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Cholesterol is a ubiquitous sterol with many biological functions, which are crucial for
proper cellular signaling and physiology. Indeed, cholesterol is essential in maintaining
membrane physical properties, while its metabolism is involved in bile acid production and
steroid hormone biosynthesis. Additionally, isoprenoids metabolites of the mevalonate
pathway support protein-prenylation and dolichol, ubiquinone and the heme a
biosynthesis. Cancer cells rely on cholesterol to satisfy their increased nutrient
demands and to support their uncontrolled growth, thus promoting tumor development
and progression. Indeed, transformed cells reprogram cholesterol metabolism either by
increasing its uptake and de novo biosynthesis, or deregulating the efflux. Alternatively,
tumor can efficiently accumulate cholesterol into lipid droplets and deeply modify the
activity of key cholesterol homeostasis regulators. In light of these considerations, altered
pathways of cholesterol metabolism might represent intriguing pharmacological targets
for the development of exploitable strategies in the context of cancer therapy. Thus, this
work aims to discuss the emerging evidence of in vitro and in vivo studies, as well as
clinical trials, on the role of cholesterol pathways in the treatment of cancer, starting from
already available cholesterol-lowering drugs (statins or fibrates), and moving towards
novel potential pharmacological inhibitors or selective target modulators.

Keywords: cholesterol, cancer, metabolic reprogramming, cancer therapy, pharmacological targeting,
pharmacological modulation, metabolic targeting agents
INTRODUCTION

In the last decades, the study of metabolic reprogramming has been revealed as one of the hallmarks
of cancer and chemotherapy resistance. It has been demonstrated that cancer cells change their
metabolism, increasing glucose demand, glutamine or lipid synthesis, exploiting the pentose
phosphate pathway or altering their mitochondrial function, in order to support a higher
proliferation rate leading to tumor progression and chemotherapy resistance (1–10). Among
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these altered pathways, cholesterol metabolic reprogramming
has acquired a pivotal role in the field of cancer research.

The discovery of cholesterol dates back to the second half of
the eighteenth century, when Poulletier de la Salle isolated for the
first time this molecule from human gallstone and bile. Since
then, a huge number of researches were undertaken, which
eventually led to the understanding of key molecular events of
cholesterol biology, such as transport in blood and cellular
metabolism. Nowadays, this peculiar lipid is still extensively
studied for its involvement in several pathophysiological
processes (11, 12). Cholesterol is a ubiquitous sterol found in
vertebrate organisms with a plethora of biological functions that
are essential for proper cellular growth and activity (13, 14). Due
to its alicyclic nature, cholesterol is highly hydrophobic and
resides predominantly within the phospholipidic bilayer of cell
membranes, where it preserves the barrier function by
modulating permeability, fluidity and rigidity (15, 16). In this
setting, cholesterol preferentially interacts with the saturated acyl
chains of adjacent sphingolipids and glycophosphatidylinositol-
anchored proteins of the outer leaflet, forming small ordered and
tightly packed microdomains, physically separated from the
shorter and unsaturated phospholipids of the bilayer (16–18).
These assemblies, usually called lipid rafts, are involved in several
biological processes, such as biosynthetic and endocytic vesicular
trafficking (19), ceramide-mediated apoptosis (20), host-
pathogen interactions (pathogen binding and uptake) (21),
cytoskeletal dynamics and rearrangement, cellular polarization
(22) and signal transduction (IgE signaling, T-cell antigen
receptor signaling, Ras signaling, Hedgehog signaling) (23).
Although the most known role of cholesterol as a structural
and functional component of cellular membranes is
unquestionable (15, 16, 18), it also represents the precursor of
bile acids, and its oxidation allows the biosynthesis of steroid
hormones in steroid-producing tissues. In addition, the
isoprenoid intermediates of the mevalonate pathway can be
diverted toward the biosynthesis of dolichol, ubiquinone and
the side tail of heme a (24, 25), or exploited as substrates for
protein-prenylation (26). Lastly, cholesterol has also been found
to interact with a large variety of proteins, including receptors,
enzymes, etc. by both covalent and non-covalent binding, thus
regulating protein stability, localization, and activity. These
interactions indicate cholesterol as an important element in the
regulation of many biochemical pathways, through the control of
protein localization and activity (27).

Due to the crucial role played by this sterol in several
physiological settings, disruption of cholesterol homeostasis
and metabolic reprogramming may be responsible for the
development of cardiovascular disorders and is implicated in
the pathogenesis of diabetes, Alzheimer disease and many types
of cancer (28–32). Intracellular and systemic cholesterol
concentrations are tightly regulated by the balance between de
novo biosynthesis, uptake, efflux, and storage, and metabolic
alterations in lipid/cholesterol pathways have been shown to
modulate cancer cells’ sensitivity to chemotherapeutic agents.
The dependence of cancer cells on aberrant lipid and cholesterol
metabolism could point to these pathways as an attractive target
Frontiers in Oncology | www.frontiersin.org 2
to treat cancer as well as to sensitize them to anticancer therapies
(33). Many cholesterol-lowering drugs are approved and used for
the treatment of hypercholesterolemia and for the control of
pathologies and metabolic disorders. This work focuses on the
correlation between cholesterol metabolism and cancer,
considering the importance of these pathways in sustaining cell
growth, invasion or migration. Furthermore, starting from the
relatively recent findings on the role of sterol in tumor
progression and chemotherapy response, we will consider how
the pharmacological targeting of increased cholesterol
metabolism pathways could represent a promising approach
for cancer treatment.
CHOLESTEROL METABOLISM

Cholesterol metabolism in humans is complex. Cholesterol is
either supplied from the diet (exogenous) or synthesized de novo
(~70% of total body cholesterol, endogenous). Here below we
provide a brief section on the main aspects related to cholesterol
metabolism, introductory to understanding the reprogramming
aspect observed in cancer cells. For a more accurate description
of the fine regulation of cellular processes involving cholesterol,
we refer to several specific reviews (34–37).

Cholesterol Biosynthesis
The biosynthetic cascade which leads to cholesterol production
(Figure 1) occurs virtually in every mammalian cell, with liver
and intestine being the anatomical sites responsible for more
than 50% of total cholesterol biosynthesis (38, 39). This process
is orchestrated by more than 20 enzymes which are distributed
between the cytosol and the endoplasmic reticulum (ER) (40).
The first step is catalyzed by the cytoplasmatic enzyme
acetylacetyl-CoA thiolase which allows the condensation of
two acetyl-CoA molecules to obtain acetylacetyl-CoA. In the
second reaction, the enzyme 3-hydroxy-3-methylglutaryl-CoA
synthase (HMGCS) allows the introduction of the third molecule
of acetyl-CoA for the formation of the branched-chain molecule
3-hydroxy-3-methylglutaryl-CoA, which is then reduced to
mevalonate in the first rate-limiting step of cholesterol
biosynthesis by 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR). Afterwards, mevalonate undergoes two subsequent
phosphorylations performed by mevalonate kinase (MVK) and
phosphomevalonate kinase (PMVK) and an ATP-dependent
decarboxylation which eventually yields the isoprenoid
precursor isopentyl pyrophosphate (IPP). This intermediate is
converted into its isomer dimethylallyl pyrophosphate
(DMAPP) in a reversible reaction catalyzed by isopentenyl
pyrophosphate isomerase. The condensation of one molecule
of IPP with one molecule of DMAPP allows the formation of
geranyl pyrophosphate (GPP), which is in turn combined with
another IPP molecule by the enzyme farnesyl diphosphate
synthase to yield farnesyl pyrophosphate (FPP), a key
isoprenoid. At this point, the mevalonate pathway diverts
toward the formation of either non-sterol isoprenoids, such as
geranylgeranyl pyrophosphate (GGPP), or sterols, through the
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head-to-head condensation of two FPP molecules, mediated by
squalene synthase, which gives rise to squalene. Intracellular
accumulation of non-sterol products is required for post-
translational modification processes (N-glycosylation and Cys-
prenylation) of diverse proteins that play important roles in
cellular growth and signal transduction (24, 41). On the other
hand, squalene epoxidase (SQLE), the other rate-limiting
enzyme of cholesterol biosynthesis, converts squalene into its
epoxydic form 2,3-epoxysqualene, which is then cyclized to
lanosterol by the enzyme lanosterol synthase. The last phase of
cholesterol biosynthesis involves 19 oxygen-based reactions
which include demethylations, double-bond reductions, and
double bond replacements. In this context, lanosterol enters
the Bloch branch or the Kandutsch–Russell pathway and is
processed through the formation of several intermediates
which yields desmosterol and 7-dehydrocholesterol, the direct
precursors of cholesterol (42–44). Recently, the existence of a
third hybrid pathway has also been suggested for the conversion
of lanosterol into cholesterol (45).

