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Abstract

Introduction: Hepatocellular carcinoma (HCC) is one of the most common and lethal cancers.
Progress has been made in treatment of HCC; however, improved outcomes are much needed. The
increased metabolic needs of cancer cells underscore the importance of metabolic pathways in
cancer cell survival. Lipid metabolism has a role in HCC development; aberrant overexpression of
several key enzymes is seen in many solid human tumors.

Areas covered: We discuss aberrant lipid metabolism and the promise of multiple targets, in
particular related to HCC treatment. We searched PubMed and clinicaltrials.gov for published and
unpublished studies from 2000 to 2019. These terms were used: lipids, fatty acid metabolism, lipid
metabolism, liver cancer, HCC, de novo fatty acid synthesis, ATP citrate lyase, stearoyl CoA
denaturase, fatty acid synthase, acetyl coenzyme A carboxylase, CD147, KLF4, monoglyceride
lipase, AMP activated protein kinase.

Expert opinion: The importance of dysregulation of fatty acid synthesis in cancer is a growing
area of research. HCC demonstrates significant alteration in lipid metabolism, representing great
potential as a target for novel therapeutics. Various agents have demonstrated promising anti-
neoplastic activity. This strategy deserves further development for improved outcomes.
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1. Introduction

Liver cancer is the sixth most common form of cancer worldwide [1]. Hepatocellular
carcinoma (HCC) is the most common cause of primary liver cancer. Due to the global
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prevalence and high mortality associated with HCC, research has been focused on
identifying risk factors for the development of HCC and also potential new therapies for
more effective treatment of this devastating disease. Cirrhosis is one of the most well
described risk factors for the development of HCC [2]. Cirrhosis can be the result of viral
hepatitis, chronic alcohol use, non-alcoholic steatohepatitis (NASH), or certain genetic
disorders, such as Wilson’s Disease, Alpha-1 anti-trypsin deficiency, and hemochromatosis.
The development of HCC has also been described in patients without documented cirrhosis
who have hepatitis B infection, hepatitis C infection, diabetes mellitus, non-alcoholic fatty
liver disease (NAFLD), a history of tobacco use or obesity [2].

HCC is often diagnosed late and therefore carries a poor prognosis. In fact, worldwide, liver
cancer is the third leading cause of cancer-related death. Globally, liver cancer incidence is
estimated to represent 4.7% of all new cancer cases, and 8.2% of all cancer-related deaths. In
the United States, for example, the average 1-year survival rate is <50% and average 5-year
survival rate is <10% for liver cancer [3].

Curative therapy options are not available, and though much progress has been made in
recent years, therapeutic options and outcomes for patients with HCC are still limited.
Sorafenib arose as the singular standard in 2007 and remained the sole standard for many
years. Since 2017, we have witnessed a dynamically changing treatment landscape for
patients with advanced HCC, including the emergence of a number of inhibitors of tyrosine
kinase signaling and angiogenic molecules and immune checkpoint inhibitors. Currently,
there are several approved drugs for systemic treatment of HCC — sorafenib, lenvatinib,
regorafenib, cabozantinib, and nivolumab [4-7]. Sorafenib and lenvatinib are multikinase
inhibitors used as first-line treatment in HCC. Sorafenib targets Raf serine/threonine kinases,
VEGF receptors 1-3, PDGFR- B, FLT3, KIT, and RET, while lenvatinib targets VEGF
receptors 1-3, FGF receptors 1-4, PDGF receptor a, RET, and KIT. Regorafenib and
nivolumab are approved as second-line treatment. Regorafenib, like sorafenib and lenvatinib,
targets VEGF receptors 1-3, PDGFR, FGFR, KIT, RET, RAF-1, and BRAF, while
nivolumab is a programmed cell death protein-1 (PD-1) immune checkpoint inhibitor that
has also demonstrated positive results in HCC patients. None of these therapies address the
altered metabolic functions of HCC cells, including lipid metabolism.

