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Prostate cancer (PCa) metabolism appears to be unique in comparison with other types of solid cancers. Normal
prostate cells mainly rely on glucose oxidation to provide precursors for the synthesis and secretion of citrate,
resulting in an incomplete Krebs cycle and minimal oxidative phosphorylation for energy production. In contrast,
during transformation, PCa cells no longer secrete citrate and they reactivate the Krebs cycle as energy source.
Moreover, primary PCas do not show increased aerobic glycolysis and therefore they are not efficiently detect-
able with '8F-FDG-PET. However, increased de novo lipid synthesis, strictly intertwined with deregulation in
classical oncogenes and oncosuppressors, is an early event of the disease. Up-regulation and increased activity
of lipogenic enzymes (including fatty acid synthase and choline kinase) occurs throughout PCa carcinogenesis
and correlates with worse prognosis and poor survival. Thus, lipid precursors such as acetate and choline have
been successfully used as alternative tracers for PET imaging. Lipid synthesis intermediates and FA catabolism
also emerged as important players in PCa maintenance. Finally, epidemiologic studies suggested that systemic
metabolic disorders including obesity, metabolic syndrome, and diabetes as well as hypercaloric and fat-rich
diets might increase the risk of PCa. However, how metabolic disorders contribute to PCa development and
whether dietary lipids and de novo lipids synthesized intra-tumor are differentially metabolized still remains
unclear. In this review, we examine the switch in lipid metabolism supporting the development and progression
of PCa and we discuss how we can exploit its lipogenic nature for therapeutic and diagnostic purposes. This
article is part of a Special Issue entitled Lipid Metabolism in Cancer.
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1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed malignancy
in men and the second leading cause of cancer-related deaths in the
USA [1]. Although the advent of PSA screening has led to an increase in
the number of diagnoses for early intervention, PSA testing does not
appear to decrease PCa mortality and some patients still experience dis-
ease progression after receiving primary treatment [2]. Currently, the
standard systemic treatment for advanced PCa is based on androgen dep-
rivation (LHRH agonists, often in combination with oral anti-androgens)
to which tumors initially respond but eventually become castrate resis-
tant by acquiring changes that include androgen-receptor overexpression
and up-regulation of enzymes involved in androgen biosynthesis, which
result in reactivation of the receptor. Based on the new understanding
of these resistance mechanisms and androgen biosynthesis pathways,
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new anti-androgens and androgen-depleting agents have been de-
veloped (including enzalutamide and abiraterone acetate), hopeful-
ly increasing efficacy in advanced cancers [3]. Men with metastatic
castration-resistant PCa (CRPC) have a median survival of less than
2 years [4]. Currently, there is no standard therapeutic modality for
this fatal stage of PCa. Broad-band chemotherapeutic drugs are com-
monly used as a last resort; the taxane-derivative docetaxel is the
only US Food and Drug administration (FDA)-approved treatment for
use, showing a survival benefit, although several others are approved
for palliative indications [5,6]. Unfortunately, tumors often develop
resistance to taxanes [6]. Thus, alternative therapeutic strategies are
urgently sought.

In the 1920s, the German biochemist Otto Warburg made the first
observation that cancer cells undergo a metabolic reprogramming by
increasing the uptake of glucose and converting it to lactate using gly-
colysis, even in the presence of normoxic conditions (a phenomenon
called Warburg effect or aerobic glycolysis) [7]. Despite being a less effi-
cient mechanism of ATP production, aerobic glycolysis proved to be the
core cellular metabolism to provide cancer cells with building blocks
for macromolecule synthesis, such as carbohydrates, proteins, lipids,
and nucleic acids to support their accelerated proliferative rate [8].
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After one century, the importance of metabolic reprogramming in cancer
has been re-discovered and in the last decade the use of new molecular
tools allowed unraveling the numerous connections between oncogenic
pathways and metabolic activities. Indeed, the identification of metabolic
weaknesses of cancer cells has led to new strategies for treating cancer.
PCa presents very unique metabolic features, since primary tumors
do not show the classical “glycolytic switch” as the majority of other
solid tumors, and so are not efficiently detectable with FDG-PET, a tech-
nique successfully used in oncology for non-invasive diagnosis, staging
and treatment follow-up. However, an aberrant increase in de novo
lipogenesis, directly coupled with glucose and glutamine metabolisms,
is observed at early stages of the disease, significantly associated with
tumor progression, worse prognosis, and shorter survival [9-12]. More-
over, lipid deregulation, due to systemic metabolic diseases (including
obesity, metabolic syndrome, diabetes) or specific diet behaviors has
been linked to an increased risk of prostate cancer, but the mechanism
for this relationship is still not fully understood [13]. Although the pro-
duction of amino acids and nucleic acids is certainly an integral charac-
teristic of the cancer anabolic reprogramming as well, here, we discuss
the alterations of lipid metabolism in PCa, how oncogenic signaling,
diet, and lifestyle regulate it, and finally how we can take advantage of
this understanding to develop novel diagnostic tools and therapeutic
strategies.

2. Role of lipids in cancer

Lipids contribute to several aspects of tumor biology due to the
diversity of their biological roles (Fig. 1). First, they function as building
blocks for biological membranes to support the high proliferative rate
of cancer cells. Several endogenously synthesized fatty acids (FAs) are
esterified to phospholipids, which provide pivotal structural lipids, fa-
cilitate the formation of detergent-resistant membrane microdomains
for signal transduction, intracellular trafficking, polarization, and migra-
tion required for cancer cells [9,14]. The importance of membrane
synthesis in cancer cells has been underscored by the observation that
the expression and activity of choline kinase, an enzyme required for
the synthesis of phosphatidylcholine and phosphatidylethanolamine
(the major phospholipids found in cellular membranes) is increased
in tumors from several tissues, including PCa, and correlates with
poor prognosis [15,16]. Choline kinase has oncogenic activity when
overexpressed, suggesting that the synthesis of phospholipids is rate
limiting for transformation [17,18].

Second, intermediates of de novo lipogenesis, such as diacylglycerol
(DAG), phosphatidic acid (PA), lysophosphatidic acid (LPA), and sphin-
gosine 1-phosphate (S1P) also function as second messengers in signal
transduction pathways and are involved in crucial aspects of cell to
cell communication. Once generated, these lipids can be released and
act extracellularly in an autocrine/paracrine manner, controlling a
variety of cellular functions such as cell proliferation, survival, and
migration/invasion by either activating other signaling proteins, or by
engaging a series of G protein-coupled receptors (GPCRs) on the cell
surfaces [19]. Third, lipid-mediated post-translational modification of
proteins is also a vital process in regulating expression, localization
and function of various signaling proteins [20,21]. Phosphatidylinositol
(PI)-associated modification through a carbohydrate linker to the pro-
teins (GPI-anchored proteins) directs them towards the cell surface
from the endoplasmic reticulum (ER) [22]. Some GPI-anchored pro-
teins, such as urokinase-type plasminogen activator (uPA)-receptor
(uPAR) and membrane anchored serine protease matriptase (also
known as MT-SP1 and epithin), have a strong association with cancer
[23,24]. Covalent attachment of FA palmitic acid to a serine residue
(also called palmitoylation) of Wnt, an important signal molecule,
regulates its signaling capacity and secretion [25,26]. Cytoplasmic stabi-
lization of B-catenin through palmitoylation of Wnt-1 and subsequent
activation of the pathway has been shown as a potential mechanism
of fatty acid synthase (FASN)-mediated oncogenicity in PCa [27].

Moreover, the irreversible attachment of a myristoyl group (derived
from FA myristic acid) to the N-terminal amino acid of Akt has been
shown to activate the kinase and to induce cell transformation
[28,29]. Prenylation (the transfer of either a farnesyl or a geranyl-
geranyl moiety to C-terminal cysteine(s) of the target protein) is also
involved in the regulation of signaling outputs and controls the traffick-
ing of proteins among ER, Golgi and plasma membranes, including the
Ras small GTPase family members [30]. Finally, in response to glucose
limitation, FAs can also be consumed through (3-oxidation to provide
key substitute energy for cancer cell survival. It is reported that
increased FA oxidation is sufficient for cell survival and to protect cells
from glucose withdrawal-induced death in Akt-overexpressing glio-
blastoma [31]. In PCa, FA oxidation has been observed to be a dominant
bioenergetic pathway, as discussed below [32].

