrial 
damage and preserving its function, such as in 
cellular bioenergetics [24]. The inhibition of 
CTP resulted in anti-tumorigenesis in  vivo. 
Although the authors observed a decrease in 
fatty acid synthesis from glucose due to the sup-
pression of CTP-dependent transport of citrate 
by a benzene- tricarboxylate analog (BTA), they 
believe that this effect only played a partial role 
in tumor reduction because the total FA levels 
were not drastically affected. Moreover, CTP 
levels were associated with cancer aggressive-
ness [24].

2.2  ATP Citrate Lyase (ACLY) Is 
Upregulated in Cancer

ATP citrate lyase (ACLY) is found to be elevated 
in many types of cancers, including breast [25], 
lung [26], liver [27], and bladder cancers [28]. 
Migita et al. found that ACLY expression is sig-
nificantly higher in human lung adenocarcinoma 
samples as compared to normal lung tissue. It 
also correlated with stage, differentiation grade, 
and a poorer prognosis. ACLY inhibition arrested 
lung cancer cell growth in  vitro and in  vivo. 
ACLY knockdown compromised de novo lipo-
genesis, but intracellular lipids were increased, 
suggesting alternative mechanisms of lipid accu-
mulation [26]. A study by Schlichtholz et al. sim-
ilarly demonstrated upregulations of ACLY, 
glucose 6-phosphate dehydrogenase, 6-phospho-
gluconate dehydrogenase, and citrate synthase, 
which are enzymes involved in fatty acid synthe-
sis, in bladder cancer [28].

2.3  Multifaceted Effects 
of Inhibiting Acetyl-CoA 
Carboxylase (ACC) in Cancer

After ACLY produces cytosolic acetyl-CoA, the 
enzyme acetyl-CoA carboxylase (ACC) irrevers-
ibly converts acetyl-CoA into malonyl- CoA. 
Malonyl-CoA is required for fatty acid synthesis 
and elongation and negatively regulates 
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β-oxidation of long-chain fatty acids by inhibit-
ing the enzyme carnitine palmitoyltransferase 1 
(CPT1) [29]. ACC exists as two isozymes 
(ACC1/2, genes ACACA/B) [30]. ACC1 is prefer-
entially expressed in lipogenic cells, such as adi-
pocytes [30]. The two ACC isozymes catalyze 
the same reaction, and one can compensate for 
the loss of function of another as malonyl-CoA 
levels only decrease in hepatocytes if both ACC1 
and ACC2 are inhibited [31]. This demonstrates 
that inhibiting both ACC1 and ACC2 isozymes 
may be more efficacious than inhibiting either 
isozyme alone for the treatment of cancer. ACC is 
now receiving greater attention as a therapeutic 
target against cancer because the formation of 
malonyl-CoA catalyzed by ACC is the rate- 
limiting step of fatty acid synthesis.

The expression of ACC1 is highly enriched in 
breast [32], prostate [33], liver [34], and renal 
cancers [35]. The expression of ACC1 also 
increases with tumor grade in liver cancer, and its 
overexpression increases liver cancer cell viabil-
ity while decreasing apoptosis [34, 36]. ACC1 
expression is also prognostic for some cancers. 
High expression of ACC1 is correlated with 
worse survival in renal cancer [35]. Inhibition of 
ACC1 with siRNA reduced cell viability in breast 
[37] and liver cancers [36]. Furthermore, simulta-
neous inhibition of both ACC1 and ACC2 with a 
small chemical molecule or siRNA reduced 
tumor growth in the prostate [38], brain [39], and 
pancreatic cancers [40].

While ACC inhibition appears to arrest the 
growth of certain cancer types, it has paradoxi-
cally been shown to promote breast cancer 
invasion and metastasis by promoting epithe-
lial-to-mesenchymal transition (EMT) [41]. 
ACC-deficient hepatocytes are also more sus-
ceptible to diethylnitrosamine-induced hepato-
cellular carcinoma. ACC-deficient mice 
exhibited a reduction in hepatic lipogenesis, a 
decrease in glutathione, and an increase in 
NADPH [34]. Collectively, these preclinical 
studies demonstrate the duality of ACC inhibi-
tion: it could attenuate tumor growth in some 
cancer types, but it could also contribute to car-
cinogenesis or promote metastasis in others.