Several studies have sought to elucidate the underlying mechanisms enabling the generation
and survival of HCC cells as these processes may serve as therapeutic targets. One such
potential target is lipid metabolism. Altered lipid metabolism has demonstrated a role in the
development of HCC; however, the mechanism by which lipid metabolism is altered during
the natural progression of HCC is poorly understood. Herein, we review the current
literature to provide insight into lipid metabolism as a source of potential novel therapeutic
targets for the treatment of HCC. Our review focuses on targets such as Stearoyl-Coenzyme
A desaturase-1 (SCD1), fatty acid synthase (FASN), acetyl CoA carboxylase (ACC),
Kruppel-like Factor 4 (KLF4), Monoglyceride Lipase (MGLL), and basigin (CD147), which
all play roles in lipid metabolism.

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pope et al. Page 3

2. Normal de novo fatty acid synthesis

De novo fatty acid (FA) synthesis occurs in high energy or fed states. During FA synthesis,
glucose is taken up in the liver where it is then converted to FAs for storage in the form of
triacylglycerols (TAGs) [8]. The initial step in FA synthesis is glycolysis. Glycolysis results
in the production of pyruvate from glucose [8]. This reaction takes place in the cytosol of the
hepatocyte. After pyruvate has been produced, pyruvate enters into the mitochondria and is
converted to citrate via the citric acid (TCA) cycle [9]. Once citrate has been formed, citrate
is expelled out of the mitochondria via the citrate shuttle. Citrate is converted into
oxaloacetate and acetyl CoA via ATP-citrate lyase (ACL) [9]. The oxaloacetate is further
broken down into pyruvate and NADPH. The acetyl CoA and NADPH are then used for FA
synthesis [9]. Acetyl CoA is converted to Malonyl CoA via ACC [10]. Malonyl CoA and
Acetyl CoA are combined using FASN to help form saturated fatty acids (SFA) (palmitoyl-
CoA and stearoyl-CoA) [10]. Critically, these are then converted to monounsaturated fatty
acids (MUFA) palmitoleoyl-CoA and oleoyl-CoA by SCD [11]. MUFAs are critical as
building blocks for membrane synthesis, prostaglandin synthesis, and as the source for
TAGs. They are important to cancer cell survival via their role in the induction of autophagy,
enhancement of cell membrane turnover, effecting intracellular signaling and gene
transcription, and increasing energy production.

Once these FAs have been produced, they are prepared for storage. In the liver, glucose is
converted into glyceraldehyde 3-phosphate (G3P) via glycolysis [12]. G3P is bound with
activated FAs via acyltransferases (AT) to form lysophosphatidic acid. An additional
activated FA is added via AT to form phosphatidic acid. This is further converted to
diacylglycerol (DAG) via phosphatase. Diacylglycerol acyltransferase (DGAT) then converts
DAG to TAG [12]. The liver packages TAG with other substrates to form very low density
lipoproteins (VLDL). These VLDLs enter the blood stream for transport of TAGs to other
cells within the body. TAGs are transferred in the blood via chylomicrons from enterocytes.
Endogenously produced TAGs are carried via VLDL and TAGs absorbed from the diet in
enterocytes are carried in the blood via chylomicrons [10]. These TAGs are a main source of
energy for normal metabolic cellular function [13].

3. Fatty acid synthesis in HCC

Dysregulation of FA synthesis has become a growing area of research as multiple studies
have revealed altered lipid metabolism as a culprit in the pathogenesis of cancer [13-17].
The increased metabolic needs of cancer cells in a setting of reduced nutrient availability
underscore the importance of reprogramming of metabolic pathways in cancer cell survival.
These include increased de novo lipogenesis. Recent studies have implicated lipid
biosynthesis and desaturation as a requirement for HCC tumorigenesis, survival and
progression [18-20]. Though a dedicated, comprehensive evaluation of FA biosynthesis
machinery in HCC is lacking, several studies have described aberrant overexpression of
enzymes in this process, such as FASN, ACL, ACC, and Stearoyl CoA desaturase-1 (SCD1),
in a wide variety of solid human tumors including HCC (Figure 1). Blocking the FA
biosynthesis pathway has been shown to suppress cancer cell growth and several potential
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targets in these pathways may serve as effective drug targets as part of a therapeutic strategy
for HCC.