3. Alteration of lipid metabolism in prostate cancer
3.1. Dysregulation of FA biosynthesis and its pleiotropic role in cancer cells

Altered lipid metabolism has been increasingly recognized as a clas-
sical hallmark of cancer cells and a growing body of literature has been
focused on the relationship between up-regulated lipogenesis (the so
called “lipogenic phenotype”) and PCa pathogenesis [10,11,27,33,34].
A number of lipogenic enzymes utilize reduced nicotinamide adenine
dinucleotide phosphate (NADPH) and acetyl-CoA generated from glu-
cose and glutamine oxidation to synthesize FAs and their derivatives
(Fig. 2). Therefore, the exacerbated lipogenesis in cancer cells is not
only caused by the up-regulation of lipid metabolizing enzymes, but is
also directly coupled to other common metabolic pathways and associ-
ated cell signaling pathways. FA synthesis occurs in the cytosol and
begins with the conversion of citrate [derived from the tricarboxylic
acid (TCA) cycle in the mitochondria] to acetyl-CoA and oxaloacetate
by the enzyme ATP citrate lyase (ACLY). Acetyl-CoA is then converted
to malonyl-CoA by the rate-limiting enzyme acetyl-CoA carboxylase
(ACACA, commonly referred to as ACC), whereas oxaloacetate can be
converted into pyruvate by the malic enzyme. This reaction generates
NADPH and, along with the NADPH-producing reactions in the pentose
phosphate pathway, provides the reducing power for lipid synthesis.
The multi-enzymatic complex FASN then processes one acetyl-CoA
and seven malonyl-CoA molecules through a series of catalytic domains
to produce palmitate (16:0), a saturated 16-carbon FA that represents
about 80-90% of total FAs produced in a cell, and the less abundant
FAs myristate (14:0) and stearate (18:0) [9]. Saturated FAs may then
undergo further modifications at the cytoplasmatic face of the ER
membrane by desaturases and/or elongases to insert double bonds or
increase the carbon chain length, respectively, before FAs are ultimately
utilized for energy, protein modification, or incorporation into complex
lipid structures for cellular signaling and membrane integrity [35]
(Fig. 2). Desaturation is catalyzed by fatty acyl-CoA desaturases, includ-
ing the family of stearoyl-CoA desaturases (SCDs) also known as
fatty acyl-CoA delta-9 desaturases, that catalyze the introduction of
the first double bond in the cis-delta-9 position of several saturated
fatty acyl-CoAs, principally palmitoyl-CoA and stearoyl-CoA, to yield
palmitoleoyl (16:1)- and oleoyl-CoA (18:1), respectively [36]. The
best-characterized desaturase is SCD1, which is highly expressed in
oncogene-transformed lung fibroblasts and in several cancers [37-40].
Recently, SCD1 has been found overexpressed both at the mRNA and
protein level in androgen-sensitive and resistant PCa cell lines as well
as human tumor tissues. In the latter, its overexpression correlates
with a higher gleason grade, suggesting a role of this desaturase in
PCa progression [41]. Elongation of FAs to produce FAs with longer
chains such as stearic acid is obtained by a family of elongases that
add two carbons to the end of the chain in each cycle of reactions.
This family comprises seven members (ELOVL1-7) with different
chain lengths and saturation specificity. Tamura and coworkers have
recently shown that ELOVL7 is overexpressed in PCa and is involved
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Fig. 1. The role of lipids in PCa cells. Lipids exert several biological functions in cancer cells, including energy supply and storage, membrane building blocks, signaling molecules,
protein post-translation modifications, substrates for steroids to support PCa cells' survival, proliferation, migration, and invasion. PI, phosphatidylinositol, PA, phopshatidic acid;
DAG, diacylglycerol; LPA, lysophosphatidic acid; PC, phosphocholine; PS, phosphatidylserine; PE, phosphatidylethanolamine; GPI, glycosylphosphatidylinositol.

in PCa growth and survival through the metabolism of very-long-chain
saturated FAs (SVLFAs) and their derivatives, as discussed in the follow-
ing paragraph [42]. Normal adult human tissues preferentially use
dietary (exogenous) lipids for their metabolic demand, whereas de
novo (endogenous) FA synthesis is usually suppressed (except for
some activity in the liver, adipose tissue, and lactating breast) and the
expression of lipogenic enzymes is maintained at low levels [43]. By
contrast, about 60 years ago, Medes et al,, showed that cancer cells
synthesize large amounts of de novo FAs and cholesterol irrespective
of the circulating lipid levels [44] and they shunt glucose-derived
carbons from the mitochondrial TCA cycle to the cytosol to feed FA
synthesis [8]. In line with this observation, the expression and activity
of many enzymes involved in the FA synthesis pathway such as
ACLY, ACC, FASN are up-regulated in many cancers [as reviewed in
12,14,45,46], including PCa [10,33]. Overexpression of FASN is an
early event in PCa pathogenesis, associated with PCa progression and
metastases to the bone [11,33]. Elevated expression of FASN has been
linked with poor prognosis and reduced disease-free survival in PCa
[47]. Moreover, forced ectopic expression of FASN in immortalized
prostate epithelial cells transforms them, inducing invasive tumors
when injected in immunodeficient mice whereas transgenic mice
expressing FASN in the prostate develop prostatic intra-epithelial
neoplasia [34]. The proposed mechanisms of FASN oncogenicity include
cytoplasmic stabilization of B-catenin through acylation of Wnt-1, inhi-
bition of the intrinsic/mitochondrial pathway of apoptosis, protection
from ER stress, and the structural need to synthesize lipids [27,34,48].
The major transcriptional regulator of the lipogenic enzymes ACLY,
ACC, FASN is the sterol response element binding protein-1 (SREBP-1).
Expression of SREBP-1 can be stimulated by androgens and epidermal
growth factor (EGF) in PCa [49,50], and in turn, expression of the andro-
gen receptor is regulated by SREBP-1, creating a positive feedback loop
for the expression of lipogenic enzymes [51]. Moreover, overexpression
of SREBP-1 is sufficient to increase tumorigenicity and invasion of PCa
[51]. Pharmacological or small-interfering RNA (siRNA)-mediated inhi-
bition of enzymes in the de novo fatty acid synthesis pathway, namely
ACLY, ACC, FASN, or SCD1 results in either the inhibition of PCa growth
or cell death [52-56], demonstrating the requirement for de novo
fatty acids for PCa growth and survival. FA synthesis is an extremely de-
manding process: seven molecules of ATP and 14 molecules of NADPH
are required to synthesize one molecule of palmitate. Thus, PCa cancer
cells have adapted the use of alternative metabolic pathways and

enzymes to provide the necessary substrates for lipogenesis and pre-
vent its inhibition by upstream signaling mediators. These alternative
pathways include isoform switching, truncation of the TCA cycle, the
use of TCA cycle intermediates for FA synthesis, and the increased use
of other non-canonical metabolic enzymes such as hexokinase 2 in
response to androgen, the embryonic form of pyruvate kinase (PKM2),
the pentose phosphate pathway (PPP), and cytosolic TCA cycle enzymes
[8,57] (Fig. 3).

Although de novo synthesized FAs are typically derived from
glucose, some cancer cells rely on glutamine metabolism (Fig. 3).
Because glucose carbons are shunted from the mitochondria for FA
synthesis, PCa cells convert glutamine to a-ketoglutarate and shuttle
it into the mitochondria to replenish the TCA cycle intermediates for
anaplerotic reactions [58,59]. Additionally, cancer cells experiencing
selective pressure by hypoxia or a defective electron transport chain
use glutamine, rather than glucose, as the major lipid precursor. In
such a scenario, stabilized hypoxia inducible factor 1oc (HIF-1at)
inhibits the conversion of pyruvate to acetyl-CoA and isocitrate dehy-
drogenase (IDH1) works in reverse to convert a-ketoglutarate to cit-
rate, which is then metabolized by ACLY for lipid synthesis [60,61]
(Fig. 3). One major purpose for increased FA synthesis is to supply
the heavy demand for new membrane biogenesis. However, Swinnen
and coworkers showed that de novo fatty acids used for membrane
biogenesis also preferentially localize in the membrane's signaling
raft domains involved in signal transduction pathways [62]. Thus, de
novo FAs may play a significant role in propagating oncogenic signals
from the plasma membrane, such as Akt activation in PCa [63].
Overexpression of FASN in PCa also supports palmitoylation and acti-
vation of oncogenic -catenin [27]. While the enzymes FASN and ACC
are also involved in the control of cell cycle progression, the role of
de novo synthesized FAs in this context remains to be determined
[56,64]. The role of de novo FA synthesis goes beyond merely facilitat-
ing proliferation and survival. Indeed, FA synthesis appears to play
a role in energy homeostasis, resistance to oxidative stress, and cell
polarity.

