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Abstract

Targeting metabolic reprograming has emerged as an exciting area in cancer research. Lipids, and fatty acids and cholesterol in particular, have generally been
considered to possess tumor promoting activities and have been targeted for cancer treatment in iz vifro and in vive studies, including clinical trials. Low fat diet has
been accepted by the public as it is associated with human health. However, large body of evidence indicates the lack of scientific consensus in these areas. Updated
contradictory data are presented in this paper with potential interpretations, which may significantly affect public diet selections and clinical practice in this area.
Much greater efforts are needed in the area of nutrition research, in metabolic reprograming, and in lipid metabolism pertinent to cancer. These studies are pivotal to

provide critical information for cancer prevention, detection, prognosis, and treatment.

Introduction

Advances in DNA and RNA sequencing over the past decade have
made it possible to systematically study genetic, as well as epigenetic
changes related to altered gene expression levels in cancer [1,2]. In
particular, the Pan-Cancer Atlas analyses have been conducted based
on The Cancer Genome Atlas (TCGA) data of over 11,000 tumors
from 33 of the most prevalent forms of cancer, using comprehensive,
in-depth, and interconnected bioinformatics analyses. This large-scale
collaboration initiated and supported by the National Cancer Institute
(NCI) and National Human Genome Research Institute (NHGRI), has
resulted 27 high-impact papers divided into three main categories:
cell-of-origin patterns, oncogenic processes, and signaling pathways.
In its comprehensive analysis of tumor signaling pathways, metabolic
pathways analysis is one of the major focuses [3,4].

Degeneration of cellular energetics, or metabolic reprograming
in general, is one of the important cancer hallmarks [5]. Since the
“Warburg effect” and the fatty acid de novo synthesis hypotheses
proposed in 1920s [6] and 1950s [7], respectively, cancer cell
metabolism reprograming has emerged as a major area of research and
new targets for cancer diagnosis, prognosis, and/or therapy in recent
years [8,9]. However, low efficacy and/or controversial outcomes exist
in targeting metabolism reprograming in pre-clinical or clinical trials
[10-12]. Practical and high clinical efficacy targeting of metabolism
reprograming in cancer is yet to be developed. More in-depth tumor
metabolic studies and analyses are critical to provide the pivotal bases
for this development.

In this review paper, lipid reprograming and their potential clinical
implications in cancer will be the focus. The current controversies in
this field will be discussed with perspectives.

Lipid Metabolism Reprograming as a Target for Cancer
Up- or down regulation of lipid synthesis in cancer cells?

Our recent bioinformatics analyses of the RNA-seq data from a
syngeneic epithelial ovarian cancer (EOC) cell pair, representing more
and less aggressive tumor cells in vivo have identified an unexpected
major down-regulated pathways in the more aggressive EOC cells are
related to lipid metabolism, mainly to cholesterol, steroid hormone,
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and fatty acid metabolisms [13]. The two key enzymes involved in
cholesterol and fatty acid synthesis, HMG-CoA reductase (Hmgcr in
mouse and HMGDR in human), and fatty acid synthase (Fasn in mouse
and FASN in human) were both down regulated in more aggress vs.
less-aggressive EOC cells [13]. On the other hand, several enzymes
in fatty acid p-oxidation, including the rate limiting enzyme carnitine
palmitoyltransferase 1 (Cptl), hydroxyacyl-CoA dehydrogenases
(Hadha and Hadhb), and acetyl-CoA acyltransferase 2 (Acaa2) are
upregulated 1.3 to 3.7 folds (P values <3 x 10*) in more aggressive EOC
cells [13].

This is unexpected, since up-regulation of lipids, including
cholesterol and fatty acids, have been shown to be associated with cancer
and they play tumor-promoting roles in many cancers, including EOC
[14-16]. Inhibitors targeting the rate-limiting enzymes in cholesterol
and fatty acid synthesis, such as statins and FASN inhibitors have been
used in the management of several cancers [11,17-19].