3.1. ATP citrate lyase

ATP Citrate Lyase (ACLY) is the cytosolic enzyme that catalyzes the Mg-ATP-dependent
synthesis of oxaloacetate and acetylcoenzyme A (acetyl-CoA) from citrate and co-enzyme A
[21]. Human ACLY is a polypeptide characterized by an N-terminal citryl-CoA synthetase
module that consists of CCSP and CCSa regions, as well as a C-terminal citryl-CoA lyase
(CCL) domain [22]. In turn, acetyl-coA is a versatile molecule involved in several important
biosynthetic pathways. It is necessary for the production of malonyl-CoA as the first step in
FA synthesis, and is required for the creation of acetoacetyl-CoA in the mevalonate pathway
of cholesterol systhesis. It is also required for acetylation reactions that modify proteins,
such as histone acetylation [23]. Studies of the ligand-dependent conformational changes in
the ACLY tetramer and their biologic, protumorigenic effects have identified a number of
potential molecular targets within the ACLY protein [22,24]. With its position in the midst of
intracellular metabolic activity, ACLY is a strategic enzyme linking both the glycolytic and
lipidic metabolism so important to tumors. Given this critical location at the juncture of two
major metabolic processes, and also the important role acetyl-coA plays in lipid and cellular
metabolism, ACLY is an important molecule in cancer cell physiology and survival and thus
is a significant potential therapeutic target.

ACLY expression and activity have proven to be aberrantly expressed in many tumor types,
including HCC [25-30]. Ference et al. demonstrated that genetic variants that resulting in
either ACLY inhibition or HMGCR inhibition did not result in an increased risk of cancer
[31]. Further, experimental pharmacological or genetic inhibition have demonstrated
significant inhibition of cancer cell proliferation and induction of apoptosis. Interestingly, in
these studies a differential sensitivity to ACLY inhibition based upon the cellular rate of
glucose utilization and lactate production has been seen. Highly glycolytic cells are more
dependent on ACLY activity for their survival, and thus more sensitive to inhibitory
pressure. This preferential sensitivity may make ACLY targeted therapeutics safer since cells
with a normal metabolism and a growth rate would be much less influenced by its inhibition
[9,32-34]. Also of note is that ACLY knockdown or inhibition has demonstrated an
important impact upon cancer stem cells, particularly those that are located in hypoxic
regions of tumors and more strongly rely on glycolysis [35].

ACLY inhibitors have reported positive results in human clinical trials as cholesterol-
lowering drugs [36—42]. Several natural and synthetic inhibitors of ACLY exist and many,
both by themselves and in combination with other agents including chemotherapy have
demonstrated anti-proliferative effects on several cancer cell lines in vitroand in vivo
[32,43-48]. There have, however, not yet been any human clinical trials dedicated to
evaluating ACLY inhibitors as anti-neoplastic therapeutics. While additional investigations
of existing ACLY inhibitors are still necessary to explore their potential as antineoplastic
agents, the development of more potent and selective ACLY inhibitors is an unexplored field
and, given the importance of this enzyme as a potential topic, a significant unmet need.
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3.2. Stearoyl-CoA desaturase-1

SCD is an enzyme located on the endoplasmic reticulum that helps catalyze double bond
formation at the c/s-delta-9 position of FAs [49]. In particular, it converts palmitoyl-CoA to
palmitoleoyl-CoA and stearoyl-Coa to oleoyl-CoA [49]. SCD is immediately downstream of
FASN in this enzymatic cascade and, functionally, is the rate limiting enzyme in this
process, converting SFA into MUFA through insertion of a cis-double bond at the A9
position of the carbon chain [50]. Five isoforms of SCD have been described, of which two
are expressed in humans (SCD1 and SCD5) [17,51]. Each of these isoforms demonstrates
differential tissue distribution and expression patterns, but preserved enzymatic function
[52,53].