Long-term regulation of ACC occurs at the 
level of transcription, while short-term regulation 
of ACC occurs through allosteric binding and 
reversible phosphorylation. Short-term regula-
tion allows ACC activity to rapidly adapt to the 
microenvironment. For instance, AMP-activated 
protein kinase (AMPK) can inactivate ACC via 
phosphorylation (p-ACC). Metformin is a widely 
prescribed first-line treatment for type 2 diabetes 
that activates AMPK. Preclinical studies in mice 
have demonstrated that metformin can reduce 
cancer growth, in part by increasing p-ACC lev-
els [42, 43]. There are currently hundreds of clin-
ical trials investigating whether metformin can be 
repurposed to treat cancer as an adjuvant mono-
therapy or in combination with other drugs. 
However, a potential adverse effect of metformin 
may be an increase in the metastasis of certain 
cancer types, given that both metastatic breast 
and lung tumors have increased levels of p-ACC1 
[41]. Protein phosphatase 2A (PP2A) can reacti-
vate p-ACC by dephosphorylation. The tumor 
suppressor known as breast cancer susceptibility 
gene 1 (BRCA1), which is deactivated primarily 
in breast and ovarian cancers, prevents dephos-
phorylation of p-ACC [44]. Cancers with loss-of- 
function mutations in BRCA1 have increased 
ACC activity due to less phosphorylation of ACC 
and thus may be more susceptible to ACC inhibi-
tion [44, 45].

2.4  The First Fatty Acid Synthase 
(FAS) Inhibitor TVB-2640 Is 
in Clinical Trials for Cancer

A large number of studies have now documented 
an increase in the expressions of lipogenic 
enzymes across several cancers. For instance, 
Szutowicz et  al. revealed that the activity of 
citrate lyase, an important enzyme in lipogenesis, 
is elevated in breast carcinoma and fibrocystic 
disease compared to healthy breast tissue [25]. 
As such, it is reasonable that key enzymes 
involved in de novo fatty acid synthesis could be 
potential targets for cancer therapy. One such 
enzyme is fatty acid synthase (FAS) encoded by 
the FASN gene [46].
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FAS is a multienzyme protein complex that 
catalyzes the final reactions converting malonyl- 
CoA and acetyl-CoA into a saturated long-chain 
fatty acid composed of 16 carbons known as pal-
mitic acid. Palmitic acid can be used as a precur-
sor to produce lipid signaling molecules, modify 
protein functions through palmitoylation, store 
energy as triglycerides, or form structural lipids 
for cell membranes. NADPH is the reducing 
agent for fatty acid synthesis, and 14 molecules of 
NADPH are used to synthesize each molecule of 
palmitic acid starting with acetyl-CoA. The pen-
tose phosphate pathway (PPP) generates NADPH 
through the oxidation of glucose into pentose 
sugars and ribulose- 5- phosphate. Overexpression 
of FASN is usually accompanied by the overex-
pression of enzymes in the PPP to supply NADPH 
for fatty acid synthesis. Increased expression of 
FAS and PPP enzymes is associated with worse 
survival in renal and breast cancers [35, 47]. 
Increased FAS expression is also associated with 
tumor grade in prostate cancer [48]. Inhibition of 
FAS reduces cell proliferation and increases cell 
death in human breast [37, 43], prostate [49], and 
colon cancers [50]. FAS inhibitors can also be 
used in combination with chemotherapy taxane to 
improve anticancer efficacy [51]. Colorectal can-
cer metastasis is also mitigated by FAS inhibition 
in mice [50]. While inhibition of FAS reduces 
tumor growth and metastasis in most cancers, it 
has also been demonstrated to reduce survival 
rates in mice with lung cancer by increasing 
metastasis [52], demonstrating how FAS inhibi-
tion can sometimes worsen cancer outcomes as 
seen with ACC inhibition.

The FAS inhibitor TVB-2640 has been tested 
on cancer patients in clinical trials (Clinical Trial 
ID: NCT02223247). Inhibiting FAS did not result 
in severe side effects, and all of the mild side 
effects were reversible after discontinuation [53]. 
Moreover, side effects were not worsened by its 
combined application with the chemotherapy 
drug paclitaxel [53]. Monotherapy with TVB- 
2640 stabilized cancer progression in three out of 
six patients with KRAS-driven non-small cell 
lung cancer (NSCLC) [53]. There are now two 
clinical trials (phase II) testing the efficacy of 
TVB-2640  in combination with additional che-

motherapy drugs for HER2+ breast cancer 
(Clinical Trial ID: NCT03179904) and astrocy-
toma (Clinical Trial ID: NCT03032484). The 
third clinical trial is a phase I study investigating 
the pharmacodynamic effects of TVB-2640  in 
patients who require surgery for colon cancer 
(Clinical Trial ID: NCT02980029).

2.5  Which Markers Can Predict 
Cancer Cell Sensitivity to Lipid 
Synthesis Inhibition?

Phosphatidylinositol (3,4,5)-trisphosphate (PIP3) 
is produced by phosphoinositide 3-kinase (PI3K) 
activation, which is mutated in many types of 
cancers [54–56]. PI3K, which is a key regulator 
of phosphoinositide metabolisms, is considered a 
potential target in preclinical and clinical settings 
to suppress advanced solid tumors, including 
malignant glioma, NSCLC, and breast cancer 
[57] (NCT00485719, NCT00777699, 
NCT00704080, NCT00907205, NCT00600275, 
NCT00876109, and NCT00726583).