Cholesterol Uptake and Efflux
The dietary intake of cholesterol is extremely important to
ensure the maintenance of its homeostasis (46, 47). In the
Frontiers in Oncology | www.frontiersin.org 3
small intestinal lumen, dietary sterols are solubilized into
micelles by bile acids and adsorbed in a process facilitated by
the Niemann–Pick C1-like-1 (NPC1L1) protein, which is
localized in the apical membrane of enterocytes and allows
cholesterol uptake in a clathrin-mediated endocytosis fashion
(48, 49). Once inside the enterocyte, cholesterol is mainly
converted to cholesteryl esters by the ER enzyme acyl-
coenzymeA cholesterol acetyltransferase 2 (ACAT2) and then
packed into nascent chylomicrons, together with dietary
triglycerides and apolipoprotein B-48 (50, 51). Through the
lymphatic system, chylomicrons are poured into the
bloodstream and metabolized by the endothelial enzyme
lipoprotein lipase, which hydrolyzes the triglycerides contained
in the core to yield chylomicron remnants. The released fatty
acids are used by peripheral tissues including muscles and
adipose tissue either for storage or oxidation, while dietary
cholesterol is delivered to the liver by chylomicron remnants
(52, 53). Hepatic cholesterol and triglycerides are coupled to
apolipoprotein B and incorporated into VLDL particles, which
are secreted into the blood and hydrolyzed by plasma lipases to
yield IDL. IDLs are further converted into LDLs, particles rich in
cholesterol and cholesteryl esters which are captured by LDL
receptor-expressing tissues, including the liver and other
FIGURE 1 | Schematic representation of cholesterol biosynthesis. In the first step of cholesterol biosynthesis, three molecules of acetyl-CoA condense to form
HMG-CoA, which is then reduced to mevalonate by the first step-limiting enzyme HMG-CoA reductase (HMGCR). Subsequent reactions allow the conversion of
mevalonate into FPP, an isoprenoid that gives rise to squalene in a reaction catalyzed by squalene synthase (SQS). Squalene is then converted by the second rate-
limiting enzyme squalene epoxidase (SQLE) into its epoxidic form, which is eventually cyclized to lanosterol by the enzyme lanosterol synthase. Further oxygen-based
reactions lead to the formation of cholesterol. Red: rate-limiting enzymes. HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; IPP, Isopentyl pyrophosphate; DMAPP,
Dimethylallyl pyrophosphate; FPP, Farnesyl pyrophosphate.
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extrahepatic tissues (54, 55). On the other hand, LDL is driven
towards the lysosomal compartment where lysosomal lipases
hydrolyze the cholesteryl esters stored in the core to cholesterol,
which eventually exits from the lysosome lumen aided by the
coordinated action of NPC1, NPC2 and LAMP2 and reaches
other cellular organelles, mostly via non-vesicular transport
mediated by sterol transfer proteins (STPs) (56–58).
Cholesterol elimination also significantly impacts cellular
homeostasis. Therefore, the excess of cellular cholesterol in
peripheral tissues has to be stored as less-toxic cholesteryl
esters in lipid droplets or disposed and moved towards the
liver for recycling or excretion, by a process usually referred to
as reverse cholesterol transport (59, 60). Cholesterol removal
from extrahepatic cells is driven by HDL particles, which
accumulate and transport cholesteryl esters to the liver, the
adrenal glands, and the gonads (61). Cholesteryl esters are then
converted to free cholesterol by cholesteryl ester hydrolase
(CEH) for either steroid hormones synthesis in steroid-
producing organs or cholesterol excretion and bile acids
synthesis in the liver (62, 63). Cellular cholesterol efflux is
controlled by four regulatory proteins belonging to the ATP-
binding cassette (ABC) transporter superfamily, namely ABCA1,
ABCG1, ABCG5 and ABCG8. ABCA1 mediates the transport of
cholesterol and phospholipids to lipid-free apolipoprotein A-I
(apo A-I) in the blood allowing the generation of nascent
discoidal HDL particles, which are converted into globular and
mature HDLs under the action of lecithin:cholesterol acyl
transferase (LCAT) by accepting further cholesterol from
ABCG1 (63, 64).

Cholesterol Storage
Intracellular cholesterol excess is usually esterified by the ER
enzyme acyl coenzyme A cholesterol acetyltransferase (ACAT),
which catalyzes the transfer of a fatty acyl group to cholesterol
(65). Indeed, ACAT-produced cholesteryl esters can be easily
stored into lipid droplets preventing free-cholesterol lipotoxicity
(66). Cholesterol esterification is also involved in lipoprotein and
steroid hormone production, as well as in chylomicrons
assembly for cholesterol absorption (67). Two ACAT
isoenzymes have been identified in mammals so far, consistent
with their different tissue distribution. ACAT1 is widely
expressed throughout the body, suggesting its involvement in
maintaining cholesterol homeostasis, while ACAT2 expression is
exclusive in enterocytes and hepatocytes, where it contributes to
lipoprotein biosynthesis and assembly (68, 69).

Regulation of Cholesterol Homeostasis
In order to ensure the maintenance of cellular and systemic
cholesterol homeostasis, mammalian cells must carefully
orchestrate the set of molecular pathways involved in
cholesterol biosynthesis, uptake, storage and efflux (70, 71).
This is accomplished by sterol-sensitive systems, which couple
variations in cellular sterol levels with adaptive responses.
Particularly, three adaptive factors are considered as key
regulators of cholesterol homeostasis, namely sterol regulatory
element-binding protein-2 (SREBP2), liver X receptors (LXRs)
and nuclear factor erythroid 2 related factor-1 (NRF1) (40).
Frontiers in Oncology | www.frontiersin.org 4
SREBP2 belongs to the basic-helix-loop-helix-leucine zipper
(bHLH-Zip) family of transcription factors and lies within the
ER membrane associated with SREBP-cleavage activating
protein (SCAP) through its C-terminal portion (72). The N-
terminal transcription factor portion, usually referred to as
nuclear SREBP2 (nSREBP2), undergoes dimerization and is
then imported inside the nucleus, where binds to sterol
responsive elements (SREs) in the promoter regions of target
genes, inducing their transcription (73, 74). Conversely, when
ER-membrane cholesterol levels increase above the threshold,
the sterol sensitive domain (SSD) of SCAP binds to cholesterol
and SCAP switches to an open conformation promoting its
interaction with insulin-induced gene 1 (INSIG1) protein (75).
nSREBP2 binds to and induces the transcription of HMGCR and
SQLE genes, which encode for the two rate-limiting enzymes of
cholesterol biosynthesis, increasing sterols intracellular levels
(76, 77). HMGCR levels are also regulated either by direct
interaction with ER-sterols through its SSD (INSIG1-mediated
ubiquitination) or by covalent modification (AMPK-mediated
phosphorylation) (78, 79). SREBP2 activation also increases the
expression of NPC1L1 and LDLR genes, two master regulators of
cholesterol intestinal absorption and cholesterol intake by
peripheral cells, respectively (80, 81). Moreover, a SRE motif is
contained upstream of SREBP2 gene, suggesting that nSREBP2
promotes the activation of its own gene (feed-forward
mechanism) (82). Under increasing cholesterol levels, the ER
preserves cellular homeostasis by recruiting the adaptive factor
NRF1 (61). NRF1 resides within the ER-membrane but is rapidly
activated by proteolysis, released from the ER and translocated
into the nucleus, where it regulates the transcription of its target
genes by binding to anti-oxidant response elements (AREs) (83).
Particularly, when NRF1 is activated and enters the nucleus, it
represses the transcriptional activity of LXR, which promotes
cholesterol excretion, export and storage, while inhibiting de
novo biosynthesis. Differentially to SREBP2 and NRF1, LXRs are
nuclear receptors which, upon heterodimerization with the
retinoid X receptor-a (RXR a), bind to LXR responsive
elements (LXRE) and regulate the expression of several genes
involved in lipid homeostasis (84). Once activated, LXRs
promotes the activation of genes involved in bile acids
production (CYP7A1), cholesterol excretion (ABCG5, ABCG8)
and reverse cholesterol transport (ABCA1, ABCG1) (85–87).
Moreover, LXRs impair cholesterol intestinal absorption by
down-regulating NPC1L1 expression and inhibit cholesterol
cellular uptake by promoting IDOL-mediated LDLR
degradation (88–90). Overall, LXRs activity prevents
lipotoxicity induced by intracellular accumulation of sterols.

Cholesterol Lowering Drugs
Since cholesterol plays a key role in many cellular processes,
disruption of cholesterol homeostasis is linked to the onset of
several diseases, including metabolic disorders, atherosclerosis,
cancer, etc. Several therapeutic classes of drugs are currently used
to treat hypercholesterolemia (Table 1) and to prevent associated
cardiovascular diseases (110). Statins are the first-line treatment of
hypercholesterolemia and they have an important role in the
prevention of cardiovascular diseases. Statins are competitive
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inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase
(HMGCR), the enzyme responsible for the reduction of HMG-
CoA into mevalonate (91). This specific block causes effects on
cholesterol metabolism, such as diminished plasma triglycerides,
enhanced HDL, and upregulation of LDL receptor (LDLR)
expression, which leads to increased LDL uptake in hepatocytes
and decreased blood LDL content (92). Fibrates are another
therapeutic class of drugs prescribed to treat hypercholesterolemia
(98, 99). They are agonists of the transcription factor PPARa, that
once activated, translocates in the nucleus, heterodimerizes with the
retinoid X receptor (RXR) and binds to peroxisome proliferator
response elements (PPREs) starting the gene’s transcription (100).
The effects on lipoprotein metabolism and cellular cholesterol
homeostasis are decreased hepatic synthesis and decreased serum
levels of triglycerides, reduced synthesis of VLDL, increased HDL
cholesterol, and regulation in fatty acid synthesis and uptake, such
as regulation of FAT or CD-36 (98, 99). Other therapeutic classes of
cholesterol-lowering drugs are represented by selective cholesterol
absorption inhibitors, such as ezetimibe; resins, such as
cholestyramine, colestipol and colesevelam, which are bile acid
sequestrants (103); apolipoprotein B synthesis inhibitors, such as
mipomersen (105); microsomal transfer protein inhibitors, such as
Frontiers in Oncology | www.frontiersin.org 5
lomitapide (105). A new promising therapeutic class of cholesterol-
lowering drugs is represented by PCSK9 inhibitors. PCSK9 is
predominantly produced in hepatocytes, where it decreases LDLR
number. When PCSK9 binds LDLR there is a consequent block of
LDLR in an open conformation and its recycling is blocked. Then,
LDLR is degraded by lysosomes (109). Another recently approved
cholesterol-lowering drug is bempedoic acid (8-hydroxy-2,2,14,14-
tetramethylpentadecanedioic acid) (97), acting as ATP citrate lyase
inhibitor, an enzyme upstream from 3-hydroxy-3-methylglutaryl-
CoA. Since the focus of this review is the repositioning of
cholesterol-lowering drugs in oncology, we refer to Table 1 for a
schematic explanation of the mechanisms of action, effects on
cholesterol metabolism, and possible side effects of the drugs.
CHOLESTEROL METABOLIC
REPROGRAMMING IN CANCER:
PHARMACOLOGICAL TARGETING

Cancer cells are highly proliferative and therefore strongly
dependent on cholesterol to satisfy their increasing demand of
TABLE 1 | Current cholesterol-lowering drugs and relative mechanism of action, main effects on cholesterol metabolism, adverse effects and therapeutic indications.