SCD1 has been noted to be upregulated in a number of cancers, including HCC [49]. By
interrogating large cohorts of clinically available HCC tissue samples, SCD1 has been found
to be overexpressed. This overexpression was correlated with tumor differentiation and with
shorter disease-free survival [54]. Additionally, studies have demonstrated upregulation of
SCD1 in HCC cells in response to some chemotherapeutics and also to sorafenib [54,55].
SCD1 upregulation is thought to contribute to increased cell proliferation and evasion of
apoptosis by cancer cells. In normal cells, as SFA levels increase, ACC is inhibited through a
negative feedback mechanism. Rising SFA levels play a role in signaling apoptosis via their
role in signaling oxidative and endoplasmic reticulum stress. However, with increased levels
of SCD1, SFA levels remain low as much of the available SFA is converted to MUFA [49].
Increased SCD1 resulting in decreased SFA levels is thought to aid cancer cells in evasion of
programmed cell death.

Early /n vivo studies in mice with targeted disruption in the SCD1 gene showed reduced
body adiposity, increased insulin sensitivity and resistance to diet-induced obesity, thus SCD
plays a central role in FA metabolism and metabolic disorders [56,57]. Modulation of SCD
represented a promising therapeutic strategy for the treatment of obesity and diabetes.
Researchers have utilized various methods to develop novel inhibitors of SCD1 as possible
therapeutics. One such molecule, MK-8245 (Merck & Co), is a SCD inhibitor with moderate
bioavailability across multiple animal species. A phase 1 study of the compound in human
subjects for the treatment of diabetes noted general safety and tolerability [58]. To overcome
SCD1’s deleterious activity of on target toxicity in sensitive tissues, such as the eyes and
skin, CV Therapeutics, Merck Research Laboratories and Xenon/Novartis and others
produced compounds that preferentially distributed to the liver [59-61]. In another clever
strategy, a high throughput drug screen identified two chemical series, oxalamides and
benzothiazoles, that were selectively toxic at low nanomolar concentrations in human lung
cancer cell lines expressing cytochrome P450 (CYP) 4F11, which metabolized the
compounds into irreversible inhibitors of SCD [62].

In more recent years, SCD1 inhibitors were discovered to also be anticancer agents and
shown to inhibit tumor growth in numerous murine /n7 vivo studies that include prostate,
breast, liver, renal, and lung cancers [17,52,53,63-65]. An example of recently discovered
SCD1 inhibitors, von Roemeling et al. developed and tested a novel computational-based
drug discovery method aimed at development of a novel SCD1 inhibitor. The group
combined Quantitative Structure—Activity Relationship (QSAR) modeling with cell-based
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and enzymatic assay testing to analyze compound activity and specificity. Results rendered
from two known SCD1 inhibitors, A939572 and ChemBL375265, compared with those of
computational matches ultimately led to the discovery of SSI-1, SSI-2, SSI-3, and SSI-4 as
novel SCD inhibitors. /nn vitro administration of these novel inhibitors to breast, colon, liver,
ovarian, endometrial, thyroid, prostate, and lung cancer, as well as melanoma cell lines
resulted in attenuated cell proliferation while having no effect upon normal primary cells in
culture (i.e. renal, ovarian, and breast) [63]. Additionally, the lead compound for
development, SSI-4 demonstrated excellent bioavailability and tumor suppression in patient-
derived xenograft models of clear cell renal cell carcinoma [63]. Ma et al. also demonstrated
that pharmacologic SCD1 inhibition with this novel compound, SSI-4, in a previously
developed sorafenib resistant HCC cell line, effectively mitigated sorafenib resistance by
induction of ER stress and apoptotic cell death [54]. Furthermore, in an in vivo HCC model
combined treatment with sorafenib and SSI-4 showed maximal anti-tumor efficacy [54].

To date, essentially no SCD1 inhibitors have been tested clinically in humans as cancer
therapeutics, thus limiting not only knowledge regarding their safety and efficacy, but also
the understanding of mechanisms by which SCD1 levels are altered in HCC
pathophysiology.