Two highly studied intracellular signaling 
pathways that oncogenes activate to drive tumori-
genesis and increase expression of lipid synthesis 
enzymes are the PI3K/Akt/mammalian target of 
rapamycin (mTOR) pathway and the 
RAS/mitogen-activated protein kinase (MAPK) 
pathway [58, 59]. Constitutive activation of the 
PI3K/Akt/mTOR pathway results from activation 
of receptor tyrosine kinases (RTKs), loss-of- 
function mutations in the tumor suppressors phos-
phatase and tensin homolog (PTEN) and tuberous 
sclerosis protein (TSC), or gain-of-function muta-
tions in phosphatidylinositol-4,5- bisphosphate 
3-kinase catalytic subunit alpha (PIK3CA) and 
AKT1 [60]. The RAS oncogene family including 
HRAS, KRAS, and NRAS can also activate the 
PI3K/Akt/mTOR pathway [61]. Cancer cells that 
are driven by the overactivation of the PI3K or 
RAS pathways are more susceptible to inhibitors 
that target lipid synthesis than cancers that are 
driven by pathways not associated with lipid syn-
thesis regulation [62, 63]. Inhibitors of ACLY, 
ACC, and FAS have been shown to be efficacious 
in cancers with PI3K and RAS pathways [64–67]. 
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Cancer cells that overactivate RTKs, such as epi-
dermal growth factor receptor (EGFR, also known 
as HER) family members 1–4 and c-MET [68–
70], are also sensitive to lipid synthesis inhibition 
because these RTKs activate PI3K and RAS path-
ways. ACLY and ACC inhibitions are efficacious 
in HER1- and HER2-driven cancers [39, 66, 71–
73], and FAS inhibition is efficacious in HER1-, 
HER2-, and c-MET-driven cancers [68, 74, 75]. 
Additional oncogenic signaling pathways that 
may be susceptible to FAS inhibition are MYC, 
beta-catenin, and steroid-responsive tumors 
because FAS inhibition downregulates these path-
ways [64, 76, 77]. Cancers with a loss of function 
in BRCA1 and p53 are also sensitive to FAS and 
ACC inhibition [45, 67, 78]. Preclinical studies 
testing ACLY, ACC, and FAS inhibitors may 
reveal the oncogenes and RTKs that confer sus-
ceptibility to DNLS inhibition and guide the 
design of future clinical trials. To date, several 
mTOR/PI3K inhibitors, such as idelalisib, copan-
lisib, rapamycin, temsirolimus, everolimus, and 
ridaforolimus, have been approved by the FDA.

Nevertheless, not all cancers with oncogene- 
mediated overactivation of RAS and PI3K path-
ways appear to be susceptible to lipid synthesis 
inhibition. For instance, KRAS mutations corre-
lated with FAS inhibition sensitivity in lung can-
cer cell lines but not in colon cancer cell lines 
[64], which demonstrates that cancer cell sus-
ceptibility to lipid synthesis inhibition is not 
always driven by oncogenes. In other studies, 
oncogenes conferred resistance to FAS inhibi-
tion. Hepatocytes that are transformed into 
malignant cancer cells by the overactivation of 
c-MET and Akt are susceptible to FAS inhibi-
tion, but hepatocytes that are transformed by the 
overactivation of c-MET and Wnt/beta-catenin 
signaling are unresponsive to FAS inhibition 
[63]. The c-MET/beta-catenin-driven cancer 
cells may be unresponsive because beta-catenin 
activation in hepatocytes reduces FAS expres-
sion and lipid synthesis [63, 79, 80]. Interestingly, 
while beta- catenin decreases lipid synthesis in 
hepatocytes, beta-catenin signaling can increase 

lipid synthesis in B-cell lymphoma. Beta-
catenin-driven B-cell lymphoma is susceptible 
to FAS inhibition [81]. This demonstrates that 
cancer cell type is relevant to determining sus-
ceptibility to FAS inhibition since oncogenic 
signaling pathways can result in different pheno-
types depending on the cell type. In order for 
oncogenes to be reliable markers of lipid synthe-
sis inhibition sensitivity, it will be important to 
consider the cell type of the cancer being 
discussed.

Of note, protein expression or enzyme activity 
may be better predictors of susceptibility to lipid 
synthesis inhibitors than genetic markers. For 
example, mRNA expression of ACLY, ACC, and 
FAS may not correlate with protein expression 
and activity [64, 82]. Increased expression of 
FAS and ACC at the protein level can occur with-
out an increase in mRNA expression by increased 
translation of FAS and ACC mRNA via mTOR 
signaling [82].