3.1.1. Energy homeostasis

As aforementioned, cancer cells use large amounts of glucose for
energetic and biosynthetic purposes [8] resulting in a high rate of
lactate production and secretion that leads to the acidification of the
tumor microenvironment [65]. Thus, it is possible that lipid synthesis
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may function as a carbon sink to sequester excess pyruvate and avoid
lactate production to equilibrate the intracellular pH. Furthermore, it
may also contribute to redox balance. Indeed, it has been shown that
in PCa cells, the oxidizing power of the FA synthesis pathway is so
large that redox is stabilized more favorably (more oxidized) than
in normal prostate cells. This FASN-facilitated redox improvement
occurs despite the fact that malignant cells are more O, limited and
therefore express more HIF-1oc and hypoxia-regulated genes [66].
Additionally, in hypoxic cells, lipid synthesis-derived NADP* could
also increase the availability of cytoplasmic NAD ™ required to main-
tain glycolysis, thanks to a recently proposed mitochondria-cytosolic
NADPH shuttle [67]. Lipid synthesis would thus harness its oxidizing
power to improve redox balance between the cytoplasm and the
mitochondria and contributes to maximize glycolysis.

3.1.2. Resistance to oxidative stress

A recent mass spectrometry-based phospholipid analysis revealed
that prostate tumors displaying the lipogenic phenotype (due to
increased FASN expression) show a consistent increase in saturated
and monounsaturated FAs (SFAs and MUFAs) and a decrease in polyun-
saturated species compared to normal tissues [68]. Reversal of the
lipogenic phenotype by the small molecule inhibitor soraphen A or
siRNAs markedly decreases the saturated and monounsaturated phos-
pholipid species and increases the relative degree of polyunsaturation.
This lipogenic switch that favors SFAs appears to protect cancer cells

from oxidative stress and from doxorubicin-induced cell death [68].
Furthermore, the tendency of phospholipids containing mainly SFAs
to segregate into lipid rafts/detergent-resistant membranes would
markedly alter signal transduction cascades, vesicular trafficking and
cell migration [69].

3.1.3. Cell polarity

Recent evidence has shown that de novo lipogenesis and particularly
the activation of SREBP-1c distorts cell polarization and suppresses the
formation of the primary cilium [70]. This microtubular-based sensory
organelle is expressed on the surface of nearly every cell type and it is
lost in many cancers, including PCa [71]. Since the primary cilium con-
centrates and regulates several signaling pathways, SREBP-induced re-
pression of the primary cilium may render cancer cells less dependent
on external cues and anti-growth signals. This may also contribute to
the constitutive activation of cancer-associated signaling pathways,
such as Wnt signaling, which, further has been reported to be activated
by FASN-induced palmitoylation in PCa cells [27]. Suppression of the
primary cilium by SREBP-1 and by de novo lipogenesis may also release
a direct physical restraint on the cell cycle as the primary cilium is com-
posed of the same structural elements that are used for mitotic spindle
formation [72]. These findings, not only provide new insights into the
role of the de novo lipogenesis in PCa cells but they also provide a ratio-
nale for the use of lipogenesis inhibitors as antineoplastic agents and as
chemotherapeutic sensitizers.
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3.2. Dysregulation of FA remodeling

Despite early experimental and epidemiological observations
reported elevated levels of MUFA in cancer cells and tissues, the precise
mechanism of action of SCDs in carcinogenesis remains elusive. SCD1
expression promotes transformation, accelerated rate of cell prolifera-
tion, increased invasiveness, enhanced survival and, ultimately, greater
tumorigenic capacity (reviewed in [73]). Constitutively active SCD1
promotes this metabolic balance that favors cell proliferation and
survival by at least three potential mechanisms (i) stimulation of ACC
activity by the suppression of allosteric feedback inhibition by SFAs
and the inactivation of AMPK phosphorylation, described in the follow-
ing paragraphs; (ii) activation of the Akt pathway, with potential posi-
tive effects on the transcription of lipogenic enzymes and downstream
mitogenic signaling proteins and (iii) stimulation of the lipid biosyn-
thetic machinery by continuous supply with its preferred substrates,
the MUFAs [73]. Furthermore, the overexpression of SCD1 in cancer
cells ensures that harmful accumulation of SFAs does not occur, hence
preventing the cytotoxic effects of these FAs [74]. In keeping with
these findings, Fritz et al. found that lipid composition in human PCa
is characterized by an increased ratio of MUFAs to SFAs, compared to
normal prostate, and confirmed the overexpression of SCD1 in human
PCa [41]. They also showed that pharmacological inhibition of SCD1
activity impairs lipid synthesis and results in decreased proliferation

of both androgen-sensitive and resistant PCa cells, abrogates the growth
of prostate tumor xenografts in nude mice, and confers a survival bene-
fit [41]. At a molecular level, SCD1 inhibition results in the suppression
of the Akt pathway and reduced concentration of phosphatidyl inositol
tri-phosphate (PI (3,4,5) P3), in the promotion of AMPK and glycogen
synthase kinase o/ (GSK3a/pB) activation. Finally, SCD1 activity
appears to be required for cell transformation by Ras oncogene [41].
Changes in the elongation of FA have also been reported in PCa cells
[42]. ELOVLs are human homologues of yeast ELOs and catalyze the
elongation reaction of very-long-chain FA [75,76]. The elongation sys-
tem, which is responsible for the addition of two carbon units to the car-
boxyl end of a FA chain, is composed of four enzymes: a condensing
enzyme (elongase, 3-ketoacyl CoA synthase), 3-ketoacyl CoA reductase,
-hydroxyacyl CoA dehydrase, and trans-2, 3-enoyl-CoA reductase [75].
Seven distinct FA elongase subtypes (ELOVL1-7) have been reported in
mammals thus far, and each of these multiple elongation enzymes is
thought to work specifically for different chain length saturated or
unsaturated FAs [77]. The metabolic pathways of long-chain FAs play
an important role in the maintenance of membrane lipid composition
as well as in the generation of precursors for cell signaling molecules,
such as eicosanoids and sphingosine-1 phosphate involved in cell
physiology and cancer pathology [76,77]. In this regard, ELOVL7 has
been shown to be overexpressed in high grade PCas and its expression
to be regulated by the androgen pathway through SREBP-1. Knockdown
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of ELOVLY resulted in drastic attenuation of PCa cell growth, whereas
high-fat diet promoted in vivo tumor growth of ELOVL7-overexpressing
PCas [42]. FA elongation assay and composition analyses indicated
that ELOVL7 is preferentially involved in FA elongation of saturated
very-long-chain fatty acids (SVLFA, C20:0). Moreover, de novo androgen
synthesis is significantly affected by EVOLV7 inhibition [42]. While fur-
ther characterization of SCD1 and EVOLV7 biochemical and biological
functions is still required, these enzymes represent valid targets for
novel pharmacological approaches in PCa. Indeed, potent and specific
small molecule inhibitors of SCD1 activity have recently been discovered.