However, our findings are highly consistent with the Pan-
Cancer Atlas analyses [3], in which Peng, et al. have characterized
the molecular features and clinical relevance of metabolic expression
subtypes in human cancers, using molecular data of 9,125 patient
samples from TCGA [3]. Interestingly, while upregulated metabolism
of carbohydrate, nucleotide, and vitamin & cofactor are associated with
poor prognosis, upregulated TCA cycle and lipid metabolic subtypes
are associated with better prognoses [3].

The role of fatty acids and cholesterols in cancers

The potential tumor-promoting roles of lipids (mainly fatty
acids and cholesterols): Many publications have demonstrated the
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tumor promoting activities of fatty acids and/or cholesterols [14-
16, 20-22]. Activated lipid synthesis has been shown to be essential
for cancer cells. Lipids are not only the main components of plasma
membranes, but also function as energy source, signaling molecules,
and posttranslational modifiers for proteins [23].

A significant portion of the studies supporting targeting fatty acid
and cholesterol synthesis in cancer is from epidemiologic data linking
diabetes, obesity, and/or diet to cancer [20-22]. In particular, adipose
tissue plays important roles in providing energy, regulating glucose
and lipid metabolism, and modify the immune system in cancer
microenvironment [20,24,25].

Lipids in high fat diets (HFD) increase oncogenic KRAS activity
and stimulate proliferation of pancreatic cancer cells lines [18]. External
cholesterol can directly activate the oncogenic Hedgehog pathway,
and internal cholesterol can induce mTORCI signaling [26]. Fat and
specific fatty acids up-regulate inflammatory mediators in human
and animal studies. High-fat diets may also promote unfavourable
epigenetic profiles [27].

FASN and HMGCD are the rate-limiting enzymes for fatty acid
and cholesterol de novo synthesis, respectively (Figure 1). Fatty acid
synthesis enzymes, and FASN in particular, are often over-expressed in
cancer [28-30]. Cholesterol is mainly synthesized by the liver in the body,
but all types of cells are able of cholesterol synthesis [31]. Cholesterol
biosynthesis has been reported to be elevated in proliferating normal
tissues and tumor cells [31,32].

In hepatocellular carcinoma cells, silencing of FASN significantly
decreases cell proliferation [33]. Che, et al. have examined the role of
FASN in hepatocarcinogenesis and found that while overexpression of
FASN is insufficient in induction of transformation of hepatocytes, it
plays a necessary role in AKT and AKT/c-Met proto-oncogene-driving
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hepatocarcinogenesis in mice [34]. FASN knockdown in endothelial
cells impedes vessel sprouting by reducing proliferation [35]. In ovarian
cancer models, FASN has been shown to be involved in cell migration,
tumor development, and metastasis in vitro or in vivo [36].

FASN has been considered as an attractive target for therapeutic
intervention. Many FASN inhibitors have been developed and at least
one of them has successfully advanced through the drug development
process and entered clinical evaluation in oncology [37-39]. Blockade
of FASN using inhibitors induces degradation of phosphoinositide-
3-kinase signaling proteins, apoptosis, cell death, and reduced tumor
growth in ovarian cancer [40-42].

Statins targeting HMGCR are well-known cholesterol-depleting
agents and have been tested since the early 1990s [38,43]. Certain
clinical benefits have been reported in specific cancers [44-49]
when statins were used as a single reagent or in combination with a
chemotherapy or a different reagent.

The controversial roles of fatty acid and cholesterols in cancer:
For decades, there is a public consensus that high intakes of fat cause
obesity, diabetes, heart disease, and cancer [27]. However, Ludwig, et
al. have recently presented accumulated data showing that no-effect
or opposite correlations among high-fat diets and cancer incidence,
recurrence, and/or mortality. In addition, they have summarized
existing evidence to support that the pleiotropic anti-diabetic and
anti-inflammation effects of low-carbohydrate, high-fat diets [27].
Moreover, the authors emphasis the different roles of different fatty
acids, with trans and saturated fat positively, and unsaturated fat
negatively correlated to mortality [27].