Therapeutic
class

Drug Mechanism of
action

Effects on
cholesterol metabolism

Main adverse effects Clinical
indications

References

Statins Lovastatin Competitive inhibitors
of HMGCR

Myalgia, myositis, rhabdomyolysis Primary H,
Mixed
dyslipidemia

(91–96)
Simvastatin ↑HDL
Pravastatin ↓plasma triglycerides
Fluvastatin ↑LDLR
Rosuvastatin ↓LDL
Atorvastatin
Pitavastatin

Bempedoic
acid

Bempedoic acid
(prodrug)

Inhibitor of ATP
citrate lyase

↓LDL Myalgia, muscular disorders, gout Primary H,
Mixed
dyslipidemia

(97)

Fibrates Gemfibrozil PPARa agonists ↑HDL Nausea, abdominal pain Primary H,
Mixed
dyslipidemia

(98–100)
Fenofibrate ↓serum triglycerides
Fenofibric acid ↓VLDL

Selective
cholesterol
absorption
inhibitors

Ezetimibe Selective block of
NPC1L1

↑LDLR Myopathy, acute pancreatitis (when it is
combined with statins)

Dyslipidemia, FH (101, 102)
↓serum LDL
↑HDL
↓triglycerides

Resins Cholesthyramine Bile acid binders ↑HDL Gastrointestinal effects Dyslipidemia,
Primary H, H
associated with
mild HT

(103, 104)
Colesevelam ↓LDL
Colestipol ↑serum triglycerides

Apolipoprotein
B synthesis
inhibitor

Mipomersen Second-generation
antisense
oligonucleotide
inhibitor of apoB-100

↓apoB Injections site reactions; flu-like symptoms;
elevated transaminasis (alanine
aminotransferase) ! reversible; hepatic
steatosis ! reversible

FH, Severe H (105–107)
↓LDL
↓VLDL
↓lipoprotein

Microsomal
transfer
protein
inhibitor

Lomitapide Inhibitor of the
microsomal
triglyceride transfer
protein (MTTP)

↓VLDL Diarrhoea, nausea, dyspepsia, vomiting; Adult (108)
↓LDL elevated liver aminotransferase HoFH

PCSK9
inhibitors

Alirocumab Inhibition of PCSK9 ↓LDLR Nasopharyngitis FH (109)
Evolocumab ↓LDL
May 202
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substrates for membrane biosynthesis (111). Accordingly,
cholesterol is generally beneficial for cancer growth and
development, as it promotes oncogenic signaling and evasion
of apoptosis, as well as cell migration and invasion (112–115).
Notably, cancer cells increase their cholesterol demand by
enhancing de novo biosynthesis or uptake, by altering the
cholesterol efflux, or by increasing its storage, as will be
described in the following sections. Also, cholesterol
homeostasis is largely compromised in cancer development
and progression, as will be discussed below. In line with this,
the differential cholesterol requirements of tumors provide novel
therapeutic strategies for the treatment of several malignancies.
As above mentioned, the purpose of this review is to sum up the
main alterations in cholesterol-related metabolic pathways
observed in in vitro and in vivo cancer models. The current
scientific evidence highlights the reprogramming of lipid/
cholesterol pathways in many cancers, thus suggesting
intriguing targets exploitable for a combined therapy with
conventional chemotherapeutic agents in the fight against
cancer. In the following sections we will describe the main
alterations observed in cancer cells in the context of cholesterol
metabolism, pointing out the more interesting targets identified
since now. The identification of specific targets has opened the
possibility to exploit them for a pharmacological approach by
using cholesterol lowering/modulating drugs. Here we will
review the current literature focused on the use of cholesterol
targeting drugs in the context of cancer treatment. Results from
in vitro and in vivo studies have allowed the translation into
clinical trials of some drugs that are discussed in the following
sections, highlighting the potential of this combined approach
for cancer treatment (Table 2).

Enhanced Cholesterol de novo
Biosynthesis
Many cancers upregulate de novo cholesterol biosynthesis,
thereby fueling the oncogenic machinery and sustaining tumor
progression (155). Aberrant cholesterol biosynthetic program
can be considered as a hallmark of transformed cancer cells and
has been correlated with lower overall patient survival in
melanoma, acute myeloid leukemia and sarcoma (32).
Consistently, in breast cancer cholesterol biosynthesis-related
genes are considered reliable prognostic factors associated with
shorter relapse-free survival (156). Cholesterol biogenesis is
carried on through the mevalonate pathway (Figure 2), which
leads to the production of farnesyl pyrophosphate (FPP),
responsible for the formation of either the non-sterol
isoprenoid geranylgeranyl pyrophosphate (GGPP) or squalene.
The first rate-limiting enzyme HMGCR is overexpressed in
many tumors, such as prostate cancer, gastric cancer and colon
cancer (157–159). Indeed, the accumulation of non-sterol
isoprenoids mediates several oncogenic activities by post-
translationally modifying key proteins directly involved in the
expression of oncogenes, cytoskeletal organization and cell
survival/proliferation (24, 160). This process is collectively
known as protein prenylation and allows the covalent
attachment of lipid moieties to small oncogenic G proteins,
Frontiers in Oncology | www.frontiersin.org 6
thereby promoting their activation and transforming function
(26). GTP-binding proteins Rho, Rac, Rab, Rap, Ras (Ras, Rho,
Rab superfamily of GTPases) are all dependent from
farnesylation and geranylgeranylation to exert their
tumorigenic activities, which eventually promote cell cycle
progression and cellular survival, as well as tumor cells
motility, migration and metastasis (41, 161, 162). Moreover,
isoprenoids are involved in ubiquinone biogenesis. Ubiquinone
(CoQ) is a redox active lipid that functions as electron carrier in
the mitochondrial respiratory chain. CoQ sustains p53-deficient
colon cancer cells growth and development by promoting de
novo pyrimidine synthesis and maintaining the integrity of the
electron transfer chain even under nutrients starvation and
oxygen restriction (163). Differently from steroidogenic healthy
tissues, HMGCR activity in tumors is refractory to sterol-
mediated negative feedback regulation (36, 164). Therefore,
HMGCR altered regulation allows the accumulation of
isoprenoids even in cholesterol-enriched conditions, thereby
sustaining the production of non-sterol mevalonate
intermediates essential for the establishment of tumor
malignant phenotype (41). The alternative branch of
mevalonate pathway diverts towards the formation of sterols
through the activity of squalene synthase (SQS), which gives rise
to squalene. In lung cancer patients, SQS is frequently
overexpressed and associated with poor prognosis and tumor
metastasis. Indeed, the enhanced expression of SQS induces
cholesterol biosynthesis, which in turn sustains Tumor
Necrosis Factor Receptor 1 (TNFR1) accumulation into lipid
rafts and subsequent NF-kB and MMP1 activation (165).
Squalene epoxidase (SQLE) converts squalene into squalene-
2,3-epoxide and represents the other rate-limiting enzyme in
sterol biogenesis. SQLE activity is dysregulated in many tumors,
such as breast, lung and colorectal cancer (166–168). Colorectal
tumors are characterized by higher SQLE expression levels when
compared with healthy tissues, which sustain tumor
development by promoting extracellular signal-regulated kinase
1/2 (ERK1/2) oncogenic activity (169). Similarly, in breast cancer
SQLE is frequently amplified at the gene level and strongly
overexpressed in more aggressive and undifferentiated tumors,
thereby demonstrating its oncogenic potential (170). On the
other hand, a subset of tumors presents SQLE downregulation
and subsequent cholesterol auxotrophy. Lymphoma SQLE-
deficient cells accumulate squalene, which modifies cellular
membranes and lipid droplets composition, thereby protecting
neoplastic cells from the oxidative damage and ferroptosis (171,
172). In breast cancer cells, NAD(P)H-dependent steroid
dehydrogenase-like protein (NSDHL) and sterol-C4-methyl
oxidase (SC4MOL), two enzymes of the Kandutsch-Russell
pathway, are overexpressed and translocate to the plasma
membrane. Here, they promote metastasis development by
modulating lipid rafts’ sterol composition (173, 174). Another
key post-squalenic enzyme is oxidosqualene cyclase (OSC),
which mediates 2,3-oxidosqualene cyclization into lanosterol
(175). In metastatic mouse models of human colorectal and
pancreatic cancer, OSC promotes tumor neovascularization and
metastatic potential. Consistently, OSC inhibitors hamper
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endothelial cell migration and promote cell apoptosis, thereby
inhibiting tumor-associated angiogenesis and dissemination to
distal organs (116, 118). Additionally, OSC plays an important
role in cell self-renewal and its expression is increased in breast
cancer stem cells (156, 176). In conclusion, the mevalonate
pathway is oncogenic at many levels and frequently
dysregulated in several cancers.

Pharmacological Modulation of HMGCR
As mentioned, HMGCR is the rate-limiting enzyme of the
mevalonate pathway, which produces cholesterol. Considering
the overexpression of this enzyme in many tumors, targeting
HMGCR could be a good strategy for cancer clinical therapy. As
stated, statins are the commonest pharmacological inhibitors of
Frontiers in Oncology | www.frontiersin.org 7
HMGCR and the repositioning of these drugs in the cancer field
is well studied and established. Statins exerts antitumor activities
with different molecular mechanisms, such as reducing cell
proliferation or tumor cell survival (177), suppressing
angiogenesis or causing apoptosis, and reducing tumor growth
and metastasis (178–180). The efficacy of these drugs has been
evaluated both in monotherapy and in combination therapy with
standard chemotherapeutic agents. In vitro studies evidenced
that statins are able to inhibit cell proliferation and viability, or
causing apoptosis in different human cancer cell lines, such as
breast, ovarian and prostate tumor cells. In particular, it has been
demonstrated that the open-ring conformation of statins is
responsible for the inhibition of HMGCR and apoptosis
induction (181). In vivo studies evidenced that statins reduce
TABLE 2 | Sum up of drugs acting on cholesterol metabolism investigated as potential treatment in cancer therapy.