Fatty acid synthase

Researchers have yet to fully elucidate the roles FASN plays in liver tumorigenesis and HCC
metabolism, in particular. Similar to SCD1, FASN has been identified as a potential target in
HCC due to its integral role in catalyzing endogenous FA synthesis within cells [66,67].
Decades of investigation has resulted in the identification of numerous FASN inhibitors
demonstrating preclinical antitumor activity, such as C75, C93, orlistat, GSK2194069,
GSKB837149A, and TVB-2640 [68-70]. Unfortunately, many have shown unfavorable
toxicity profiles, preventing them from moving into the clinic as viable treatment options for
patients.

Recent /n vitro studies of Fasnall, a thiophenopyrimidine, which targets FASN,
demonstrated anti-proliferative and apoptotic activity [71]. When administered to HER2+
breast cancer cell lines (SKBR3 and BT474), Fasnall significantly increased apoptotic
activity, as evidenced by the increase incaspase-3 and caspase-9, known markers of
apoptosis. These apoptotic affects were further demonstrated in Her2 positive breast cancer
mice (MMTV-Neu) administered Fasnall alone and in combination with carboplatin. Both
cohorts demonstrated a significantly reduced tumor volume and a doubled median survival
time was seen in the Fasnall only cohort.

Another small molecule reversible inhibitor of FASN, TVB-2640 (3-V Biosciences, Menlo
Park, CA), is being studied for the treatment of NASH, as well as multiple cancer types [72].
To date, TVB-2640 is the only FASN inhibitor to have moved into a phase 1 human clinical
trial. This study was initiated to investigate safety and to determine the recommended phase
Il dose of TVB-2640 as monotherapy and in combination with paclitaxel or docetaxel in
patients with advanced or metastatic solid tumor cancers [73]. The trial enrolled 17 patients
with non-small cell lung cancer on the monotherapy arm. Although no objective responses
were observed, an interesting trend of longer median time to progression was observed

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pope et al.

Page 7

among patients with KRAS-mutant non-small cell lung cancer compared to wild-type. This
is consistent with known negative effects of FASN inhibition on RAS pathway signaling.
Fourteen patients with non-small cell lung cancer were treated in the combination arm with
paclitaxel resulting in one partial response and five patients with stable disease lasting longer
than 6 months. Again, there was a notable trend toward longer median time to progression in
KRAS-mutant patients compared to patients with KRAS wild-type disease (28 weeks vs. 14
weeks). A total of 15 patients with breast cancer, all heavily pre-treated with an average of 7
prior systemic regimens, were treated with the combination of TVB-2640 and paclitaxel.
Interestingly, the majority of these patients (13 of 15) had taxane resistance. Treatment in
this group demonstrated three confirmed partial responses and three patients with stable
disease lasting longer than 6 months. Among patients with HER2-positive disease, responses
were achieved in two of the three patients. This subset of breast cancer is known to
demonstrate the highest expression of FASN, suggesting a possible role for both Her2
positivity and FASN expression as biomarkers of response. A phase 2 trial of TVB-2640 in
combination with paclitaxel and the Her2 targeting agent trastuzumab is set to open soon for
patients with Her2 positive breast cancer (NCT03179904) [74]. In the cohort of patients with
ovarian cancer, two confirmed partial responses and two patients with stable disease lasting
longer than 6 months were observed. Dose-limiting side effects included palmar-plantar
erythrodysesthesia, as well as eye toxicity including iritis, corneal edema, and keratitis.
These toxicities were considered on-target effects of inhibiting lipogenesis and were
reversible. Trials investigating this compound in other malignancies, such as high-grade
astrocytoma and colon cancer, are also underway (NCT02980029, NCT03032484) [75,76].
The promising results from this study demonstrate the strong potential value in targeting
lipid metabolism as an anti-cancer therapeutic strategy, including in patients with HCC.