The prognostic value of serum lipid markers in cancer is debatable
issue. For example, a recent meta-analysis of data from 26 studies
including 24,655 individuals revealed that serum blood total cholesterol
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Figure 1. Fatty acid and cholesterol synthesis in cells: HMGCR and FASN are rate limiting enzymes in cholesterol and fatty acid synthesis, respectively. ER=Endoplasmic reticulum
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(TC) and low-density lipoprotein cholesterol (LDL-C) are actuarially a
protective factor for overall survival in cancer patients [50]. In another
systematic review and meta-analysis, Hao, et al. have concluded that
high serum HDL-C levels are associated with better overall survival
and disease-free survival in patients with solid tumors [51]. LDL,
on the other hand, may have opposite functions in breast and other
cancers [52]. Moreover, cholesterol, cholesterol derivatives, and their
transporters add more complexity in the spectrum [53-55].

While Braicu, et al. have reported overall reduction of most lipid
classes in the serum of high-grade serous ovarian cancer (HGSOC)
patients, they emphasized that elevation of individual specific lipids,
including ceramide and triacylglycerol (TAG) lipid species are noted
[56]. The reduction of overall lipids may be related to lipotoxicity, which
is related to increased lipid droplets in cancer cells to sequester toxic
lipids, including fatty acids, cholesterol, and ceramides [57], reflecting
one of the adaptabilities of cancer cells.

Statins are one group of “redirected” drugs. They are originally been
used for the treatment of hypercholesterolemia and cardiovascular
diseases by inhibiting HMGCR. Due to the potential linkage of
hypercholesterolemia and cancer, they have been redirected to cancer
treatment [11,17]. However, their efficacy and benefit toward cancer
is rather controversial, ranging from beneficial effect, no effect, to
even negative effect. For example, statin intake has been shown to be
insignificantly associated with prognostic factors of prostate cancer or
increaseinvasive breast disease [11,58,59]. Inaclinical study, a significant
higher portion of patients with bladder cancer became more aggressive
who took statins than those nonusers [10]. Overall, despite numerous
studies, there is still considerable debate on whether statins are useful
in cancer treatment and prospective clinical studies have mostly not
been successful [60]. A recent systematic review and meta-analysis of
randomized controlled trials on statin therapy in the treatment of active
cancer has been conducted [61]. The data have shown that the overall
survival or progression-free survival of patients with advanced cancer
with a prognosis <2 years is not significantly improved by adding statins
to standard anti-cancer therapy [61]. These data clearly emphasis that it
is still immature to draw a definitive conclusion for the usage of statins
in cancer treatment based on the current available information.

Preclinical studies in mice using FASN inhibitors have demonstrated
their anti-tumor activity in several cancers, including pancreatic,
colorectal, and ovarian cancers [19,62]. However, no tumor response
is reported in one clinical trial using a FASN inhibitor. Off-target effect
has been considered as one of the potential reasons, as orlista has at
least seven known targets [28]. Other clinical trials using TVB-2640,
a FDA-approved FASN inhibitor, for advanced breast cancer, relapsed
high-grade astrocytoma, colon and other cancers are ongoing.

The potential interpretations for the discrepancy in the role
of lipid metabolism reprograming in cancer

Expression vs. function: Although lipogenic enzymes have been
shown to be frequently overexpressed in many cancer types [18,63], the
Pan-cancer Atlas analyses conducted based on >9,000 tumors revealed
an association between with upregulated lipid metabolism and better
prognosis [3], indicating the importance of investigating correlative
data in the functional/clinical outcome context. This is supported by
our RNAseq data that are generated from a pair of syngeneic cell lines
with dramatic differences in tumor formation function [13,64,65],
which also suggest that our data, although it derived from mouse EOC
cell lines, are in line with large scale human TCGA data from 33 tumor

types.
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In vitro vs. in vivo: Functional studies to elucidate the roles of
fatty acids and cholesterol in cancer have actually been conducted in
many of the previous studies in both in vitro and in vivo mouse model
studies. Genetic modification of genes encoding lipogenic enzymes and
applications of specific inhibitors linking to functional assays have been
tested to show that these enzymes are functionally involved in tumor
promoting in various cancer types [18,26,63].