Target Drug Cancer Preclinical/clinical phase References

OSC Ro 48-8071 Breast cancer In vitro and in vivo studies (116, 117)
Colon carcinoma In vivo studies (118)
Pancreatic ductal denocarcinoma In vivo studies (118)
Hormone-dependent and castration-resistant prostate cancer In vitro and in vivo studies (119)

SQS Zaragozic acid Prostate cancer In vitro studies (120)
RMA lymphoma In vivo studies (121)
Lewis lung carcinoma In vivo studies (121)

ACAT-1 CP-113818 Breast cancer In vitro studies (122)
Bitter melon extract Breast cancer In vivo studies (123)
Avasimin (nanoformulation with avasimibe) Prostate, pancreatic, colon and lung cancers In vitro and in vivo studies (124)

Metastatic prostate cancer In vivo studies (125)
Pancreatic cancer In vitro and in vivo studies (126)

Avasimibe Metastatic prostate cancer In vitro studies (125)
Pancreatic ductal adenocarcinoma In vitro studies (126)
Lewis lung cancer In vitro and in vivo studies (127)

Avasimibe + gemcitabine Pancreatic ductal adenocarcinoma In vitro and in vivo studies (128)
Avasimibe + cyclophosphamide Lewis lung cancer In vivo studies (127)

LXR T0901317 Prostate cancer In vitro and in vivo studies (129)
Breast cancer In vitro studies (130)
Melanoma In vitro and in vivo studies (131)
Multiple myeloma In vitro and in vivo studies (132)
Oral squamous cell carcinoma In vitro and in vivo studies (133)
Ovarian cancer In vitro studies (134)

T0901317 + Gefitinib Lung cancer In vitro and in vivo studies (135)
T0901317 + Sorafenib Hepatocellular carcinoma In vitro and in vivo studies (136)
22(R)-hydroxycholesterol Breast cancer In vitro studies (130)

Multiple myeloma In vitro studies (132)
GW3965 Breast cancer In vitro studies (137, 138)

Melanoma In vivo studies (139)
Pancreatic ductal adenocarcinoma In vitro studies (140)
Multiple myeloma In vitro studies (132)
Colon cancers In vitro studies (138)

GW3965 + Gefitinib Lung cancer In vitro studies (141)
SR9243 Prostate, lung, colon cancers and clear cell renal cell carcinoma In vitro and in vivo studies (142, 143)
LXR623 Clear cell renal cell carcinoma In vitro studies (143)

PPARa Fenofibrate Ishikawa endometrial cancer In vitro studies (144)
Hepatoma In vitro studies (145)
Oral cancer In vitro and in vivo studies (146)
Gastric cancer In vitro and in vivo studies (147)
Low-grade glioma and ependymoma Phase-II clinical trial (148)

Fenofibrate + retinoic acid Ishikawa endometrial cancer In vitro studies (144)
Fenofibrate + docetaxel Prostate cancer In vitro studies (149)

SREBP Fatostatin Prostate cancer In vitro and in vivo studies (150)
Endometrial cancer In vitro and in vivo studies (151, 152)
Breast cancer In vitro and in vivo studies (153)

Fatostatin + Tamoxifen Breast cancer In vitro studies (154)
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tumor growth and arrest metastasis progression (113, 182–186).
Terzi and co-workers (187) evaluated the effect of two statins,
atorvastatin and simvastatin, combined with the standard
chemotherapeutic agent, bortezomib, in human multiple
myeloma. The results showed that statins are able to improve
the effectiveness of bortezomib and reduce the adverse effects
(187). The combined treatment of pivastatin with gemcitabine
synergically reduced cell proliferation of MIA PaCa-2 cells
inducing cell cycle arrest. Moreover, the same combination
reduced the tumor growth in in vivo xenograft models (188). A
new formulation of atorvastatin was developed in order to cross
the blood-brain barrier and target the glioblastoma tumor cells.
This new nanoformulation was cytotoxic in mouse and human
glioblastoma cells, and was able to reduce the growth in a three-
dimensional (3D) tumor model (189). The anticancer role of
statin treatment in combination with conventional anticancer
drugs, has been tested in clinical trials for the treatment of
different types of tumors, such as breast, prostate, ovarian or lung
cancers, bringing to light controversial effects of the association
(Table 3 summarizes some clinical trials on breast, ovarian and
prostate cancer). Different clinical trials demonstrated that
statins are able to reduce tumor progression and enhance the
survival rate of patients with breast cancer (194). Farooqui
reviewed different randomized controlled trials and concluded
that the addition of statins to standard chemotherapy is not able
Frontiers in Oncology | www.frontiersin.org 8
to enhance the survival in patients with advanced cancers and a
prognosis of less than 2 years (195). A Swedish study, instead,
concluded that statins use for 6 months in patients with multiple
myeloma enhanced the survival rate of both men and women
(196). In another study, atorvastatin was administered in
patients with prostate cancer for 27 days before prostatectomy.
In this case, drug administration was not able to decrease
tumor proliferation with respect to placebo, however, a longer
administration of atorvastatin showed beneficial effects (197).
In light of this result, it could be interesting to define the
specific chronic drug administration before surgery. In fact,
other clinical trials evidenced that a chronic therapy of 6
months before surgery resulted to be more efficient compared
with a 3 months therapy in reducing tumors (198). It is
thus evident that the current knowledge obtained from several
in vitro and in vivo studies in different types of tumors
confirmed and deepened the molecular mechanisms of statins
as anticancer drugs. Since statins were already approved for
hypercholesterolemia treatment, their repositioning in the
oncological field has benefited from an easier and faster
translation into clinic. However, clinical trials evaluating the
antitumor effect of these drugs are still few. Monotherapy studies
highlight the potential of this class of drugs in cancer prevention,
but the pharmacological differences among all statins, as well as
the heterogeneity of tested tumors, lead to a lack of proven
FIGURE 2 | Schematic representation of the main alterations in cholesterol metabolism pathway in tumors. Cancer cells are highly proliferative and therefore strongly
dependent on cholesterol to sustain the high demand of substrates for membrane biosynthesis. Cancer cells increase their cholesterol demand by enhancing de
novo biosynthesis (or exogenous uptake). Increased/overexpressed enzymes in cholesterol biosynthesis pathway are indicated with (↑). HMGCR, 3-hydroxy-3-
methylglutaryl-CoA reductase; SQS, Squalene synthase; SQLE, Squalene epoxidase; ACAT1, Acetyl-CoA Acetyltransferase 1.
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positive outcomes. In addition, it has been demonstrated the
impossibility to administer high doses because of their adverse
effects (199). At the same time, relatively few clinical trials take
into consideration the combined therapy with standard
chemotherapeutic agents, a strategy allowing low dose
administration and lower toxicity of the single agents. Thus,
further studies evaluating the beneficial effect of statins in
combination with conventional chemotherapy have to be
conducted in order to assess their potential in cancer therapy.

Pharmacological Modulation of OSC
2,3-Oxidosqualene cyclase (OSC) is the enzyme that catalyzes the
conversion of 2, 3-monoepoxysqualene into lanosterol acting
downstream of HMGCR (116). Since lanosterol is the precursor
of cholesterol, the inhibition of OSC causes decreased cholesterol
synthesis (175), but unlike statins the LDL catabolism is not affected.
This suggests that OSC inhibitors act in a different way (200, 201).
Staedler et al. (175) demonstrated the antitumor effect of OSC
inhibitors in human glioblastoma and brain-derived endothelial
cells. Moreover, the combined treatment with OSC inhibitors and
atorvastatin showed an increased antitumor effect in human
glioblastoma cells with respect to monotherapy (175). Among the
OSC inhibitors, Ro 48-8071 ([4’ -[6-(Allylmethylamino)hexyloxy]-
4-bromo-2’ - fluorobenzophenone fumarate]) emerged for its
potential antitumor effect. Grinter and coworkers (117)
demonstrated that this molecule was able to inhibit cell
proliferation in BT-474 human breast cancer cells (117). Ro 48-
8071 decreased cell viability of ERa-positive human breast cancer
cells (BT-474 and MCF-7), without affecting normal AG11132A
Frontiers in Oncology | www.frontiersin.org 9
cells. Moreover, this compound proved efficacy in reducing tumor
growth in in vivomouse xenograft model injected with BT-474 cells,
without showing toxicity at doses administered (116). Maione et al.
(118) demonstrated the antitumor effect of Ro 48-8071 in murine
models of intestine and pancreas cancers. In fact, the role of this
compound was investigated in mouse xenograft models injected
with human colon carcinoma HCT116 cells, and pancreatic ductal
adenocarcinoma HPAF-II cells. Results evidenced that Ro 48-8071
was able to weaken angiogenesis and inhibit tumor growth in the
two mouse models previously mentioned (118). Hyder and
coworkers (119) investigated the effect of Ro 48-8071 on cell
viability and apoptosis in different lines of human prostate cancer
cells. Data showed that this compound reduced cell viability in
hormone-dependent LNCaP, castration-resistant PC-3 and DU145
prostate cancer cells, also causing apoptosis (119). Since several
studies demonstrated the antiproliferative role of ER-b (202–205),
castration-resistant prostate cancer cells were treated with the
combination of Ro 48-8071 and ER-b agonist diarylpropionitrile
showing enhanced activity in inhibiting cell viability. In vivo
treatment with Ro 48-8071 was able to suppress the growth of
prostate cancer PC-3 cell xenografts in mice (119).

Pharmacological Modulation of SQS
Squalene synthase (SQS) is an enzyme that catalyzes the
conversion of FPP into squalene, the precursor of cholesterol
(206). Since squalene synthase is the enzyme responsible for the
first committed step in cholesterol production, its targeting
results of interest in clinical therapy (207). Zaragozic acids,
natural products obtained from fungi, are pharmacological
TABLE 3 | Statins currently under evaluation in clinical trials for cancer treatment.