3.3. Alterations in FA catabolism

3.3.1. Increased FA breakdown

The majority of research on cancer lipid metabolism has focused
on the contribution to tumor growth by increased FA synthesis.
However, cancer cells also contain increased numbers of lipid droplets,
highly ordered intracellular structures derived from the ER where
triacylglycerols and cholesterol esters are stored [78]. Thus, Nomura
and coworkers reasoned that cancer cells should possess a complemen-
tary lipolytic pathway to liberate fatty acyl moieties from those reser-
voirs for signaling purpose [81]. Using an elegant proteomic approach,
the activity of monoacylglycerol lipase (MAGL), an enzyme that has
long been known for its participation in the breakdown of adipose
triacyglycerol (TAG) stores, was unexpectedly found to be highly
elevated in aggressive cancer cells from multiple tissues of origin [79].
Furthermore, increased free FA (FFA) levels were measured in the
more aggressive cancer cell lines and high-grade primary tumors.
Genetic or pharmacological blockade of MAGL rendered these tumors
FFA-depleted and less malignant, whereas ectopic overexpression of
MAGL in non-aggressive cells rendered them FFA-enriched and more
malignant [79]. Whereas MAGL-regulated lipid hydrolysis appears to
be important for the transformed properties of tumor cells, its inhibition
suppresses migration, invasion and survival of cancer cells in vitro and
xenograft tumor growth in mice. Strikingly, the functional defects of
MAGL inhibition were reversed by exogenous addition of saturated
FAs in vitro or feeding mice a high-fat diet [79]. Thus, MAGL supports
the malignant properties of cancer cells by maintain elevated levels of
FFAs, which, in turn become mostly channeled to the production of
various oncogenic lipid messengers, such as PA, LPA, and prostaglandin
E rather than to fuel B-oxidation, sustain glycolysis, or generate mem-
brane lipids [79]. It was also shown that MAGL-silenced cancer cells
display enhanced sensitivity to the anti-migratory and anti-survival
effects of the EGF receptor inhibitor tyrphostin. Thus, understanding
whether MAGL inhibitors render human tumors more responsive to
the antineoplastic action of tyrosine kinase-targeted chemotherapeutic
drugs is worth further investigation. Although acute/pharmacological
and sustained/genetic loss of MAGL function generated somewhat
distinct metabolomics profiles in the cancer cells studied, the work of
Nomura and coworkers (2010) turns MAGL into an unexpected and
promising new candidate for cancer therapy [81]. The study also raised
the exciting question of why both lipogenesis and lipolysis are
increased in cancer cells. Further studies need to be performed to test
whether FAs derived from de novo synthesis versus lipolytic release
differ in both compositions and functions.

3.3.2. Increased (3-oxidation

While most tumors exhibit a high rate of glucose uptake, which
contributes to support both their energetic and biosynthetic require-
ments [8], PCas generally display a low rate of glucose utilization
[80,81], increased uptake of FAs, such as palmitate [82], and increased
FA oxidation [32] with overexpression and increased activity of
enzymes of the peroxisomal branched chain fatty acid 3-oxidation, in-
cluding the D-bifunctional protein (DBP) and the a-methylacyl-CoA
racemase AMACR [83-85]. This increase in 3-oxidation may be caused
by the specialized metabolism of normal prostate epithelial cells.

Normal epithelial prostate cells inhibit the enzyme aconitase, responsi-
ble for the conversion of citrate in isocitrate, and secrete large amounts
of citrate into the prostatic fluid (40-150 mM citrate in the prostatic
fluid in comparison with 0.2 mM in blood plasma) [86]. Citrate is likely
to act as a seminal buffering agent, a chelator of free Ca** and Zn™* ™,
and possibly a scavenger of free radicals [87-90]. In contrast, during
transformation, PCa cells no longer secrete citrate and reactivate instead
the TCA cycle, increasing the oxidation of citrate [91] as energy source.
The transformation of a citrate-producing normal epithelial cell to
a malignant citrate-oxidating cell thus results in a more efficient
energy-generating system. Indeed, the metabolic switch towards citrate
oxidation is an early event in PCa pathogenesis [92]. Activation of
B-oxidation may also be crucial to support cancer-cell viability during
periods of energy stress. Constitutive activation of the PI3K/Akt path-
way sensitizes hematopoietic cells to withdrawal of glucose or growth
factors and activation of 3-oxidation is sufficient to maintain cell viabil-
ity under these conditions [31,93]. Finally, increased 3-oxidation has
recently been shown to contribute to resistance to oxidative stress by
providing substrates for NADPH and glutathione production, allowing
cells to remove reactive oxygen species [94]. FA oxidation, representing
a dominant bioenergetic pathway in PCa, could therefore be exploited
for drug targeting and diagnostic imaging [95].

3.4. Increased cholesterol and endogenous steroid synthesis in PCa

3.4.1. Increased accumulation of cholesterol in PCa cells

Another important biosynthetic process that is highly up-regulated
in PCa is the mevalonate pathway, which facilitates the accumulation
of cholesterol [96] (Fig. 2). A large number of epidemiological studies
have been conducted to address the association between cholesterol
levels and PCa, reporting that men with hypercholesterolemia are at
increased risk for aggressive PCa (reviewed in [96]). Moreover, pre-
clinical animal models showed that hypercholesterolemia is associated
with increased growth of PCa, progression to metastasis, Akt activation,
and increased levels of cyclin D1 [97,98]. The first steps of cholesterol
biosynthesis involve the condensation of acetyl-CoA with acetoacetyl-
CoA to form 3-hydroxy-3-methylglutaryl (HMG)-CoA. The reduction
of HMG-CoA to mevalonate by HMG-CoA reductase (HMGCR) repre-
sents the rate-limiting reaction of the cholesterol synthesis pathway
and is highly regulated at the transcriptional and post-transcriptional
levels through phosphorylation by the energy sensor AMPK [99]. Tran-
scriptional regulation of the enzymes in this pathway occurs through
activation of SREBP-2 [100]. SREBP-2, a regulator of androgen synthesis,
is also itself regulated by androgens, demonstrating a direct feedback
circuit for regulation of androgen production [100]. Interestingly,
SREBP-2 expression increases during PCa progression, is significantly
higher after castration and lacks its feedback inhibition in PCa cells
[101,102]. Cholesterol is an important component of biological mem-
branes as it modulates the fluidity of the lipid bilayer and also forms
lipid rafts, including caveolae that coordinate the activation of some
oncogenic transduction signaling, including the PI3K/Akt pathway
[69]. The cholesterol binding protein caveolin-1 (Cav-1), the major
structural protein within caveolae, has been implicated as a promoter
of PCa. Cav-1 expression correlates positively with aggressive PCa,
metastatic potential, and its serum levels are elevated in patients with
PCa [103]. Moreover, several studies showed that Cav-1 is capable of
actively promoting the metastatic and castrate-resistant phenotypes
[103] and its deletion in the PCa mouse model TRAMP decreases
tumor growth and delays advanced PCa development [104]. During
the synthesis of cholesterol, several metabolic intermediates are also
generated, such as isoprenoids, geranylgeranyl pyrophosphate, and
farnesyl pyrophosphate [105] (Fig. 2). These protein modifiers can
prenylate oncogenic proteins such as Ras and Rho, which regulate pro-
liferation, migration, and invasion of PCa cells [ 106]. Finally, sterols have
an important role in PCa development as they form the structural
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backbone for the synthesis of the steroid hormones androgens on which
PCa cells depends for their growth and proliferation.

Statin drugs were designed to inhibit hepatic HMGCR, the rate-
limiting enzyme of cholesterol synthesis, and were originally indicated
for the treatment of cardiovascular disease; however, long term use
of statin drugs has shown beneficial effects in reducing the risk of
advanced PCa (reviewed in [96]). Therefore, significant efforts have
been devoted to the understanding of the mechanisms of action of
statins (reviewed in [106-108]).