Metabolic profiling may be a valuable method 
for determining susceptibility to FAS inhibition. 
One study examined 38 pancreatic cancer cell 
lines and classified them as lipogenic or glyco-
lytic depending on their metabolic profile, which 
was determined by the amount of lipogenic or 
glycolytic metabolites [83]. Glycolytic cancer 
cells were significantly more susceptible to gly-
colytic inhibitors than those that were lipogenic. 
However, lipogenic cancer cells were not signifi-
cantly more susceptible to lipogenic inhibitors, 
such as FAS inhibitors, than glycolytic cancer 
cells [83]. Only half of the lipogenic cancer cell 
lines were sensitive to FAS inhibition, suggesting 
that broad lipogenic profiling is not an accurate 
predictor of susceptibility to FAS inhibition. 
While no single marker is able to definitively pre-
dict which cancers are susceptible to lipid syn-
thesis inhibition, using a combination of markers, 
such as cell type, oncogene mutations, expres-
sion/activity of lipid synthesis enzymes, and met-
abolic profiles, may provide a reliable means to 
identify cancers that are sensitive to lipid synthe-
sis inhibitors.
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2.6  Tumor Microenvironment 
Influences the Sensitivity 
of Cancer Cells to Lipid 
Synthesis Inhibitors

As mentioned in the chapter “Different Tumor 
Microenvironments Lead to Different Metabolic 
Phenotypes,” TCA cycle activity is reduced under 
hypoxic conditions, which results in reduced 
citrate and acetyl-CoA production. However, 
cancer cells manage to generate acetyl-CoA for 
fatty acid synthesis by different mechanisms, 
including reliance on glutamine for citrate syn-
thesis and acetate for acetyl-CoA via acetyl-CoA 
synthetase (ACSS2). Evidence suggests that 
ACSS2 expression can be increased to maintain 
growth under microenvironmental stress, such as 
hypoxia [84].

Bensaad et  al. showed that while DNLS is 
repressed in hypoxia, lipid droplet accumulation 
and expression of fatty acid uptake proteins, such 
as fatty acid-binding protein 3 and 7 (FABP3 and 
FABP7), are induced by hypoxia-inducible factor 
1-alpha (HIF-1α). Lipid synthesis was restored in 
cancer cells after reoxygenation or the removal of 
antiangiogenic therapy [85]. Other studies have 
corroborated that hypoxic tumor cells may be 
extraordinarily dependent on fatty acid uptake 
compared to those in normoxia [86, 87]. However, 
this can be differentially driven by oncogenic 
mammalian target of rapamycin complex 1 
(mTORC1), RAS, and/or HIF-1α signaling [85–
87]. Moreover, triple-negative breast cancer is 
reliant on lipid droplet-derived substrates for 
β-oxidation and ATP generation after hypoxia- 
reoxygenation, whereas glioblastoma multiforme 
(GBM) is more dependent on glycolytic path-
ways [85]. This implies that FA uptake is not a 
universal feature of hypoxic cancer cells; there-
fore, inhibiting FA uptake may be a strategy for 
targeting tumor cells in hypoxic microenviron-
ments for certain types of cancers but not others.

The availability of metabolic nutrients can 
also greatly impact the susceptibility of cancer 
cells to inhibition of DNLS. FAS expression was 
observed to be the highest at the edge of tumors, 
suggesting that DNLS is preferred in cancer cells 
that are vascularized and have access to oxygen 

and glucose [88]. Tumors in low-lipid environ-
ments increase de novo fatty acid synthesis and 
thus may demonstrate increased sensitivity to 
FAS inhibition. The fact that lipoprotein supple-
mentation can override DNLS inhibition empha-
sizes the importance of nutrient availability and, 
again, the role of exogenous lipid uptake [89, 90]. 
The availability of glucose for glucose-dependent 
lipogenesis is also important for cancer cell sen-
sitivity to ACLY inhibitors. Low-glucose envi-
ronments result in cancer cells that are less 
susceptible to ACLY inhibition because cancer 
cells can use acetate instead of citrate to produce 
acetyl-CoA for DNLS [90, 91].