Type of
statin

Cancer Aim Phase trial ClinicalTrials.gov
Identifier

Simvastatin Breast cancer Identify the molecular and genetic mechanisms by which statins influence breast cancer
cell proliferation

Recruiting –

Phase II
NCT03454529

Preventive effect of a new breast cancer for women with high risk of a new breast cancer Completed –

phase II
NCT00334542
(190)

Combined therapy with anti-HER2 to sensitize it in metastatic cancer Recruiting-
Phase II

NCT03324425

Gastric cancer Combined therapy with Capecitabine/cisplatin did not increase the progression-free
survival of patients with advanced cancer

Completed-
Phase III

NCT01099085
(191)

Ovarian cancer To evaluate the effect in women with ovarian cancer platinum sensitive Recruiting –

early phase I
NCT04457089

Lovastatin Breast cancer Chemoprevention effect of statin in women with high cancer risk Completed –

Phase II trial
NCT00285857
(192)

Ovarian cancer Combined therapy of paclitaxel and lovastatin in refractory or relapsed ovarian cancer Completed –

Phase II trial
NCT00585052

Rosuvastatin Non-small cell lung
cancer

Combined therapy with erlotinib in advanced incurable cancer Completed –

Phase I trial
NCT00966472

Colorectal cancer To study the effect in patients with stage I or II cancer after surgery Terminated –

Phase III
NCT01011478

Rectal cancer Combined with standard chemoradiation to enhance the patients’ survival Recruiting-
phase II

NCT02569645

Fluvastatin Breast cancer Effect of statin on biomarkers in women who are undergoing surgery Completed –

Phase II trial
NCT00416403
(193)

Atorvastatin Triple negative
breast cancer

Antitumor effect of combined treatment of atorvastatin and zoledronate Recruiting –

Phase II trial
NCT03358017

Prostate cancer Effect of its administration before prostatectomy Completed-
Phase II trial

NCT01821404
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inhibitors of SQS. Brusselmans et al. (120) demonstrated that the
expression of squalene synthase was enhanced in LNCaP
prostate cancer cells following androgen stimulation. Thus, the
inhibition of the enzyme by downregulation or by treatment with
zaragozic acid A, was able to cause both the arrest in growth and
the induction of cytotoxicity in prostate cancer cells (120).
Lanterna and coworkers (121) tested two different isoforms of
zaragozic acid, A and B, in mouse models of RMA lymphoma
and LLC Lewis lung carcinoma and results confirmed the ability
of zaragozic acid in reducing tumor growth, without showing
adverse effects (121).

Enhanced Cholesterol Uptake
An alternative strategy exploited by cancer cells to promote
sterol-mediated proliferation is to increase the uptake of
exogenous cholesterol. NPC1L1 is a critical sterol transporter,
essential for cholesterol intestinal uptake. In colorectal cancer,
NPC1L1 promotes colitis-associated tumorigenesis by inducing
cholesterol absorption and increasing its plasmatic levels (208).
Malignant cells capture and internalize cholesterol through the
activity of LDLRs. Indeed, LDLRs expression levels are increased
in many cancers, including glioblastoma and leukemia, as well as
in pancreatic and lung cancers (209). Also, higher levels of
LDLRs negatively correlate with the survival of patients
affected by pancreatic adenocarcinoma (210). HER2-positive
and triple-negative breast tumors characterized by higher
LDLRs intratumoral levels are associated with poorer
prognosis, suggesting an important contribution of LDL
cholesterol in breast cancer progression (211). LDLRs promote
tumor development and progression, by modulating cancer cell
invasive and migratory potential, as well as adhesivity and
plasticity. Indeed, LDLRs foster epithelial-to-mesenchymal
transition (EMT), the secretion of metalloproteinase MMP-9
and the activation of Wnt/b-catenin oncogenic signaling (212,
213). On the other hand, HDL cholesterol is accumulated by
steroidogenic organs in a process mediated by scavenger receptor
type B class 1 (SRB1). SRB1 is overexpressed in diverse human
malignancies, such as prostate, breast, ovarian, and colorectal
cancers (214). In lung adenocarcinoma, SRB1 represents an
independent prognostic factor and its expression positively
correlates with malignant tumor behavior and impaired overall
survival (215). Consistently, cancer patients present lower levels
of HDL cholesterol compared to healthy subjects, suggesting that
cancer cells exploit HDL cholesterol from peripheral tissues to
sustain their malignant phenotype by picking it up in a SRB1-
mediated fashion (36). Indeed, high levels of SRB1 characterize
highly undifferentiated and metastatic prostate tumors, which
are usually associated with androgen independence. Accordingly,
SRB1-mediated cholesterol supplying might provide sterol
precursors, thereby promoting tumor self-production of
androgens and the development of castration-resistant
phenotypes (216). Currently, there are not pharmacological
inhibitors targeting LDLR and SRB1. However, increasing
evidence highlighted the correlation between high-cholesterol
diet and increased tumor growth and development of metastasis
(217–219). Dietary cholesterol, that represents only the 30% of
total cholesterol in the human body is delivered to liver through
Frontiers in Oncology | www.frontiersin.org 10
chylomicrons, which are hydrolyzed to fatty acids and stored in
adipose tissue (220). Once cholesterol arrives at hepatocytes, it is
removed either in form of free cholesterol or converted in bile
acids. Excess of cholesterol is converted into cholesterol esters
and stored in hepatocytes (221). Accumulating evidence, based
on metabolic mechanisms, highlights that tissues enriched of
stored fatty acids could be more prone to be related with
increased cancer risk (222, 223). Pelton and coworkers (224)
demonstrated that high-cholesterol diet enhances the tumor
growth of human breast cancer injected in a mouse model. In
light of this consideration, the administration of low-cholesterol
diet or ezetimibe slightly decreased the growth of tumors by a
reduction of cholesterol levels (224). Moreover, it has been
shown that the inhibition of the xanthine oxidase with a
pharmacological inhibitor was able to reduce both tumor
growth and metastasis in breast mouse model fed with high-
cholesterol diet (225). Thus, it appears that a low-cholesterol diet
could be a promising strategy to counteract tumor growth.
Furthermore, combining the low-cholesterol diet with
anticancer drugs could become an exploitable field in
clinical therapy.

Dysregulated Cholesterol Efflux
In physiological conditions, the excess of cellular cholesterol is
removed from peripheral tissues through a process controlled by
ATP binding cassette transporters, mainly ABCA1. In general,
malignant cells show decreased levels of ABCA1, thereby
promoting intracellular cholesterol storage. Indeed, ABCA1
deregulation leads to cholesterol accumulation in the
mitochondrial compartment, which in turn supports the
malignant transformation (32, 155). Moreover, higher levels of
intracellular cholesterol directly affect the lipid composition of
plasma membranes, as well as their physical properties:
cholesterol enrichment increases the phospholipids’ degree of
order in the bilayer while reducing its permeability, thereby
promoting tumor resistance to membrane-active anticancer
drugs (226). Peroxisome proliferator-activated receptors
(PPAR) a and g play a pivotal role in modulating both
intracellular and extracellular cholesterol fluctuations (227,
228). Indeed, PPARa and PPARg activation promotes LXR-
mediated ABCA1 expression, thus inducing cholesterol efflux to
the lipid-poor apolipoprotein A-I (229). Also, PPARa blocks
cholesterol biosynthesis by inhibiting sterol regulatory element-
binding protein 2 (SREBP-2) activity (230). Accordingly, PPARa
and PPARg are considered tumor suppressor genes which inhibit
tumor progression (231). On the other hand, cholesterol
integration within the plasma-membrane reduces malignant
cell migration and metastatic potential. Specifically, increased
plasma membrane-associated cholesterol reduces the fluidity of
the bilayer, resulting in restricted cell motility and EMT, a critical
event for the development of tumor metastasis (232). The
variation in cholesterol content, in fact, affects membrane
fluidity, permeability and rigidity, thus impacting several
processes, such as invasion, migration or tumor development,
growth and metastasis (233). In particular, different studies
reported that increased cholesterol percentage deriving from
higher de novo biosynthesis leads to enhanced rigidity and
May 2021 | Volume 11 | Article 682911

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Giacomini et al. Cholesterol Metabolic Reprogramming in Cancer
decreased fluidity, thus contributing to decreased cell mobility
(234), or to altered membrane permeability, which is involved in
altered cancer cell response to drug treatments (226). In line with
this, variations in intracellular cholesterol levels mediated by
ABCA1 overexpression drive the onset of EMT and the
promotion of tumor invasiveness, whilst human solid tumors
at advanced stages are characterized by high levels of ABCA1
expression (235). Therefore, metastatic cancer cells substantially
reduce their cholesterol levels in the plasma membrane
compartment by overexpressing ABCA1, which eventually
mediates cholesterol efflux (232). Conversely, the development
of primary tumors requires pro-oncogenic and survival-
stimulatory signaling pathways, which are dependent or
modulated by lipid rafts (114). Accumulations of cholesterol in
lipid rafts induce the aberrant activation of tyrosine kinase
receptors, such as IGF1 and HER2, as well as PI3K/AKT-
mediated tumorigenic signaling (234, 236, 237).

Pharmacological Modulation of PPARa
Saidi and coworkers (144) tested fenofibrate, which is an agonist
of PPARa, in Ishikawa endometrial cancer cells. The results
showed inhibition of cell viability and apoptosis induction.
Moreover, the combined use of fenofibrate and retinoic acid,
which is an agonist of retinoid-X-receptor (RXR), enhanced the
inhibition of cell proliferation (144). The mechanism of action of
fenofibrate still remains unclear. In fact, fenofibrate reduced the
cell proliferation of human hepatoma cells through the inhibition
of Akt phosphorylation and not through a PPARa-dependent
mechanism (145). Jan et al. (146) proposed metabolic
reprogramming as the mechanism underpinning the anticancer
effect of fenofibrate. In particular, this drug caused the reduction
of oral cancer cell proliferation and activated the glycolysis
pathway. Moreover, in vivo administration of fenofibrate in
mice reduced the tumor growth (146). The antitumor effect of
fenofibrate through the reprogramming of cancer metabolism is
also confirmed in gastric carcinoma. In fact, the use of this drug
reduced both in vitro cancer cell proliferation and in vivo tumor
growth. In addition, Chen and coworkers (238) demonstrated
that treating cells with fenofibrate causes mitochondrial
dysfunction due to its accumulation too, suggesting also the
PPARa involvement in mitochondria reprogramming (238).
Thus, targeting PPARa could be an interesting tool for cancer
treatment. Moreover, fenofibrate was also tested in combination
with chemotherapeutic agents, suggesting that using the
combined therapy could be a strategy to overcome drug
resistance. In fact, treating prostate resistant cancer cells with
fenofibrate is able to resensitize them to docetaxel (149).