3.4.2. Increased intra-tumoral steroidogenesis

PCa cells respond to androgens through the action of the androgen
receptor (AR), a nuclear receptor that controls PCa cell proliferation at
all stages of disease, including late-stage, and castration resistant dis-
ease. As a result, therapy for advanced PCa almost invariably involves
deprivation of androgens, resulting in decreased circulating andro-
gens and PCa shrinkage. However, despite these initial responses,
essentially all patients experience relapse and progression to CRPC
and metastasis. It is now well recognized that CRPCs, including bone
metastases, still express AR and maintain an active androgen-signaling
pathway [109]. In addition intra-prostatic and/or tumor cell androgen
synthesis occur despite androgen ablation therapy, and this is sufficient
to activate AR and to partly explain the development of castration-
resistance. Interestingly, increased cholesterol levels were identified
in PCa bone metastases, along with increased expression of enzymes
involved in steroidogenesis [110-112]. Substantial up-regulation was
noted for CYP17A (which converts progestins to androgens), for
17-keto-reductase (which converts androstenedione to testosterone),
and for 5a-reductase 1 (which converts testosterone into the more
potent androgen dihydrotestosterone) (Fig. 2). Recent studies have
also suggested that these intra-tumoral androgens may be derived
from de novo synthesized cholesterol of the mevalonic acid pathway
[110], as well as circulating cholesterol from the diet [113].

Novel drugs aimed at blocking de novo steroidogenesis in advanced
PCa have been recently developed with promising results [3]. In 2011,
Abiraterone acetate, an inhibitor of CYP17A, was approved by the FDA
for the treatment of men with CRPC who received prior docetaxel.
On December 10, 2012 the FDA extended its use in combination with
prednisone for the treatment of men with CRPC before chemotherapy
[http://www.fda.gov].

4. Oncogenes and tumor suppressors tightly regulate de
novo lipogenesis

In addition to regulating cell proliferation and survival, it is now well
established that oncogenic/tumor suppressor signaling pathways con-
trol the expression and activity of enzymes involved in lipid metabolism
[114] (Fig. 3). The major positive regulators of the lipogenic enzymes
ACLY, FASN, and ACC are the PI3K/Akt and the mitogen-activated
protein kinase (MAPK) pathways [115,116]. Around 42% of primary
and over 70% of metastastatic PCas show constitutive activation of
PTEN/PI3K/Akt/mTORC1 pathway resulting predominantly, but not ex-
clusively, from PTEN loss [117]. PTEN deletion in mice results in invasive
prostatic adenocarcinoma [118]. PTEN knockdown in PCa cells induces
the overexpression of FASN, whereas, treatment with a PI3K inhibitor
or reintroduction of PTEN in PTEN-null PCa cells reduces FASN expres-
sion [119]. In contrast, inhibition of FASN reduces expression and
activation of Akt [120,121]. Additionally, cell growth suppression by
FASN inhibition can be overcome by hyperactivation of Akt [121].
Increased FASN expression has also been shown to correlate with acti-
vation and nuclear localization of Akt in PCa tissues, suggesting a coor-
dinate feedback between lipogenesis and PTEN/PI3K/Akt oncogenic
signaling to promote PCa growth and tumor progression [63]. As
previously mentioned, the synthesis of most enzymes involved in FA
and cholesterol synthesis is regulated by SREBPs [100,122]. Recently,
the activity of Akt and its downstream effector mTORC1 (mainly

involved in the regulation of protein synthesis) has been shown to be
required for the nuclear accumulation of mature SREBP-1 [123]. More-
over, transcriptional profiling of cells deficient for the tuberous sclerosis
complex 1 and 2 (TSC1/2), two negative regulators of mTORC1, revealed
that SREBP-1 is an important component of the metabolic regulatory
network downstream of this signaling axis [124]. mTORC1 also
regulates the expression of SREBP-1 and it is required for the stimulation
of lipogenesis in the liver [125]. Akt itself can also directly phosphorylate
and activate lipogenic enzymes such as ACLY [126] and activate the ex-
pression of several genes involved in cholesterol and FA biosynthesis
[127] (Fig. 3). SREBP-1 function is also essential for Akt-dependent reg-
ulation of cell size, suggesting via the PI3K/Akt signaling pathway that
Akt/mTORCT1 signaling axis regulates protein and lipid synthesis in con-
cert to fulfill increased request of building blocks by cancer cells [123].
The overexpression of the oncogene HER2, (found in approximately
20% of PCas), associated with high gleason grade, proliferation, tumor
recurrence, and progression to androgen independence [128], also acti-
vates FA synthesis via PI3K/Akt signaling pathway [129]. This activation,
however, does not occur transcriptionally via SREBP-1c, but rather,
translationally through activation of mTORC1 and increased FASN pro-
tein [130]. Conversely, the inhibition of FASN attenuates HER2 oncogen-
ic signaling and down-regulates activation of Akt and ERK 1/2 [131]. The
oncogene c-Myc (Myc), involved in the early stages of PCa development
[132], has been shown to enhance mitochondrial synthesis of Acetyl-
CoA, which, in turn, contributes to significant increases in histone acet-
ylation and FA biosynthesis in rapidly dividing cells. Using '>C-glucose
as tracer, Morrish and coworkers have recently shown that Myc mobilizes
glucose-derived acetyl groups for synthesis of the FA palmitate during cell
cycle entry and it increases SFA levels [133]. Same results were obtained
when cells were provided with glutamine, acetate, or acetoacetate as a
sole carbon source [133]. The mechanisms responsible for Myc-induced
enhanced contribution of glucose to cytosolic acetyl-CoA likely include
Myc activation of mitochondrial biogenesis, increased glycolytic flux and
entry of glucose carbons into the TCA cycle during cell cycle [133].
Myc-induced temporal activation of lipogenic genes, including
acetoacetyl-CoA synthetase (AACS) and ACLY was also observed [134].

AMPK is a master energy sensor that responds to increased
AMP/ATP ratio by turning on ATP-generating pathways, while
switching off ATP-consuming ones, including mTORC1 and lipogenesis.
The tumor-suppressor LKB1 negatively regulates the lipogenic enzymes
by activating the downstream target AMPK. AMPK inhibits the enzyme
FASN, ACLY, ACC, SCD1, and HMGCR both at the transcriptional and
post-translational level [135,136]. The latter occurs by a direct inhibito-
ry phosphorylation of ACC and HMGCR. AMPK-mediated reduction of
the transcription of lipogenic enzymes is obtained by a direct phosphor-
ylation of SREBP-1, thus preventing its proteolytic activation or by a
reduction of its expression [137,138] (Fig. 3).

Patients with the metabolic syndrome (Met-S), a metabolic dis-
ease associated with increased risk of high grade PCa [139,140],
show deregulation of the LKB1/AMPK pathway [141], thus allowing
enhanced lipogenesis to occur. Other tumor-suppressors such as Rb
and p53 are also involved in the regulation of lipogenesis. Indeed, in-
activation of the tumor suppressor Rb (reported in 5% of primary PCa
and 37% of advanced tumors) enhances isoprenylation and activation
of oncogenic N-Ras, through induction of SREBP-1 and 2 [142]. More-
over, genome-wide expression analysis identified the mevalonate
pathway as significantly up-regulated in p53 mutant cells (which oc-
curs in approximately 3-20% of PCas) [143] (Fig. 3).

5. Interfering with lipid metabolism as a therapeutic approach

Activation of the FA and mevalonate synthesis pathways appears
to be essential in both prostatic tumorigenesis and progression. Fur-
thermore, lipid synthesis is especially active in metastatic, castration-
resistant disease. Thus, significant effort has been made to target
lipogenic enzymes and their key upstream regulators. Two attractive
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targets include the key enzyme for FA synthesis, FASN, and the master
metabolic sensor, AMPK (Fig. 4).

5.1. Inhibitors of FASN

Several small molecule inhibitors of FASN have been described so
far, including Orlistat, Cerulenin, C75 and C93. Orlistat, which was
originally developed as an anti-obesity drug, is a potent irreversible
inhibitor of FASN; its mechanism of action entails the formation of
a covalent adduct with the thioesterase domain of the molecule
[144]. In 2004, Kridel and coworkers identified orlistat as an inhibitor
of FASN with anti-tumor activity in PCa, following a proteomic screen
for PCa specific enzymes [53]. Treatment with Orlistat resulted in the
reduction of PC3 cell proliferation, induction of apoptosis, and inhibi-
tion of the growth of PC3 xenografts (reviewed in [145]). Several an-
alogs have been recently developed to improve its pharmacological
limitations, which include poor oral bioavailability and poor metabolic
stability, low solubility, low cell permeability and lack of selectivity
[145]. Early small molecule FASN inhibitors such as Cerulenin (inhibitor
of the ketoacyl synthase domain) and C75 (inhibitor of the B-ketoacyl
synthase, enoyl reductase and thioesterase domains) demonstrated
significant antitumor activity. However, both of them induce dramatic
effects on food intake and body weight in mice that limited their devel-
opment for cancer therapy (reviewed in [146]). In order to overcome
the lack of potency and the side effects of C75, naturally occurring
thiolactomycins have been used as a template to develop a new class
of type I FASN inhibitors (C93, C24, FAS31). C93 has been shown to ef-
fectively inhibit FASN without stimulating FA oxidation in lung cancer
cells and to significantly inhibit the growth of non small cell lung
and ovarian cancer xenograft tumors without causing anorexia and
weight loss in the treated animals. Similar effects were seen for C247
and FAS31 in a transgenic model of breast cancer and in ovarian cancer
xenograft models, respectively [146].