However, some of these studies may be limited by certain
conditions, which do not fully recapitulate human cancer
pathologically, including 2D vs. 3D cell cultural conditions; cells in
attachment vs. in suspension (to be discussed in detail in below); and
the lack of the tumor microenvironment influence in in vitro studies.
Asan example, mouse ID8 EOC cells were original established through
spontaneous transformation of normal ovarian surface epithelial
cells [66]. Once transformed, however, numerous in vivo passages of
ID8 cells do not further enhance their tumorigenic aggressiveness,
accessed by their tumor/ascites formation time being consistently
~90 days ([66-68] and our unpublished data from more than 100
mice tested). On the contrary, only one-time in vivo passage has
dramatically increased their aggressiveness as we reported previously
[65]. These data indicate that the tumor microenvironment (TME)
plays pivotal regulatory roles in cancer cells. It is worthwhile to note
that studies conducted in mice may not fully recapitulate human
cancer pathology, but the mouse models are still highly valuable for
pre-clinical studies.

Cells in attachment vs. in suspension; 2D vs. 3D cell culture:
Adenocarcinomas are derived from epithelial cells, which are attached
to the basal layer in normal physiology. When cancer cells grow
and metastasize, they need to detach, migrate, and invade. During
metastasis, cancer cells need to survive in suspension conditions and
often encounter highly stressful microenvironment, including immune
attacks, nutritional alterations, and hypoxic conditions. The floating
circulating tumor cells (CTCs) have been considered as tumor markers
[69,70]. For EOC, the floating cells are particularly relevant. Most last
stage EOC patients develop ascites in the peritoneal cavity, with large
numbers of floating tumor cells, tumor-interacting host cells, as well
as many soluble growth factors, cytokines, and bioactive lipid factors
present. Malignant ascites presents an active and rather unique TME
for EOC, which is also a home for cancer stem cells. Hence, it provides
a wealth of opportunities for translational research [71,72], including
developing tumor markers and therapeutics. The limitations of cells
cultured in 2D cell culture dishes have now been well recognized. Many
3D and organoid systems for cancer cells derived from different tissues
have been developed in recent years [73,74].

We have found that while ID8-P1 (in vivo passage 1) possesses
dramatically increased tumor aggressiveness (assessed by tumor/
ascites formation time), they do not gain a proliferation advantage vs.
ID8-PO cells, when they are cultured in vitro using 2D attachment cell
culture plates, but they survived better in suspension and displayed
increased (~3-fold) colony formation capacity in 3D culture [65]. More
interestingly, the increased aggressiveness of ID8-P1 cells in vivo is
directly related to early-stage tumor cells survival in the peritoneal cavity,
which is likely a rate-limiting and critical step for tumor development
[65]. Intriguingly, dramatically increase in triacylglycerols (TAG; 3.2-
8.6 fold) was observed when EOC cells were cultured in suspension vs.
in attachment [75]. It would be interesting to test whether TAG increase
is a general phenotype for detached cancer cells and hence represents
a target of these relative vulnerable cells. These data emphasize the
importance of experimental conditions in data interpretation.
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Where to target fatty acid and cholesterol metabolism: Many
of the studies supporting the tumor promoting roles of fatty acid and
cholesterol are based on diet and externally administered lipids as
mentioned above. A significant portion or even the majority of TME
lipids, and cholesterol in particular, are produced by non-tumor cells,
and may not be related to tumor cell lipid metabolisms. Normal cells in
theliver and the brain are the main sources for the circulating cholesterol.
Compared to other normal cells in other tissues, tumor cells may have
altered lipid metabolism at multiple levels, by influencing de novo
synthesis, uptake, or efflux pathways of cholesterol [76]. However, many
of the published studies did not systematically study these differential
roles and/or regulations, which may exert complex roles in tumor
progression and/or patients’ prognoses. Systemically administrated
statins are likely to affect both physiological and pathological lipid
synthesis in host and tumor cells, which may exhibit differential and
even opposing effects in overall tumor progression. More specific
targeting of TME and/or systemic lipid metabolism warrants further
investigation.