Enhanced Cholesterol Storage
The overload of free cholesterol inside the cell is extremely toxic
(239). Therefore, in physiological conditions, the excess of free
cholesterol is avoided by producing its esterified form, namely
cholesteryl ester (240). Cholesteryl esters can be readily stored
into lipid droplets, thus preventing the lipotoxic potential of free
cholesterol (241). The accumulation of intracellular cholesterol is
strongly oncogenic and represents a common hallmark of cancer
(242, 243). For instance, the intracellular levels of cholesteryl
Frontiers in Oncology | www.frontiersin.org 11
esters and lipid droplets are substantially increased in breast
cancer, leukemia, and glioblastoma (244–246). In colorectal
cancer, lipid droplet-enriched malignant stem cells are
characterized by increased clonogenic and tumorigenic
potentials (247). Consistently, the cholesteryl ester-producing
enzyme acetyltransferase ACAT1 is upregulated in many
cancers, including hepatocellular carcinoma, castration-
resistant prostate cancer, and pancreatic cancer, whilst its
expression positively correlates with reduced overall survival
and recurrence-free survival in adrenocortical carcinoma (126,
248–250). ACAT1 overexpression and cholesteryl esters
enrichment play a dual role in promoting cancer progression.
Higher levels of cholesterol esterification lead to decreased
contents of free cholesterol, thereby protecting malignant cells
from ER stress and apoptosis (126, 251). On the other hand,
esterified cholesterol represents an intracellular source of
cholesterol, which can be exploited by cancer cells when
needed to fuel the malignant phenotype. Consistently, the
cholesteryl ester-metabolizing enzyme lysosomal acid lipase
(LAL) is upregulated in tumor tissues, thus providing
malignant cells with ready-to-use free cholesterol (243, 252).
PTEN deficiency drives cholesteryl esters accumulation in
pancreatic cancer through the activation of the downstream
PI3K/Akt/mTOR/SREBP signaling pathway; increased content
of esterified cholesterol promotes tumorigenesis and metastatic
potential (126). Similarly, cholesterol reservoirs are enriched in
advanced and metastatic human prostate cancer, while nearly
absent in healthy prostate, benign prostatic hyperplasia, and
prostatic intraepithelial neoplasia. Accumulation of cholesteryl
esters is triggered by PTEN loss, which in turn induces the
expression of SREBP and LDLR via PI3K/AKT/mTOR, thus
promoting ACAT1-mediated cholesterol storage in lipid droplets
(243). Thanks to cholesterol esterification and subsequent
accumulation, prostate cancer cells reduce the intracellular
levels of free cholesterol, thereby avoiding free cholesterol
lipotoxicity and maintaining SREPB-induced cholesterol
biogenesis and uptake (62, 253). Moreover, increased contents
of esterified cholesterol might fuel the development of castration-
refractory prostate tumors by providing androgen precursors for
de novo steroidogenesis (125, 254, 255). The excess of lipid
droplets accumulated in tumor cells is the leading cause of
enhanced cell proliferation and the responsible of cancer
aggressiveness. Thus, it appears that targeting enhanced
cholesterol storage could be an interesting tool in cancer
therapy (113).

Pharmacological Modulation of ACAT-1
ACAT-1 is overexpressed in two ER- lines of human breast
cancer, MDA-MB-231, and MDA-MB-436. Higher expression
of this enzyme could be related to a higher cell proliferation rate
(122). Treating cells with CP-113818, which is an ACAT-1
inhibitor, caused a reduction in cell proliferation and
migration, suggesting the correlation mentioned above (122).
Bitter melon extract, a natural ACAT-1 inhibitor, exerts
antitumor effects towards breast cancer cells. Shim and
coworkers (123) fed orthotopic mice models of MDA-MB-231
cells with this compound showing a reduction in tumor growth
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through cholesterol metabolism modulation (123). It has also
been demonstrated that ACAT-1 is a metabolic “tumor
promoter”, since it is overexpressed in human breast cancer
cells leading to tumor formation and lung metastasis (256).
Cancer cells use this mitochondrial enzyme to recycle ketone
acids into acetyl-CoA enhancing the ATP production. Ozsvari
and coworkers (257) investigated ACAT-1 as a therapeutic target
and the use of in silico drug design identified mitoketoscins.
These molecules belong to a new therapeutic class of drugs that
inhibits mitochondrial functions and ACAT-1 (257). Lo et al.
(258) demonstrated that ACAT-1 is overexpressed in MES-SA/
Dx doxorubicin-resistant uterine sarcoma cancer cells compared
to the sensitive counterpart, suggesting a correlation with drug
resistance. Thus, the ACAT-1 knock-down caused a decrease in
cell viability, showing an important role of this enzyme in the
onset of drug resistance (258). Lee and coworkers (124)
developed avasimin, which is a nanoformulation containing
avasimibe, an ACAT-1 inhibitor. They tested the formulation
in different human cancer cell lines, showing that avasimin was
able to reduce lipid droplets accumulation in PC3 prostate cancer
cells. Concerning the effect on cell viability the nanoformulation
was used to treat human PC3, MIA-PaCa2 pancreatic cancer
cells, A549 lung cancer cells, and HCT116 colon cancer cells,
showing a reduction in cell viability in all cell lines. Moreover,
they evaluated in vivo the avasimin effect in PC3 and HCT116
cell xenograft mouse model. The results evidenced a decrease in
both tumor growths after the avasimin intravenous treatment
(124). Li et al. (126) demonstrated an overexpression of ACAT-1
in MIA PaCa-2 and PANC-1 human pancreatic cancer cells
compared to normal cells. Treating cells with avasimibe or
genetic silencing of ACAT-1 caused the block of cholesterol
esterification that led to a reduction in cell invasion and
migration. Results showed a higher sensitivity to the ACAT-1
inhibition of cancer cells compared to the normal counterpart. A
xenograft mouse model injected with MIA PaCa-2 cells was
treated with avasimibe and results showed a reduction in tumor
growth, decreased metastatic lesions in lymph nodes and in liver
compared to untreated mice (126). Moreover, it has been
suggested an important role of cholesteryl ester in the
development of metastasis. Thus, Lee and coworkers (125)
tested avasimibe in PC-3M metastatic prostate cancer cell lines
derived from PC-3 xenografts liver metastasis. The treatment
showed a decrease in cell migration rate. In addition, when they
treated PC-3M xenograft mice with avasimin a reduction in
tumor growth and metastasis development were observed. Taken
together, these data suggested an implication of cholesteryl ester
in the development of metastasis in prostate cancer. ACAT-1
inhibition compromised Wnt/b-catenin signaling consequently
overcoming metastasis formation (125). Li et al. (128)
demonstrated a correlation between cholesterol metabolism
and gemcitabine resistance, since it was found a higher
accumulation of cholesteryl ester in gemcitabine-resistant
pancreatic ductal adenocarcinoma cells compared to the
sensitive counterpart. In addition, it has been demonstrated
that Akt is implicated in cholesteryl ester accumulation.
Treatment of resistant cells with avasimibe, an ACAT-1
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inhibitor, caused a reduction in cell proliferation. Moreover,
the combined treatment with gemcitabine and avasimibe showed
synergic effect in vitro and resulted in decreasing tumor growth
in in vivo xenograft mouse model injected with Mia PaCa-2 cells.
Avasimibe treatment downregulates Akt contributing to
resensitization of resistant cells (128). It has been
demonstrated that the upregulation of ACAT-1 is implicated in
the development of metastasis in LLC Lewis lung cancer.
Treatment of LLC cells with avasimibe caused a decrease in
cell proliferation and migration. Moreover, avasimibe alone or in
combination with cyclophosphamide was able to reduce both
tumor growth and metastasis formation in xenograft mouse
model (127).

Oncogenic Signaling and Cholesterol
Homeostasis
In physiological conditions, cholesterol homeostasis is
maintained by sterol-sensitive systems, mainly SREBP2 and
Liver X receptors (LXR). Oncogenic potential gaining and
tumor suppressor activity loss in cancer cells deeply affect
cholesterol metabolism. As a general rule, oncogenic pathways
induce cholesterol biosynthesis and uptake, thus promoting
increased intracellular levels of sterols, while tumor suppressor
pathways lead to cholesterol lowering inside the cells (34).
Indeed, the oncogenic MYC induces cholesterol biosynthesis by
upregulating HMGCR expression, which is essential during
oesophagea l squamous ce l l c a r c inoma mal i gnan t
transformation (259, 260). Similarly, aberrant EGFR oncogenic
signaling is involved in SCAP-mediated SREBP-2 activation,
thus promoting LDLR expression and subsequent cholesterol
uptake (261, 262). In human hepatocellular carcinomas, the pro-
oncogenic activity of c-FOS mediates LXRa downregulation,
which leads to cholesterol retention and production of
tumorigenic oxysterols (263). Oxysterols are oxygenated
cholesterol metabolites which target and modulate the activity
of many nuclear receptors, including LXRs, retinoid-related
orphan receptors (RORs), as well as the Hedgehog signaling
pathway (264, 265). Among them, 27-hydroxycholesterol
(27HC) is an endogenous selective estrogen receptor
modulator involved in breast and prostate cancers progression
(266). 27HC promotes cell proliferation through p53
inactivation, as well as cell migratory potential via Signal
Transducer and Activator of Transcription-3 (STAT-3)-
mediated MMP9 activation and subsequent EMT induction
(267, 268). 27HC is also involved in tumor angiogenesis by
inducing VEGF activation through ERa signaling or reactive
oxygen species-mediated STAT-3 recruiting (269). Consistently,
advanced breast cancers upregulate CYP27A1 while decreasing
the expression of CYP7B1, thereby promoting 27HC
accumulation (31, 270). Higher levels of intracellular
cholesterol in cancer cells are determined by aberrant HMGCR
activity, due to disrupted sterol-controlled feedback regulation or
SREBP-mediated overexpression (271–273). In hypoxic tumor
microenvironments, SREBPs and their downstream genes are
strongly upregulated and support cell survival and tumor growth
(274). The activity of SREBPs is promoted by many oncogenic
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signaling pathways, including PI3K/Akt and Ras/ERK, which
eventually induce cholesterol biosynthesis and uptake, while
inhibiting its ABCA1-mediated efflux (275–277). In line with
this, tumor suppressors genes p53 and PTEN increase cholesterol
clearance by increasing ABCA1 activity, while reducing
cholesterol absorption and accumulation (126, 278). Indeed,
PTEN and p53 loss induce PI3K/Akt signaling, thereby
promoting LDLR-induced cholesterol uptake and subsequent
formation of cholesteryl esters (243, 279, 280).