Currently, newer more potent FASN inhibitors have been identified
through medicinal chemistry programs and high-throughput screening:
Astra Zeneca developed a series of bisamide derivatives, Merck a series of
3-aryl-4-hydroxyquinolin-2(1H)-one derivatives, and GlaxoSmithKline
produced GSK837149, a FASN inhibitor with nanomolar potency
(reviewed in [146]). Scientists at GlaxoSmithKline have also recently
patented the molecular structure of novel triazolone derivatives as
FASN inhibitors (US20120316151 A1, www.google.com/patents). How-
ever, to the best of our knowledge, none of the FASN inhibitors available
is currently in cancer clinical trials. One of the main reasons for the clin-
ical failure of FASN inhibitors so far has been the anorexia and sustained
body weight loss associated with FASN inhibition. Moreover, some avail-
able FASN inhibitors, such as Orlistat, are poorly absorbed by the gastro-
intestinal tract. The other issue is the unanswered question as to whether
exogenous lipids can rescue the effects of lipid synthesis inhibition.

5.2. Other inhibitors of lipogenesis

In addition to FASN, other lipogenic enzymes represent promising
targets for cancer therapy. ACLY inhibition by RNA interference
(RNAI) or with the chemical inhibitor SB-204990 results in decreased
proliferation and survival of tumor cells displaying aerobic glycolysis,
and in reduced tumor growth in vivo [55,147]. In PCa cells, short
hairpin RNA-mediated ACLY inhibition induces cell cycle arrest and
apoptosis. However, these effects were only observed when cells were
cultured under lipid-reduced growth conditions. Proliferation arrest
was partially rescued by supplementing the media with FAs and/or
cholesterol, indicating that the ACLY knockdown-mediated growth
arrest is the result of either FAs or cholesterol starvation or both [148].
Potent and specific small molecule inhibitors of SCD1 activity, such as
BZ36, showed anticancer activity in both in vitro and in vivo models
[73,149,150]. Knockdown of the FA synthesis rate-limiting enzyme
ACCa by RNAI leads to inhibition of cell proliferation and induction of

caspase-mediated apoptosis in highly lipogenic LNCaP cells. Moreover,
treatment of PC3-M PCa cells with Soraphen A, a potent inhibitor of
ACCa resulted in significant cell death [145]. Finally, the use of
HMGCR inhibitors statins (in particular simvastatin) in PC3-M cells in-
duced cell death, which was rescued by incubation of cells with choles-
terol [148]. Treatment of both androgen-dependent and independent
PCa cells (LNCaP and PC3 cells) with simvastatin significantly inhibited
serum-induced cell migration, invasion, colony formation, and prolifer-
ation, which were rescued by adenovirus-mediated expression of
constitutively active Akt (myristoylated Akt). Moreover, treatment of
PC3 xenografts with simvastatin resulted in reduced tumor growth
associated with decreased Akt activity and reduced PSA levels [151].
Finally, long-term use of statin drugs has shown beneficial effects in
reducing the risk of advanced PCa (reviewed in [96]), suggesting a
positive relationship between cholesterol lowering levels and protec-
tion to PCa risk. At present, two clinical trials are ongoing to investigate
the effect of statin therapy prior to prostatectomy (NCT00572468) or
during external beam radiation therapy (NCT00580970).

5.3. AMPK activators

Since AMPK constitutes a hub for cellular metabolic and growth con-
trol, it represents an ideal therapeutic target for metabolic diseases as
well as cancer. Several drugs which are largely used in the treatment
of diabetes and other metabolic diseases, including metformin, have
been shown to reduce cancer risk [152] and to reduce tumor cells pro-
liferation and tumor growth in animal models mainly through AMPK
activation [reviewed in 146]. AMPK activators fall in two classes: a) in-
direct activators, including biguanides and thiazolidinediones b) direct
activators, including AICAR and the last generation of small molecules.

5.3.1. Indirect AMPK activators

5.3.1.1. Metformin. Metformin is a derivative of guanidine and it is
a widely prescribed oral drug used as first-line therapy for type 2
diabetes. The primary actions of metformin are inhibition of hepatic
glucose production and reduction of insulin resistance in peripheral
tissue, resulting in lower levels of circulating glucose and decreased
plasma insulin. Recent evidence indicates that: a) diabetics under
treatment with metformin show a reduced cancer incidence [152]
and cancer-related mortality compared to patients exposed to sulfo-
nylureas or insulin [153]; b) metformin use is associated with a 44%
risk reduction in PCa cases compared to controls in Caucasian men
[154]; c) breast cancer patients treated with neoadjuvant chemother-
apy and metformin have significantly higher pathologic complete
responses than patients not taking metformin (retrospective study)
[155]. Thus, metformin's potential antineoplastic activity is currently
under investigation. Early promise has been reinforced by in vitro and
xenograft mouse model studies highlighting metformin's antitumor ac-
tivity in PCa cells [156-158]. The mechanism of action for metformin's
anti-tumor effect is not completely clear and has been ascribed to
both direct and indirect effects. At millimolar concentrations, metfor-
min inhibits complex I of the respiratory chain resulting in increased
AMP/ATP ratio and secondary activation of the AMPK pathway [159].
This results in inhibition of mMTORC1 and p70S6kinase 1 (S6K1) activity
and decreased translational efficiency in PCa cell lines [157]. However,
several reports have recently shown that the inhibition of AMPK using
siRNA does not prevent the anti-proliferative effect of metformin in
PCa cells, and several other mechanisms involved in the anti-cancer
effect of metformin have been proposed, suggesting that AMPK activa-
tion is only one of the pleiotropic effects of metformin [reviewed in
146,158].

5.3.1.2. Thiazolidinediones. Like metformin, thiazolidinediones (TZD)
are used clinically to treat type 2 diabetes. They activate AMPK likely
via inhibition of complex I of the respiratory chain [160]. Currently,
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Fig. 4. Drug-mediated targeting of lipogenic enzymes. A lot of efforts have been spent to identify inhibitors of de novo FA and cholesterol synthesis as well as inhibitors of
intra-tumor de novo steroidogenesis to use in cancer therapy. In this diagram, inhibitors of FA and cholesterol synthesis are depicted in red and blue squares, respectively. The
enzymes belonging to the two pathways are highlighted in corresponding red and blue colors. Novel small molecules targeting fatty acid synthase (FASN), AMP-activated protein
kinase (AMPK), and intra-tumor synthesis of androgens have recently been developed, as discussed in the text. ACLY, ATP citrate lyase; ACC, Acetyl-CoA carboxylase; ACAT,
Acetyl-CoA acetyltransferases; HMGCS, HMG-CoA synthase; HMGCR, HMG-CoA reductase; SCD1, stearoyl-CoA desaturase 1; CYP11A1, p450, family 11, subfamily A, polypeptide
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SRD5A 1, 2, steroid-5a-reductase 1, 2.

their activity as anticancer agents is under evaluation. Indeed, the TZD
derivative CGP 52608 has been shown to have a strong cytostatic activ-
ity in LNCaP cells by reducing cell proliferation and by affecting cell
cycle distribution through the modulation of the expression of cell
cycle-related genes [161].