3  Targeting Fatty Acid 
Elongation

Once palmitic acid is produced by de novo lipid 
synthesis, it can be modified by having its fatty 
acid chain elongated. Elongation of fatty acids is 
important for creating lipid precursors that are 
involved in cellular signaling and for producing 
phospholipids of cell membranes. Fatty acids that 
consist of 16 carbons or more, such as palmitic 
acid, are elongated in the smooth endoplasmic 
reticulum, while fatty acids consisting of fewer 
than 16 carbons are elongated in the mitochon-
dria. Elongation of fatty acids in the smooth 
endoplasmic reticulum is regulated by four 
enzymes. These enzymes elongate fatty acids by 
using malonyl-CoA.  The first step is the rate- 
determining reaction regulated by the enzyme 
β-ketoacyl-CoA synthase (elongase). There are 
seven types of elongases in humans, known as 
ELOVL1–7. ELOVL7 was identified to be over-
expressed in prostate cancer, and feeding mice a 
diet high in long- and very-long-chain fatty acids 
increased the growth of ELOVL7-expressing 
tumor cells [92]. Meanwhile, inhibiting ELOVL7 
with siRNA attenuated prostate cancer growth 
[92]. ELOVL1 is another elongase implicated in 
cancer growth. ELOVL1 was observed to be 
overexpressed in breast cancer, and inhibition of 
ELOVL1 with siRNA reduced breast cancer cell 
viability in some cell lines [37].
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While inhibiting elongases appears to be a 
therapeutic strategy for cancer treatment, inhibit-
ing ACC1 as described previously may be more 
promising because ACC1 inhibition reduces both 
fatty acid synthesis and fatty acid elongation, 
while elongase inhibition only targets elongation. 
ACC1 inhibition can reduce fatty acid elongation 
by decreasing the availability of malonyl-CoA 
[93]. This is suggested by a study in which silenc-
ing of ELOVL1 with a silencing efficiency of 
70–80% decreased cell viability by greater than 
50% in one breast cancer cell line while silencing 
of ACC1 with a lower silencing efficiency of 
30% decreased cell viability by greater than 50% 
in two breast cancer cell lines [37]. Neoadjuvant 
chemotherapy-resistant breast cancer has been 
associated with increased expression of fatty acid 
elongation proteins in the mitochondria [94]. 
Whether inhibiting mitochondrial fatty acid elon-
gation is a potential therapeutic strategy against 
cancer remains to be determined.

4  The Efficacy of Inhibiting 
Cholesterol Synthesis 
with Adjuvant Statins Is 
Variable

Another anabolic pathway associated with lipid 
metabolism is the mevalonate pathway, which 
synthesizes cholesterol. Cholesterol is a major 
component of cell membranes, influencing mem-
brane fluidity, and function. It also forms 
detergent- resistant microdomains called lipid 
rafts that coordinate the activation of signal trans-
duction pathways. The enzyme 3-hydroxy- 3-
methylglutaryl-CoA reductase (HMGCR) 
catalyzes the rate-limiting step of cholesterol 
synthesis. Increased expression of HMGCR and 
other cholesterol synthesis enzymes is associated 
with reduced survival rates in breast cancer [95]. 
HMGCR is the target of a class of cholesterol- 
lowering drugs called statins. Numerous epide-
miological studies have demonstrated that 
patients who use statins have a reduced risk of 
cancer and cancer mortality [96–98]. This has 
raised the question as to whether statins can 
improve treatment outcomes in cancer patients. 

There are many clinical trials currently investi-
gating whether statins can be prescribed to reduce 
the progression of cancer.

Results from preclinical studies suggest that 
the efficacy of statins can be predicted based on 
the status of gene expression, such as that of 
HMGCR [99]. Breast cancer cells with overactive 
HER2 are also sensitive to statins because of 
HER2 signals through the RAS pathway [100]. 
On the other hand, estrogen receptor-positive 
breast cancer cells appear to be less responsive to 
statins. MYC is another transcription factor that 
regulates cholesterol synthesis. Cancers with 
overactive MYC have been observed with 
increased expression of HMGCR and sensitivity 
to statins [101, 102]. Statins have also been shown 
to reduce metastasis in colon and ovarian cancer 
and selectively induce apoptosis in cancer cells 
[103, 104]. Along with monotherapy of statins 
being efficacious in preclinical studies, statins are 
also efficacious in combination therapy by 
increasing sensitivity to radiation therapy [105].

The ability of statins to bind to HMGCR 
greatly affects their efficacy. Genetic variations 
in HMGCR have been found to modify the thera-
peutic effect that statins have on colorectal cancer 
[106]. A single-nucleotide polymorphism (SNP) 
in the HMGCR–statin-binding domain reduced 
the protective association between statins and 
colorectal cancer. An in vitro experiment demon-
strated that the SNP in the HMGCR gene reduced 
the ability of statins to inhibit HMGCR and cho-
lesterol synthesis. The anticancer activity of 
statins is also dependent on the ability of statins 
to enter cancer cells. For instance, the statin 
pravastatin was found to inhibit tumor growth 
preferentially in cancers that express sodium- 
independent organic anion transporter protein-
 1B1 (OATP1B1), such as liver cancer, because 
this transporter is necessary for cellular uptake of 
pravastatin [107].

While preclinical studies have provided prom-
ising results for statins, clinical trials have not 
been as successful. A phase II clinical trial dem-
onstrated that combining the statin simvastatin 
with the chemotherapy drug afatinib did not 
improve treatment efficacy compared to using 
afatinib in monotherapy [108]. Two additional 
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phase II clinical trials found that statins were 
unable to resensitize cancers harboring KRAS- 
activating mutations to the chemotherapy drugs 
cetuximab and panitumumab [109, 110].