Pharmacological Modulation of LXR
Liver X receptors (LXR) are nuclear receptors involved in
cholesterol metabolism. Targeting LXR could be a good
strategy because its activation is able to modulate the
cholesterol pathway. The consequence is decreased cholesterol
levels into cells, causing limited cancer cell proliferation. As
already explained above, LXR can be activated by endogenous
ligands, such as oxysterols but also by agonists, such as T0901317
(130). Treating LNCaP human prostate cancer cells with LXR
agonist T0901317 caused cell death through apoptosis.
Moreover, the treatment with T0901317 in a xenograft mouse
model injected with LNCaP cells was able to reduce tumor
growth (129). It is known that increased levels of cholesterol
activate Akt enhancing its phosphorylation besides improving
tumor progression (281). Pommier and coworkers investigated
the effect of LXR activation on cholesterol metabolism. T0901317
treatment was able to increase the expression of LXR target gene
Abcg1 and consequently causing a higher cholesterol efflux.
Moreover, overexpression of Abcg1 modulates reverse
cholesterol transport causing cholesterol exhaustion in rafts
and the inactivation of Akt signaling pathway (129). T0901317
showed anticancer properties also in ovarian cancer. In fact,
treatment of ovarian cancer cells with this compound was able to
inhibit cell proliferation and cause apoptosis (134). It was
demonstrated that MCF-7 human breast cancer cells express
LXR. Thus, treating these cells with the LXR synthetic agonist,
T0901317, and the natural one, 22(R)-hydroxycholesterol,
resulted in a reduction of cell proliferation besides both
agonists caused cell death through apoptosis. In addition,
T0901317 treatment was able to decrease intracellular
cholesterol and LXR activation increased the expression of its
target gene Abcg1in MCF-7 cells (130). Furthermore, it has been
demonstrated that the combined therapy of T0901317 and
gefitinib, an anticancer drug, was able to reduce cell and tumor
growth both in vitro and in vivo in a lung cancer model (135).
This agonist combined with sorafenib enhanced the antitumor
effect of the chemotherapeutic agent in hepatocellular carcinoma.
In fact, the activation of LXR blocks two pathways, MET and
EGFR, avoiding their availability for lipid rafts and consequently
enhancing the efflux of cholesterol (136). MCF-7, T-47D, SK-BR-
3, or MDA-MB-231 human breast cancer cell lines, which are
genetically different, expressed both LXR isoforms, LXR-a and
LXR-b. Treating these cell lines with GW3965 LXR ligand caused
a reduction in proliferation. Nguyen-Vu and coworkers
correlated decreased cell proliferation with the downregulation
of genes involved in cell growth. For example, they showed that
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the downregulation of E2F2, which is a transcription factor,
caused a reduced proliferation of MCF-7 and T-47D ER+ cancer
cells (137). GW3965 treatment inhibited cell proliferation in
both human MCF-7 breast and SW480 colon cancer cell lines.
Investigating the molecular mechanisms underlying this anti-
proliferative effect, Hassan and coworkers (138) demonstrated
that the activation of LXR caused the decrease of Akt
phosphorylation leading to its inactivation (138). The
expression of the isoform LXR-b was assessed in three different
human pancreatic ductal adenocarcinoma cell lines, BxPC-3 and
MIA-PaCa-2 and PANC-1. Treating cells with GW3965
increased the expression of the LXR target gene Abca1.
Moreover, cell proliferation of human pancreatic ductal
adenocarcinoma cell lines decreased after treatment with LXR
agonist and the cell cycle was blocked (140).

The agonist GW3965 in combination with the standard
chemotherapeutic agent gefitinib demonstrated synergic effect
in resensitization of gefitinib-resistant lung cancer cells (141).
Pencheva and her group (139) hypothesized that targeting LXR
could be a strategy to block metastasis progression in melanoma.
Treating melanoma cells with LXR agonists, GW3965 or
T0901317, did not cause an impact on cell proliferation but
affected cell invasion. In particular, the use of LXR agonists was
able to block lung metastasis development and reduce brain
metastasis progression in mouse melanoma models. In addition,
it was also demonstrated that oral or diet administration of
GW3965 to dacarbazine-resistant mice was able to strongly
reduce melanoma tumor growth and that the combined
treatment of LXR agonist with dacarbazine has proven to be
more active compared to GW3965 alone. Moreover, the same
agonist was able to reduce tumor growth in mouse melanoma
models resistant to vemurafenib, and again, the combined
treatment of GW3965 with vemurafenib had a higher effect
compared to LXR alone (139). Zhang and coworkers (131)
demonstrated that both LXR isoforms are expressed in murine
B16F10 melanoma cells. When LXR is activated through the
agonist T0901317 there was a decrease in melanoma cell
proliferation and apoptosis through caspase-3 activation.
Moreover, the treatment of mouse melanoma models with
T0901317 reduced tumor growth. In order to confirm the
involvement of LXR signaling in melanoma anti-tumor
activity, the LXR target genes Abca1 and SREBF1 were checked
confirming their increased expression in mice treated with
T0901317 (131). Human multiple myeloma cells expressed
both LXR isoforms, LXR-a and LXR-b. Treating cells with
LXR ligand, 22(R)-hydroxycholesterol and the two agonists,
GW3965 and T0901317, strongly increased the expression of
two target genes, Abca1 and Abcg1, while slightly the one of the
target gene SREBP-1c (132). The Hedgehog (Hh) signaling
pathway is a regulator of proliferation, differentiation and it
has been linked to carcinogenesis (282). Agarwal and coworkers
showed that activating LXR represents a strategy to inhibit Hh
signaling pathway in human multiple myeloma cells. Moreover,
they showed that treating cells with LXR agonists was able to
inhibit clonogenic growth both in vitro and in vivo (132). SR9243
is a specific inverse agonist of LXR. Flaveny et al. (142)
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demonstrated that treatment of prostate, lung and colon cancer
cells with SR9243 decreases cell proliferation, causes cell death
through apoptosis and reduces tumor growth in mouse
xenografts. Moreover, a combined treatment of SR9243 with
cisplatin or 5’-fluorouracil sensitized cells to chemotherapeutic
drugs. In particular, SR9243 treatment caused down-regulation
of GCK1, PFK2, PFK1, and LDH Warburg genes, and decreased
expression of FASN, SREBP1-c, and SCD1 lipogenic gene both in
in vitro and in vivo colon xenograft models (142). Similar results
regarding lipid metabolism were obtained in clear renal cell
carcinoma both in vitro and in vivo (143). SR9243 was also able
to reduce the expression of LXR target gene Abca1 involved in
cholesterol transport (142). In addition, Wu et al. (143) tested the
LXR agonist LXR623 in clear cell renal cell carcinoma
demonstrating its role in decreasing cell proliferation and
causing apoptosis. Considering that LXR is a transcription
factor able to regulate the expression of different target genes,
including those related to glycolysis and lipogenesis, targeting
this receptor could represent a promising approach in cancer
treatment. Kaneko and coworkers (133) demonstrated that LXR-
a was expressed in human oral squamous cell carcinoma. Thus,
activating LXR with T0901317 resulted in a reduction in cancer
cell viability through the induction of the target gene Abca1.
Moreover, SAS cells were injected in SCID mice and then they
were treated with T0901317. The results evidenced a reduction in
tumor growth after treatment (133).

The LXR agonist GW3965 was also used to target LDLR in
glioblastoma. In fact, this pharmacological approach both inhibits
the uptake of exogenous LDL and enhances the cholesterol excision
from cells. Treating cancer cells with this drug induced apoptosis in
vitro and reduced in vivo tumor growth (283).
Pharmacological Modulation of SREBP
Fatostatin is a non-sterol diarylthiazole derivative and a specific
inhibitor of SREBP. The mechanism of action of this
drug consists in binding the SREBP cleavage activating
protein (SCAP), and consequently blocking cholesterol
biosynthesis (150, 151). Targeting SREBP could be a new
pharmacological approach for cancer treatment. Fatostatin
showed antitumor effect in both androgen-responsive and
androgen-nonresponsive prostate cancer cells by the in vitro
inhibition of cell proliferation and cell cycle arrest. In addition, it
was able to reduce in vivo tumor growth (150). Gholkar and
coworkers (284) investigated the mechanism underlying the
antitumor effect of fatostatin in different types of tumors, such
as human breast and cervix cells, showing its ability to block the
tubulin polymerization and arrest cells in mitosis (284).
Fatostatin reduced cell viability in endometrial cancer (151,
152) and decreased the tumor growth in xenograft mice
enhancing their survival rate (151). ER-positive breast cancer
cells treated with fatostatin showed decreased cell viability and
higher lipid accumulation. In particular, increased ceramides’
levels are strictly related to apoptosis. The xenograft volume
decreased after treatment with fatostatin (153). Moreover, the
combined treatment with tamoxifen resulted synergic in
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reducing both in vitro cell proliferation and in vivo tumor
growth in breast cancer (154).
CONCLUSIONS

This review examined the most relevant aspects of the metabolic
reprogramming that have been observed in cancer focusing on
cholesterol metabolism. Understanding the metabolic vulnerabilities
of tumor tissues can help in the identification of new therapeutic
targets in order to develop a better cancer treatment. The large
amount of literature of the last decades provided overwhelming
evidence of lipid and cholesterol metabolism alterations in cancer.
High levels of cholesterol are essential to sustain fast tumor cell
proliferation and the complex role of cholesterol in cancer
development, progression, and susceptibility to chemotherapy is
firmly established. Intracellular cholesterol levels can be regulated
by de novo synthesis, reduced degradation, increased uptake or
storage. This review summarizes the current knowledge regarding
the alteration in all these aspects of cholesterol metabolism,
highlighting the molecular targets and the possible pharmacological
approaches that are currently under investigation (Figure 3 and
Table 2). Despite a large amount of in vitro and in vivo evidence
suggesting the use of cholesterol-related drugs against cancer, the
clinical translation is still limited (Table 3). To date, only statins and
fenofibrate have resulted in clinical trials for cancer therapy showing
promising results. Besides the treatment with a single agent, a
common therapeutic strategy is the drug combination, which can
affect simultaneously different pathways in cancers; thus, it is of
interest to underline that the combination of conventional
chemotherapeutic drugs with cholesterol-lowering agents is under
investigation showing encouraging results.