5.3.2. Direct AMPK activators

5.3.2.1. AICAR. The nucleoside 5-aminoimidazole-4carboxamide-1-3-
ribofuranoside (AICAR) was the first compound reported to activate
AMPK in intact cells and in vivo, and has been widely used to investi-
gate the downstream effects of AMPK activation in animals. AICAR is
taken up into cells by adenosine transporters and is then converted
by adenosine kinase to the monophosphorylated derivative ZMP,
which is an analog of 5'-AMP and thus mimics several of its cellular
effects. AICAR inhibits the growth of tumor cells in vitro and in vivo.
In particular, it has been shown to inhibit PCa cell proliferation and
tumor growth in PCa xenograft models [157,162]. However, AICAR
is not entirely specific for AMPK, exerting AMPK-independent effects
mainly on AMP-regulated enzymes and mitochondrial oxidative
phosphorylation. Moreover, it has limited oral bioavailability, making
it a poor candidate for long-term use in humans [163]. Hence, design
of novel small molecules AMPK activators with reduced off target ef-
fects is actively sought and was greatly enhanced by the publication
of the crystal structure of AMPK subunits [164].

5.3.2.2. Small molecule AMPK activators. Abbott Laboratories have
pioneered the area of developing subunit-specific AMPK activators
and identified thienopyridone A-769662 in a chemical library screening
of over 700,000 compounds, using partially purified AMPK o3y com-
plex [165]. As AMP, A-769662 (ECso = 0.8 M) activates AMPK via an

allosteric mechanism and by inhibiting dephosphorylation at Thr172
[166,167]. However, A-769662 does not involve the AMP binding sites
on the vy subunit, since mutations that abolish AMP activation do not
block A-769662. Instead, truncation mutagenesis of the carbohydrate-
binding domain (CBD) as well as mutation of Ser108 to Ala in the
subunit abolishes A-769662 activation [167], suggesting A-769662 re-
quirement for (3 subunits. Specifically, A-769662 is selective for the 31
isoform and does not activate AMPK heterotrimers containing 32 nor
AMPK in tissues from 31 null mice (reviewed in [168]). In terms of up-
stream kinase requirements, A-769662 activates AMPK in HeLa cells,
lacking LKB1 as well as in TAK1 null MEFs; thus, the effects of
A-769662 are independent of the AMPK upstream kinase utilized
(reviewed in [168]). A-769662 has been shown to delay tumor develop-
ment, including PCa, and decrease tumor incidence in PTEN*/~ mice
with a hypomorphic LKB1 allele [169], suggesting its potential antican-
cer properties. Unfortunately, although it has beneficial effects in vivo,
the promise of A-769662 as a lead compound for drug development is
tempered by its poor oral absorption and some recently reported
AMPK-independent and non-specific effects [170,171]. Thus, intense ef-
forts have been directed to develop more specific small molecule AMPK
activators. In 2008, Pang and colleagues identified PT1 as a novel direct
activator of AMPK [172]. PT1 (ECsg = 8-12 puM for AMPK a1 and o2,
respectively) was identified in a targeted chemical library screening of
3600 compounds, using the auto-inhibited o-subunit fragment [a1
(1-394)]. Since the constitutively active AMPK fragment a1 (1-312)
is not activated by the PT1 compound, it is proposed that PT1 interacts
with the auto-inhibitory domain and relieves inhibition of the kinase
activity by this domain [reviewed in 168]. However, the effects of
PT1 in vivo and its potential use as anticancer agent are still to be inves-
tigated. In 2011, Lee and coworkers proposed the novel compound
0SU-53, which showed promising results in triple negative breast
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cancer [173]. OSU-53 directly stimulated recombinant AMPK activity
(ECso = 0.3 uM) and inhibited the viability and growth of breast
cancer MDA-MB-231 and MDA-MB-468 cells, despite lack of LKB1
expression. Beyond AMPK-mediated effects on mTORC1 and lipogene-
sis, OSU-53 targeted multiple AMPK downstream pathways, including
the protein phosphatase 2A-dependent dephosphorylation of Akt and
it modulated energy homeostasis by suppressing FA biosynthesis and
shifting the metabolism to oxidation (by the up-regulation of key regula-
tors of mitochondrial biogenesis). Moreover, OSU-53 suppressed
interleukin-6 (IL-6) production, thereby blocking subsequent Stat3 acti-
vation and inhibited hypoxia-induced epithelial-mesenchymal transi-
tion. In MDA-MB-231 tumor-bearing mice, daily oral administration of
0SU-53 (50 and 100 mg/kg) suppressed tumor growth by 47-49%
[173]. However, compound-induced protective autophagy reduced its
anti-proliferative potency and further development. Thus, the design
of novel more potent and specific AMPK direct activators is strongly
sought.

6. Exploiting lipid deregulation to develop novel imaging
techniques for diagnosis and therapy of PCa

Molecular imaging of tumor metabolism has gained considerable
interest since preclinical studies indicated that alterations in the
classical oncogenes and tumor suppressors are strictly intertwined
with dysregulated cellular metabolism. A body of literature shows
that deregulation of the PI3K/Akt pathway, a very common feature of
PCa, affects both glucose and lipid metabolism (reviewed in [46,174]).
In addition, the tumor environment causes specific adaptations of cellu-
lar metabolism that increase the uptake of metabolic substrates [175].
Several clinical trials have now demonstrated that metabolic imaging
can significantly impact patient management by improving tumor stag-
ing, restaging, treatment planning, and monitoring of tumor response
to therapy [176]. However, the use of imaging to assess PCa remains a
challenge, owing to the inherent heterogeneity of the disease. PET and
PET-computed tomography (PET-CT) with the glucose analog '8F-FDG
has become a routine clinical test for staging and restaging of most
solid tumors [177]. However, PCa is not as glycolytic as the majority
of other solid cancers and increased glycolysis is found mainly in the
advanced stages of the disease. In contrast, an increase in FA synthesis
seems to be both an early event in PCa tumorigenesis and correlated
with the progression of the disease. Thus, metabolic imaging
using lipid precursor tracers such as ''C-acetate, '8F-fluoro-acetate,
"C_choline, '8F-fluoro-choline appear to be a promising alternative.
Both !!C-acetate and ''C-choline have shown increased sensitivity in
the detection of primary PCa, metastasis, and recurrent disease com-
pared with '®F-FDG PET [178]. In particular, a growing body of literature
is pointing at the preferential use of ''C-choline for detecting primary
PCa and restaging recurrence after treatment, whereas !!C-acetate
holds promise for accurate detection of advanced PCa [179,180]. How-
ever, both of the tracers fail to detect small local and metastatic sites
[180] and !'C-acetate presents low sensitivity for disease detection at
PSA levels less than 3 ng/mL [178]. On a therapeutic perspective,
MC-acetate PET also proved to be a successful technique for monitoring
FASN activity and PCa treatment with FASN inhibitors [181].

7. Whole body lipid metabolism and prostate cancer
7.1. Obesity, metabolic syndrome and PCa

The increasing incidence of obesity and other metabolic conditions,
including metabolic syndrome, poses a great challenge to global health.
Metabolic syndrome (Met-S), is a metabolic disorder characterized by
insulin resistance, hyperglycemia, dyslipidemia, hypertension, and pre-
disposition to type 2 diabetes. (Met-S) is a frequent consequence of the
metabolic dysregulation observed in PCa patients on androgen depriva-
tion therapy [reviewed in 182]. In addition to cardiovascular disease