5  Fatty Acid Uptake Is 
Associated with Metastasis

As discussed previously, enhanced lipogenesis is 
a frequent alteration of lipid metabolism in can-
cer cells, and therapies targeting it are promising. 
However, studies show that this strategy can be 
undermined by the supplementation of exoge-
nous fatty acids, suggesting that extracellular lip-
ids in the microenvironment may functionally 
substitute for endogenously derived FA [111]. 
After all, the scavenging of circulating nutrients 
is another hallmark of cancer cell metabolism 
[112]. Recently, it was reported that tumors, 
including those of breast cancer and liposarcoma, 
may rely on extracellular lipolysis in addition to 
lipogenesis to fuel cellular lipid requirements 
[113]. Lipoprotein lipase (LPL) is a rate-limiting 
enzyme of this mechanism, hydrolyzing circulat-
ing triglyceride-rich lipoprotein, such as very- 
low- density lipoproteins and chylomicrons, into 
free FAs and monoacylglycerol molecules. Free 
FAs are then imported into cells by FA transport-
ers such as a cluster of differentiation (CD36) or 
those of the fatty acid-binding protein (FABP). 
Both LPL and CD36 expressions have been asso-
ciated with aggressive cancers, including hepato-
cellular carcinoma (HCC) and pancreatic ductal 
adenocarcinoma (PDAC), and negatively corre-
lated with patient prognosis [114–117], but how 
this phenomenon varies among tumors and 
whether it can be inhibited for therapeutic effect 
remain uncertain.

An estimated 90% of all cancer-related deaths 
are attributed to metastasis, but the detailed 
mechanisms of metastasis remain unclear [118]. 
Recently, metastasis was associated with 
enhanced lipid metabolism [14, 119, 120]. One 
study identified an altered gene signature associ-
ated with fatty acid uptake (e.g., caveolin 1 
(CAV1), CD36) in metastatic tumors across can-
cer types [121]. Moreover, this genetic signature 

had a significant effect on patient survival rates, 
suggesting prominent roles of extracellular fatty 
acids, specifically on metastatic progression. 
Corroborating this is a recent report describing 
abnormally high expression of CD36  in 
metastasis- initiating oral cancer cells [12]. 
Treating orthotopic xenografts with CD36- 
neutralizing antibodies inhibited metastasis initi-
ation. These studies suggest that tumor cells of 
high metastatic potential have an outsized need 
for FA uptake compared to those displaying less 
aggressive phenotypes. Interestingly, however, an 
earlier study observed up to a 100-fold lower 
expression of CD36  in breast cancer cells with 
high metastatic potential compared to their less 
aggressive counterparts [122]. This inconsistency 
may be due to alternative mechanisms of CD36 
related to cell adhesion [123]. Nevertheless, these 
data support the overarching concept of asym-
metrical CD36 expression and fatty acid uptake 
even within cancers of the same type.

6  Fatty Acid Oxidation 
Encompasses a Diverse Set 
of Molecular Mechanisms

Lipids are important for cancer proliferation not 
only because of their ability to provide structural 
support as a component of the cell membrane but 
also because they can be broken down to provide 
energy. Lipids can be catabolized after cellular 
uptake via the β-oxidation pathway, also known 
as fatty acid oxidation (FAO). FAO has not been 
examined as thoroughly as glycolysis or glutami-
nolysis, but recent advances have shed light on 
the role of FAO in cancer cells. Recently, lipids 
were also identified as a carbon source for nucle-
otide synthesis and histone acetylation in nonma-
lignant cells, and emerging evidence suggests 
that these mechanisms are relevant to tumor cells 
as well [124, 125]. The tumor microenvironment 
is often depleted of nutrients like glucose, so can-
cer cells often rely on FAO to generate ATP. Lipids 
are energetically dense molecules that cancer 
cells can exploit as an alternative source of 
energy. FAO yields ATP and NADPH, which sup-
port cellular energetics and redox homeostasis, 
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respectively. Several studies have demonstrated 
that certain malignancies, such as those in the 
prostate, breast, and lung, and B-cell lymphoma 
heavily depend on FAO for growth and survival 
[126–128]. Similarly, acetate is a 2-carbon fatty 
acid that is avidly oxidized in tumors, including 
GBM [129, 130].