Different and opposing roles of different lipid species: Fatty acids
are a group of compounds, varying in their carbon chain length in
general from 14 to 22; number and position of double bonds from one
to six, and whether the double bonds are in cis or trans configuration.
Cholesterol is a precursor for sex hormones and vitamin D, and
there are several other cholesterol derivatives. As mentioned above,
different fatty acids have profoundly different effects on mortality [27].
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Cholesterol associate with LDL and HDL, or cholesterol derivatives
are likely to have distinct and/or opposing effects [51-55,77]. Overall
inhibition of fatty acid and/or cholesterol synthesis may thus induced
complex outcomes.

In fact, even the roles of unsaturated fatty acids in cancer are highly
controversial, with beneficial, no effect, or even detrimental (increased
cancer incidence) effects reported {[78-80] (“Omega-3 Fatty Acids
— Health Professional Fact Sheet”). US National Institutes of Health,
Office of Dietary Supplements. 2 November 2016) [78-80]}. In fact, a
largest-ever vitamin D and omega-3 trial (VITAL), a 2 x 2 factorial
randomized, double-blind, placebo-controlled trial has concluded that
there is no significant difference in incidence of major cardiovascular
events or cancer in the omega-3 fatty acid supplemented vs, the placebo
group (Funded by the National Institutes of Health and others; VITAL
ClinicalTrials.gov number, NCT01169259) [81].

Omega-3 fatty acids (w—3, w—6 and w—9 FAs) contain 1 to 6 double
bonds (Figure 2). Both omega-3 and omega-6 fatty acids are essential
fatty acids, since humans and other animals cannot synthesize them,
but they are essential for body and cellular functions [82].

The three most common and dietary types of omega-3 fatty acids
involved are a-linolenic acid (ALA), eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) (“Essential Fatty Acids” Micronutrient
Information Center, Oregon State University, Corvallis, OR. May 2014.
Retrieved 24 May 2017.). Arachidonic acid is a very important omega-6
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Figure 2. The structures and functions of cholesterol and fatty acid, as well as their derivative in cancer: The complex tumor-related effects of cholesterol and its derivatives (A), and fatty
acids (B and C) and their derivatives. Saturated fatty acids do not contain double bonds in the backbone (not shown). Omega-3. Omega-6, and their derivatives may have tumor-promoting,

tumor-suppressing, or have no effects, as detailed in Section-Different and opposing roles
glossary.php?en=omega-3+fatty+acids (Permission is granted to copy, distribute and/or m

of different lipid species. Part of the figure was from E. Generalic, https://glossary.periodni.com/
odify this image freely for any purpose, including commercial use, as long as the author and the

source are credited: E. Generalic, https://glossary.periodni.com/glossary.php?en=omega-3+fatty+acids) and from [91]
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fatty acid, which is the precursor of prostaglandins, thromboxanes,
leukotrienes, and other eicosanoids (Figure 2). These pre-inflammatory
lipids have strong tumor promoting activities [83,84]. Inhibitors for the
key enzymes cyclooxygenase-1 (COX-1) and COX-2, which convert
arachidonic acid to inflammatory eicosanoids, are targets in many
cancers [84-86].