and diabetes, a close relationship between obesity and risk for multiple
types of cancer, including PCa, has emerged [183]. Indeed, a large body
of epidemiologic evidence supports a relationship between obesity and
PCa progression, and suggests obesity as an adverse prognostic factor
[184]. Obesity disrupts the dynamic role of the adipocyte in energy
homeostasis, resulting in: a) an altered secretion of pro-inflammatory
molecules [such as tumor necrosis factor alpha (TNFq, IL-6, and plas-
minogen activator inhibitor-1 (PAI1)] that contributes to insulin resis-
tance, b) an altered production of the adipocytes-secreted cytokines
(adipokines) leptin and adiponectin. Indeed, decreased serum levels
of adiponectin and increased leptin are found to be associated with
obesity (reviewed in [183]). Adiponectin and leptin seem to have op-
posing roles in PCa development, similar to their function in metabolic
diseases [185,186]. In fact, there is an inverse correlation between
adiponectin levels and risk of PCa [187,188] and in vitro studies
confirmed adiponectin's inhibitory effect on PCa cell growth through
activation of AMPK [156,189], although additional mechanisms to ex-
plain adiponectin's anti-cancer effect have been recently proposed
(reviewed in [183]). Additionally, obesity causes secondary changes
that are related to insulin signaling (such as insulin resistance and
insulin-mediated increase of IGF-1 levels and subsequent activation of
PI3K/mTORC1 pathway), as well as alterations in lipid metabolism
that are also pro-tumorigenic (reviewed in [183]). While some studies
have shown association of Met-S with a higher risk of PCa, the results
are still inconclusive [190]. However, there is clear evidence of its rela-
tionship with increased risk of more aggressive PCa [139,191]. The mo-
lecular mechanisms underpinning this positive association between
Met-S and aggressive PCa are still not well defined but the involvement
of AMPK inactivation is probably a central element [141]. In this regard,
an association between polymorphisms in the PRKAA2 gene (encoding
the a2 subunit of AMPK, which is responsible for the Met-S phenotype)
and susceptibility to insulin resistance and diabetes has been found in
the Japanese population [192,193]. Interestingly, the same locus corre-
lates with PCa risk [193], suggesting that AMPK dysregulation may
provide a mechanistic link between Met-S and PCa. Finally, AMPK acti-
vating drugs that ameliorate Met-S, including metformin, have been as-
sociated with a reduced risk of PCa [154]. The role of intra-tumor de
novo lipogenesis in the context of Met-S is still an unexplored area of in-
vestigation. In particular, there is not a clear understanding on whether
increased circulating lipids can compensate for intra-tumor de novo
lipids. However, our group has recently observed a positive association
between FASN overexpression in PCa and higher body mass index
(BMI), which is a component of Met-S, suggesting that in a metabolical-
ly permissive environment characterized by higher BMI, more abun-
dant glucose, higher insulin/C-peptide levels, and low adiponectin,
FASN may have an increased ability to exert its influence on either tu-
morigenesis or tumor maintenance [194].

7.2. Dietary fat and prostate cancer

The incidence and disease-specific mortality of PCa show marked
geographic variation, being greatest in North America and Western
Europe, and lowest in Asia [195]. These differences undoubtedly
have a genetic component, but the contribution of the diet and the
“western lifestyle” is nowadays gaining recognition. Indeed, diets
around the globe vary in their total fat content, as well as their enrich-
ment for specific lipids, which may contain varying quantities of SFAs,
MUFAs, and PUFAs. Studies regarding the association between fat diet
and risk of PCa are very controversial. This may be due to the fact that
the majority of epidemiology studies rely on patient questionnaires to
assess the implications of diet in PCa, and these can often inaccurately
reflect the patient's true diet [196]. In addition, it is often difficult in
human studies to separate and distinguish the role of high caloric
versus high fat intake. Many preclinical studies have tried to compen-
sate this inaccuracy and to identify the dietary components affecting
PCa development and progression by formulating controlled diets in
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mouse models. However, even preclinical studies remain controver-
sial. A confounding factor between many preclinical studies is the
variance in dietary formulation, specifically the source of dietary fat
and the quantity of specific types of SFAs, MUFAs, and PUFAs, and
especially their ratio to the respective control diet. Several epidemiolog-
ical studies suggested that increased consumption of SFAs (palmitic
acid, stearic acid), commonly included in meat, milk, eggs, palm oil,
and coconut oil, correlates with increased risk of PCa and reduced
progression-free survival [197-199]; however, others report no signifi-
cant association [200,201]. The preclinical animal studies showed con-
troversial results as well. Some studies suggest a diet high in SFA does
not increase PCa growth or survival in mice [202]; however, others
argue the opposite. Escobar and coworkers compared isocaloric diets
of only 7% fat, and discovered that rats on a lard-derived diet displayed
significantly increased prostate weight, testosterone, cell proliferation,
and AR expression compared to rats on a linseed oil-derived diet
[which is rich in o-linolenic acid (a-LNA)], suggesting that lard,
which is rich in palmitic acid and oleic acid has cancer-promoting
effects compared to an omega 3 PUFA-enriched diet [203]. SFA can
be acquired through diet and produced de novo by FA synthesis.
Despite several in vitro studies demonstrating that FASN inhibition-
mediated PCa cell death could be rescued by the addition of palmitic
acid, the primary product of FASN [34,51], the rescue of FASN inhibition
by dietary FAs has not been described in any preclinical models.
Thus, it is possible that the cellular pools of dietary and de novo
FAs supply different cellular processes, or perhaps the high rate of
FA synthesis, which is required for PCa cell survival, cannot be com-
pensated for by the diet.

Moreover, early epidemiological studies showed a lower incidence of
certain cancers in mediterranean regions [204] consuming a diet rich in
olive oil, whose main component is the oleic acid (delta-9 MUFA), how-
ever the effect of dietary MUFAs on PCa risk is still unclear, since there
may be other components of the mediterranean diet that contribute to
the reduced incidence [reviewed in 13]. Akin to the enigma concerning
the role of dietary versus de novo SFAs in tumor maintenance, dietary
MUFAs and de novo MUFAs may also have distinct roles in PCa and no
study so far has investigated the link between dietary MUFAs and
SCD1. In contrast to SFAs and MUFAs, the two main types of PUFAs,
omega-6 (n—6) and omega-3 (n—3), cannot be synthesized de novo
in mammals and therefore need to be obtained through the diet. Linoleic
acid (LA) is the most common dietary omega-6 PUFA and can be
converted to arachidonic acid (AA), which is a precursor to many
different eicosanoids [205]. LA is enriched in certain oils such as that of
corn, sunflower, and safflower [206]. «-LNA is the major precursor to
long-chain omega-3 PUFAs but its conversion is limited [207]. Therefore,
omega-3 derived eicosanoids are primarily derived from dietary
eicosapentaenoic acid (EPA) and docosanoids from docosahexaenoic
acid (DHA). Although still largely unclear, multiple mechanisms by
which PUFAs exert their effects in PCa have been proposed, including
eicosanoid synthesis, angiogenesis, immune cell regulation, and mem-
brane structure and function [reviewed in 13]. Moreover, despite a
large body of literature supports that omega-6 PUFAs (except for
omega-6 PUFA dihomolinolenic acid) increase PCa risk and disease
progression while omega-3 PUFAs show a protective effect, the subject
of good versus bad PUFAs is still debated [reviewed in 13,208]. Recently,
Wang and coworkers have shown that omega-3 PUFAs inhibit PTEN-
null castration-resistant PCa in part by accelerating proteasome-
degradation of the AR protein and suggested that omega-3 PUFAs sup-
plementation in conjunction with androgen ablation may signifi-
cantly delay the development of castration resistant PCa and have a
beneficial effect on androgen ablation-induced osteoporosis [209].
Moreover, no study has refuted the benefits of a balanced PUFA
diet and several animal studies have described an anticancer benefit
from diet containing a low omega-6 to omega-3 ratio [210,211], thus
suggesting that the quality of dietary fat rather than quantity might
impact PCa development.

8. Concluding remarks

Thanks to the advent of lipidomic technologies and re-kindled
interest in the field, significant insights on the role of lipid metabolism
in cancer are accumulating. It's becoming clear that both de novo and
dietary lipids are important players in the development and progression
of PCa. In particular, de novo lipogenesis, by modulating membrane lipid
composition of cancer cells affects cancer cell biology far beyond the
mere increase in membrane biogenesis, playing significant roles in
processes such as signal transduction, nutrient transport, ion channel ac-
tivity, cell death signaling and energy metabolism. Furthermore, several
evidence has underscored that the dysregulation of lipid metabolism in
PCa is not confined to increased lipid biosynthesis but includes aberrant
lipid remodeling, FA catabolism, and synthesis of mevalonate-pathway
intermediates, which are highly involved in the development and pro-
gression of cancer and particularly of hormonally-dependent cancers
such as that of the prostate. A more detailed understanding of the impli-
cations of these changes is destined to place lipid metabolism at the cen-
ter stage of future cancer research, including PCa, and may open new
therapeutic and diagnostic avenues.
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