6.1  Targeting FAO for Cancer 
Therapy May Be Achieved by 
Inhibiting Carnitine 
Palmitoyltransferase 1

The inhibition of the FAO pathway could prevent 
cancer progression. An example of this strategy is 
the inhibition of carnitine palmitoyltransferase 1 
(CPT1), which is the rate-limiting enzyme of FAO. 
CPT1 is a membrane protein that removes an acyl 
group from a fatty acyl-CoA and attaches the acyl 
group to carnitine. This results in the formation of 
acylcarnitine, including palmitoylcarnitine, and 
thereby facilitates the shuttling of fatty acids, such 
as palmitate, into the mitochondrial matrix for FAO 
[124]. There are three subtypes of CPT1. CPT1A is 
expressed throughout several tissue types, but 
CPT1B is restricted mostly to muscle tissue. In 
physiological settings, all isoenzymes are inhibited 
by malonyl- CoA, but due to the greater binding 
efficiency of CPT1A to malonyl-CoA, CPT1A is 
found to be the isoform with the greatest capacity 
to perform the rate-limiting step of FAO [131]. The 
third and final isoform of CPT1 is CPT1C, which is 
normally found only in the brain [132]. However, 
many cancers also express CPT1C [133]. CPT1C 
is thought to confer resistance to oxidative stress in 
many tumors. CPT1C promotes resistance to 
rapamycin, an mTOR pathway inhibitor [133].

Physiologically, it is crucial to note that suc-
cessful inhibition of CPT1 is dependent on the 
source and location of malonyl-CoA.  Malonyl- 
CoA produced via acetyl-CoA carboxylase 1 
(ACC1) is localized in the cytosol and thus will 
not inhibit CPT1. The malonyl-CoA produced 
via the mitochondrial ACC2 enzyme, however, is 
capable of this inhibitory action. Thus, the rela-
tive concentrations of acetyl-CoA to malonyl- 
CoA can influence whether the cell is in a state of 

FAS or FAO [134]. AMP-activated protein kinase 
(AMPK) inhibits both ACC1 and ACC2 and 
increases reactive oxygen species (ROS) in doing 
so. The increase in ROS leads to depletion of 
NADPH and induces oxidative stress on the cell, 
eventually leading to cell death [8]. This finding 
is in accordance with other studies that have 
noted the role of AMPK activation in cancer 
states. For example, metformin exerts anticancer 
effects and activates AMPK, but in tumors lack-
ing CPT1C, the effect of metformin is less pro-
nounced. This suggests that the action of 
metformin on AMPK is upstream of its effect on 
CPT1C [133].

The upregulation of CPT1  in several cancer 
types makes it a potential therapeutic target 
[131]. However, this upregulation does not 
appear to be a universal feature of all tumors, as 
demonstrated by a recent study showing that, in 
clear cell renal cell carcinoma (ccRCC), tran-
scriptional repression of CPT1A is mediated by 
hypoxia-inducible factors (HIF-1α and HIF-2α) 
[135]. However, conflicting reports regarding the 
role of HIFs in FAO have also emerged, and one 
may speculate that this is again due to the hetero-
geneity of metabolism across cancer subtypes. 
Although HIFs are known to inhibit FAO, one 
study performed in liver cancer cells determined 
that HIF-1 also decreases ROS levels and main-
tains redox homeostasis, thereby promoting cell 
proliferation [136]. This effect is thought to be 
mediated by the action of HIF-1 on medium- and 
long-chain acyl-CoA dehydrogenases (MCAD 
and LCAD, respectively). This study further 
pointed to correlations between decreased LCAD 
expression and patient mortality rates [136]. 
Thus, we see that the precise role of HIFs varies 
across cancer types, and as such, therapies target-
ing HIF-related pathways may need to be tailored 
to specific cancers to maximize their impact.

6.2  CPT1 Inhibitors Are Now 
in Clinical Trials

As far as pharmacological interventions for FAO 
are concerned, some CPT1 inhibitors are being 
developed for other conditions such as diabetes 
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[137]. Therefore, the possibility of repurposing 
them for cancer therapy is an intriguing possibil-
ity requiring further clinical trials [137]. One 
CPT1 inhibitor, etomoxir, has been difficult to 
advance through clinical trials due to its toxicity. 
A clinical study examining etomoxir in healthy 
adults found elevated levels of transaminases of 
some patients, and the study had to be terminated 
early [138]. The issue with etomoxir arises from 
its inability to distinguish CPT1 across tissue 
types. However, it has been applied to preclinical 
studies of breast cancer, where an interesting 
degree of heterogeneity has been noted. In one 
study, etomoxir was compared across two triple-
negative breast cancer (TNBC) lines. One line 
expressed high amounts of the oncogenic tran-
scription factor MYC, whereas the other expressed 
low amounts of MYC. In the high-MYC-express-
ing line, the application of etomoxir decreased 
levels of ATP, and this effect was not observed in 
the low-MYC-expressing line [128]. Furthermore, 
this effect was observed in no other breast cancer 
subtypes besides TNBC.  This provides further 
evidence of the ways in which cancer heteroge-
neity should be appreciated and exploited for the 
development of viable treatments.