Oleic acid (with 18 carbons and one double bond) is a omega—9
fatty acid and is a most common component of animal fat and vegetable
oil [87]. Reports for the effect of this fatty acid in diet is contradictory.
It may prevent pancreatic ductal adenocarcinoma by reducing
hyperinsulinaemia and hence reducing DNA damage and tumor
growth. Yet, different epidemiological studies investigating oleic acid
have shown the tumor promoting activities of oleic acid [87-90]. Some
of the representative roles shown for different fatty acid in cancer are
shown in Figure 2.

It is well known that vitamin D3, synthesized from cholesterol
(Figure 2), has anti-cancer activities, which is supported by randomized
clinical trials and observational studies [92,93]. However, the VITAL
Clinical Trials mentioned above has concluded that supplementation
with vitamin D did not result in a lower incidence of invasive cancer or
cardiovascular events than placebo (Funded by the National Institutes
of Health and others; VITAL Clinical Trials.gov number, NCT01169259)
[94]. Complex mutual regulations between vitamin D and phosphate
homeostasis has been suggested as one of the reasons for discrepancies
in data presenting and interpretations related to vitamin D and cancer
[95].

The off-targeting and study design issues in using lipogenesis
inhibitors: In theory, all pharmacological inhibitors, although they
can be highly selective, have potential off targets for their actions. In
fact, as two examples, orlistat has least seven targets [28]. In addition,
plasma membrane ion channels and mitochondrial electron transport
complexes are identified as statin off targets [96].

Epidemiological and other studies conducted by different groups
may have used significantly different methods, approaches, and/or
standards. Some of these studies suffer limitations in providing valid
data for correct interpretations as described by Ludwig, et al. [27]. Study
designs are another major issue for preclinical and clinical studies [60].
Repurposing drugs should be carefully re-evaluated in cancer context
in ways comparable to those for any novel drug [60].

Potential functional interpretations for that upregulated
lipid metabolism is associated with better prognosis: Why cancer
subtypes with upregulated lipid metabolism are associated with better
prognosis is unclear [3] and remains to be further investigated. One
speculation is that altered lipid profiles elicit immune response and
such induced immune suppression. Reprogramming of cellular
cholesterol metabolism has been shown to modulate the immune
system [77,97,98]. Lipotoxicity induced cell death may be another
reason. Lipotoxicity is the best studied in liver diseases [99], but it also
occurs in cancer cells. For example, saturation or monounsaturation of
fatty acids induced apoptotic cell death in liver cancer cells [100]. More
functional, multidisciplinary, and integrated studies are necessary to
address these issues.

Conclusion

Targeting metabolic reprograming in cancer is an exciting and
promising area in cancer research. However, conclusive data to translate
current epidemiological findings to clinical practice is lacking and
requires further multidisciplinary prospective research to advance the
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field. Progression in the FASN-and/or cholesterol-targeted molecules
has been rather slow and challenging. Highly controversial data in
targeting synthesis of these lipids in cancer are presented in this review,
with potential interpretations and perspectives.

The Pan-Cancer Atlas analyses [1-3] provide a uniquely
comprehensive, in-depth, and interconnected understanding of biology
and the complex signaling pathways in cancers [100]. Regardless of
underlying reasons and mechanisms, the observations that upregulated
lipid metabolism is associated with better prognosis [3] or down-
regulated lipid metabolism is associated with more aggressive tumor
development as we have shown recently [13] suggest a more complex
relationship between metabolic reprogramming and cancer progression
than usually assumed. Hence, much greater efforts are need in the
area of nutrition research, in metabolic reprograming, and in lipid
metabolism in particular. Development in technologies in recent
dacades to collect large scale “omics” data and their analyses has clearly
provide new opportunities for the research in these areas.

The tumor microenvironmental vs. cancer cell effects and different
physiological/pathological features of attached vs. floating cells
warrant special attention. More specific targeting host cells/tissues or
cancer cells should be considered. How to target specific lipid species
represents another scientific and technical challenge. Improved
study design for epidemiolgial and clinical trials with high and more
consistent standards are pivotal to provide critical information on
cancer prevention, detection, prognosis, and treatment, pertinent to
lipid metabolism.
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