A better understanding of the metabolic dependencies of tumors
also provides new hints for therapeutic strategies in cancer therapy.
Novel studies are focusing on the exploitation of lipid/cholesterol
metabolic vulnerabilities of cancer to develop new drug delivery
systems and strategies. Recent works make use of engineered lipids
or adipocytes to deliver anticancer drugs to the tumors (285, 286).
Moreover, LDL and HDL particles have been proposed as delivery
systems for anticancer drugs. A work by Sobot et al. (287) proposed
a chemical linkage of gemcitabine to squalene-moiety (the lipid
precursors of cholesterol biosynthesis) assembled in nanoparticles.
They showed that LDLR levels positively correlated with
nanoparticle uptake and cytotoxic effect in cancer cells and in
tumor-bearing mice (287). Mooberry and coworkers, instead,
tested a formulation of paclitaxel encapsulated in synthetic/
reconstituted high-density lipoprotein (rHDL). The increased
uptake of anticancer drug is mediated by SR-B1, which is
overexpressed in prostate cancer cells (288). Thus, conjugation of
cholesterol moieties with anticancer drugs is an attractive approach
(289) for cancer therapy, which can also improve the chemotherapy
efficacy and reduce the cytotoxicity to normal cells.

The repurposing of cholesterol-lowering drugs for cancer
therapy might be a promising approach to selectively affect
cancer cells, highly dependent from cholesterol and to
eventually improve the efficacy of conventional chemotherapy
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by affecting different signaling/metabolic pathways. A deep
elucidation of cholesterol-linked metabolic vulnerabilities in
cancers may offer new opportunities to develop new drug
delivery strategies, allowing a more selective targeting of
cancer cells, thus improving the quality of cancer therapy
in patients.
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FIGURE 3 | (A) Cholesterol metabolism. De novo cholesterol biosynthesis mainly relies on the activity of four key enzymes. HMGCR catalyzes the formation of mevalonate.
Mevalonate is essential for farnesyl pyrophosphate biosynthesis, which is in turn exploited by SQS for squalene production. SQL converts squalene into its epoxydic form,
which is eventually cyclized to lanosterol by OSC. Lastly, lanosterol is converted to cholesterol. HDL particles collect extrahepatic cholesterol and allow its cellular uptake by
interacting with SR-B1. Alternatively, LDL-associated cholesterol can be captured and internalized in coated endocytic vesicles in a LDLR-mediated fashion. Intracellular
cholesterol excess is converted into cholesteryl esters by ACAT1 and stored into lipid droplets. Cellular cholesterol efflux is mainly controlled by ABCA1 and ABCG1, two
regulatory proteins belonging to the ATP-binding cassette transporter superfamily. Cellular cholesterol homeostasis is maintained by sterol-sensitive systems, such as SREBP2
and LXR. SREBP2-mediated adaptative response promotes cholesterol biosynthesis and uptake. Conversely, LXR promotes cholesterol excretion while impairing its uptake
and production. PPARa activation promotes LXR-mediated ABCA1 expression and blocks cholesterol biosynthesis by inhibiting SREBP2. (B) Pharmacological targeting of
de novo cholesterol biosynthesis pathway. Statins target and inhibit the activity of the rate-limiting enzyme HMGCR. Ro 48-8071 and Zaragozic acid act downstream of the
mevalonate pathway, by inhibiting the activity of SQS and OSC, respectively. (C) Pharmacological targeting of cholesterol efflux and storage. The PPARa agonist Fenofibrate
promotes PPARa-RXR interaction, thereby activating the PPARa signaling cascade. Both synthetic (CP-113818, Avasimibe, Avasimin) and natural (Bitter melon extract)
inhibitors of ACAT-1 block cholesterol esterification and intracellular overload. (D) Pharmacological targeting of cholesterol homeostasis. LXR agonists, such as GW3965,
T0901317, 22(R)-hydroxycholesterol and LXR623, can activate LXR signaling cascade, leading to increased cholesterol efflux and reduced cholesterol uptake. HMGCR, 3-
hydroxy-3-methylglutaryl-CoA reductase; SQS, Squalene synthase; SQLE, Squalene epoxidase; OSC, 2,3-oxidosqualene cyclase; SR B1, scavenger receptor type B class 1;
LDLR, LDL receptor; ACAT1, Acetyl-CoA Acetyltransferase 1. PPAR- a, peroxisome proliferator-activated receptor; LXR, liver X receptor; SREBP-2, sterol regulatory element-
binding protein 2; ABCA1, ATP Binding Cassette Subfamily A Member 1; ABCG1, ATP Binding Cassette Subfamily G Member 1; HDL, High-density Lipoprotein; LDL, Low-
density Lipoprotein.
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Cytochrome P450 Metabolism of the Post-Lanosterol Intermediates
Explains Enigmas of Cholesterol Synthesis. Sci Rep (2016) 6:28462.
doi: 10.1038/srep28462

46. Jin U, Park SJ, Park SM. Cholesterol Metabolism in the Brain and Its
Association With Parkinson’s Disease. Exp Neurobiol (2019) 28:554–67.
doi: 10.5607/en.2019.28.5.554

47. Goedeke L, Fernández-Hernando C. Regulation of Cholesterol Homeostasis.
Cell Mol Life Sci (2012) 69:915–30. doi: 10.1007/s00018-011-0857-5

48. Jia L, Betters JL, Yu L. Niemann-Pick C1-Like 1 (NPC1L1) Protein in
Intestinal and Hepatic Cholesterol Transport. Annu Rev Physiol (2011)
73:239–59. doi: 10.1146/annurev-physiol-012110-142233

49. Betters JL, Yu L. NPC1L1 and Cholesterol Transport. FEBS Lett (2010)
584:2740–7. doi: 10.1016/j.febslet.2010.03.030

50. Nguyen TM, Sawyer JK, Kelley KL, Davis MA, Rudel LL. Cholesterol
Esterification by ACAT2 is Essential for Efficient Intestinal Cholesterol
Absorption: Evidence From Thoracic Lymph Duct Cannulation. J Lipid
Res (2012) 53:95–104. doi: 10.1194/jlr.M018820

51. Ko CW, Qu J, Black DD, Tso P. Regulation of Intestinal Lipid Metabolism:
Current Concepts and Relevance to Disease. Nat Rev Gastroenterol Hepatol
(2020) 17:169–83. doi: 10.1038/s41575-019-0250-7

52. Ginsberg HN. Lipoprotein Physiology. Endocrinol Metab Clin North Am
(1998) 27:503–19. doi: 10.1016/s0889-8529(05)70023-2

53. Ramasamy I. Recent Advances in Physiological Lipoprotein Metabolism.
Clin Chem Lab Med (2014) 52:1695–727. doi: 10.1515/cclm-2013-0358

54. Holmes MV, Ala-Korpela M. What Is “LDL Cholesterol”? Nat Rev Cardiol
(2019) 16:197–8. doi: 10.1038/s41569-019-0157-6

55. Go GW, Mani A. Low-Density Lipoprotein Receptor (LDLR) Family
Orchestrates Cholesterol Homeostasis. Yale J Biol Med (2012) 85:19–28.

56. Luo X, Cheng C, Tan Z, Li N, Tang M, Yang L, et al. Emerging Roles of Lipid
Metabolism in Cancer Metastasis. Mol Cancer (2017) 16:76. doi: 10.1186/
s12943-017-0646-3

57. Kwon HJ, Abi-Mosleh L, Wang ML, Deisenhofer J, Goldstein JL, Brown MS,
et al. Structure of N-Terminal Domain of NPC1 Reveals Distinct
Subdomains for Binding and Transfer of Cholesterol. Cell (2009)
137:1213–24. doi: 10.1016/j.cell.2009.03.049

58. Li J, Pfeffer SR. Lysosomal Membrane Glycoproteins Bind Cholesterol and
Contribute to Lysosomal Cholesterol Export. eLife (2016) 5:e21635.
doi: 10.7554/eLife.21635

59. Ouimet M, Barrett TJ, Fisher EA. HDL and Reverse Cholesterol Transport.
Circ Res (2019) 124:1505–18. doi: 10.1161/CIRCRESAHA.119.312617

60. Brufau G, Groen AK, Kuipers F. Reverse Cholesterol Transport Revisited:
Contribution of Biliary Versus Intestinal Cholesterol Excretion. Arterioscler
Thromb Vasc Biol (2011) 31:1726–33. doi: 10.1161/ATVBAHA.108.181206

61. Röhrl C, Stangl H. HDL Endocytosis and Resecretion. Biochim Biophys Acta
(2013) 1831:1626–33. doi: 10.1016/j.bbalip.2013.07.014

62. Chang TY, Chang CCY, Ohgami N, Yamauchi Y. Cholesterol Sensing,
Trafficking, and Esterification. Annu Rev Cell Dev Biol (2006) 22:129–57.
doi: 10.1146/annurev.cellbio.22.010305.104656

63. Gelissen IC, Harris M, Rye KA, Quinn C, Brown AJ, Kockx M, et al. ABCA1
and ABCG1 Synergize to Mediate Cholesterol Export to Apoa-I. Arterioscler
Thromb Vasc Biol (2006) 26:534–40. doi: 10.1161/01.ATV.0000
200082.58536.e1

64. Ossoli A, Pavanello C, Calabresi L. High-Density Lipoprotein, Lecithin:
Cholesterol Acyltransferase, and Atherosclerosis. Endocrinol Metab (2016)
31:223. doi: 10.3803/EnM.2016.31.2.223

65. Chang TY, Li BL, Chang CCY, Urano Y. Acyl-Coenzyme A:Cholesterol
Acyltransferases. Am J Physiol Endocrinol Metab (2009) 297:E1–9.
doi: 10.1152/ajpendo.90926.2008
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