6.3  FAO for Very-Long-Chain Fatty 
Acids Occurs at the 
Peroxisome Where 
Peroxisome Proliferator-
Activated Receptors (PPARs) 
Act as Ligand-Activated 
Transcription Factors

FAO also occurs in peroxisomes. Oxidation at the 
peroxisome is restricted to very-long-chain fatty 
acids. The peroxisome breaks these very long 
chains into smaller chains, which may then be 
further oxidized in the mitochondria. Peroxisomes 
are built via peroxins, the products of the Pex 
genes. So far, 3 of the 30 known peroxins, Pex3, 
Pex16, and Pex19, have been shown to be neces-
sary for proper peroxisome assembly [139]. One 
of these peroxins, Pex19, was shown in a series 
of experiments to be involved in the transition to 
malignancy in prostate cancer through monocar-

boxylate transporter 2 (MCT2). MCT2 is upregu-
lated in prostate cancer and, like other MCTs, 
serves to facilitate the transport of lactic acid in 
glycolytic tumors. Immunoprecipitation experi-
ments demonstrated that colocalization of MCT2 
with peroxisomes was strongest at disease initia-
tion and decreased as metastasis increased; fur-
thermore, colocalization was absent in 
nonmalignant prostate cancer lines [140].

Other components of peroxisomes are the per-
oxisome proliferator-activated receptors 
(PPARs). Three PPARs (PPARα, PPARγ, 
PPARβ/δ) are known and have been described as 
ligand-activated transcription factors [141]. 
These three PPARs differ predominantly in tissue 
distribution, and their exact functions in cancer 
remain ambiguous. It has been shown that PPARs 
are key regulators that integrate lipid metabolism 
and inflammation [142]. Furthermore, the PPARs 
have been directly implicated in cancers as well 
as in cancer-related processes, including carcino-
genesis and chemoresistance [143, 144].

The theme of heterogeneity persists within the 
various PPARs and across species. For example, 
long-term PPARα agonism in rodents leads to the 
development of liver cancer. Interestingly, 
PPARα is expressed at lower levels in human 
liver relative to rodent liver, and as such, PPARα 
agonism does not lead to liver cancer in humans 
[143, 145]. PPARβ/δ displays tissue-wide distri-
bution. One of its functions is to reduce oxidative 
stress, such as in breast cancer [146]. However, it 
is expressed ubiquitously and has been shown to 
be involved in many cancer types, particularly in 
cancers under hypoxic environments, such as 
breast, colon, lung, and ovarian cancers, as well 
as chronic lymphocytic leukemia [143]. Its pre-
cise role remains controversial, but it appears that 
PPARβ/δ may play a role as a lipid-activated 
mediator of an anti-inflammatory response. Like 
PPARβ/δ, mystery surrounds PPARγ. Although it 
may be coded for by four mRNAs (PPARG1 
through PPARG4), PPARγ1 and PPARγ2 are 
responsible for most PPARγ physiological 
actions [143]. PPARγ1 mRNA is found ubiqui-
tously, whereas PPARγ2 mRNA is restricted to 
adipocytes [147]. Some, but not all, PPARγ ago-
nists induce apoptosis in cancer cells and have 
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also been reported to induce terminal differentia-
tion. Targets of PPARγ include many genes 
involved in the cell cycle and apoptosis in tumors, 
such as p53 and PTEN. The increasing character-
ization of PPARγ as a biomarker in cancer led 
some investigators to speculate that it may be uti-
lized in screens [148]. Together, the PPARs con-
stitute an area of research that may prove critical 
in our understanding of tumor development and 
treatment.

The many aspects of peroxisomal signaling 
further convey the diversity of lipid signaling 
across many different types of cancers. 
Abnormalities within the peroxisomes them-
selves or within PPARs can alter the efficacy of 
the critical lipid signaling that cancer cells rely 
on. Further research, particularly in the form of 
genomic analyses, will be useful in harnessing 
this heterogeneity for personalized medicine 
approaches.

7  Conclusion

Therapeutic strategies targeting lipid metabolism 
are now in various stages of clinical develop-
ment, and one approach worth highlighting is the 
“repurposing” of drugs from cardiology [149]. 
As emphasized, we urge caution based on the sig-
nificance of heterogeneity in cancer lipid metab-
olism as we translate basic science into clinical 
applications. Drug combinations have become a 
cornerstone against refractory and heterogeneous 
tumors, so the question now is how to combine 
treatment options for maximum safety and effi-
cacy [150–152]. Going forward, systems biology 
and bioinformatics will likely become essential 
tools for integrating various levels of -omic data 
[153, 154]. Dissecting the spatial and temporal 
heterogeneity of lipid metabolism with these 
tools will likely accelerate the tailoring of clinical 
care according to patient-specific signatures, as 
envisioned by precision medicine (Fig. 1).
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