3.4. Acetyl CoA carboxylase

ACC has been identified as an integral enzyme in canonical lipid metabolism in animals and
humans [77,78]. During normal de novo FA synthesis, ACC is a rate-limiting enzyme that
converts acetyl CoA to malonyl CoA. In mammals, two isoforms of ACC are expressed,
ACC1 and ACC2. While ACC1 is highly expressed in lipid rich tissues (liver, adipose, and
lactating mammary gland), ACC2 is highly expressed in oxidative tissues (heart and muscle)
[79]. Given ACC’s role as rate-limiting enzymes in de novo FA synthesis, it is of special
interest to investigators focused on establishing ACC as a therapeutic target in multiple
cancer types, including HCC [15,80].

Biochemists recently designed and synthesized a series of ACC inhibitors. One of these
novel spiropentacylamide derivatives, Compound 60, demonstrated potent anti-proliferation
activity against multiple human cancer cell lines- A549 (lung carcinoma), H1975 (small cell
lung carcinoma), HCT116 (color-ectal carcinoma), SW620 (colon adenocarcinoma), and
Cac0-2 (colon adenocarcinoma) [81]. Similarly, /n vitro studies of human glioblastoma cells
(U87 EGFRVIII) treated with a dual ACC inhibitor demonstrated an effect of reducing de
novo lipogenesis, increasing cellular metabolic rate, though decreasing mitochondrial ATP
production efficiency, and increasing apoptotic activity [82]. Svensson et al. showed anti-
tumor synergy, tumor regression, and survival benefit using a novel ACC inhibitor combined
with carboplatin in non-small cell lung cancer animal models [83].
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While several studies have profiled ACC inhibition in preclinical analysis of various cancer
types, little evidence exists on potential targets in HCC models exclusively [84-86]. A study
by Wei et al. explored the efficacy of ND-654, a hepatoselective (~3000:1 liver to muscle
exposure), allosteric inhibitor of ACC1 and ACC2, in rat models of liver cirrhosis and HCC.
After establishment of cirrhosis and when HCCs were first developing, rats were treated
daily by oral gavage with either (1) vehicle control, (2) ND-654, (3) sorafenib, or (4)
ND-654 + sorafenib. Interestingly, dual ACC inhibition of ACC1 and ACC2 significantly
reduced HCC incidence by 41% (p < 0.05), which was comparable to results with sorafenib
alone (57% reduction, p < 0.01). The combination of ND-654 and sorafenib significantly
reduced HCC incidence by 81% (p < 0.001) [87].

To further investigate the effects of ND-654 on ACC-mediated activity in HCC, Lally et al.
conducted multiple /n vivo studies in rats. They had demonstrated that mice with targeted
loss-of-function point mutations of the AMP- activated protein kinase (AMPK)
phosphorylation sites on ACC1 (ACC1 Ser79Ala) and ACC2 (ACC2 Ser212Ala) resulted in
increased liver de novo lipogenesis and liver lesions. The same mutation in ACC1 increased
de novo lipogenesis and proliferation in human liver cancer cells. The liver-specific ACC
inhibitor (ND-654) mimics the effects of the above mutation and inhibits hepatic de novo
lipogenesis and the development of HCC. In one experiment, rats were treated daily by oral
gavage at the start of week 14 with either (1) vehicle control, (2) 10 mg/kg ND-654, or (3)
30 mg/kg ND-654. At day 115, survival rates were 40% and 100% for vehicle-treated and
ND654-treated rats, respectively. In another experiment rats received (1) vehicle control, (2)
ND-654, (3) sorafenib, or (4) ND-654 + sorafenib. ND-654 alone and sorafenib alone
demonstrated a 41% (p < 0.05) and 57% (p < 0.05), respectively, decrease in HCC
incidence, while the combination of ND-654 and sorafenib reduced HCC incidence by 81%
(p<0.05) [88].

Although multiple animal and human studies have demonstrated benefits of ACC inhibition
in cancer treatment, /n vitro and /n vivo experiments by Rios Garcia et al. reported an
increase in breast cancer metastasis and tumor recurrence following ACC1 knockdown via
phosphorylation [89]. Data from these studies are by no means definitive in concluding that
ACC inhibition itself leads to or promotes metastasis, however caution is necessary and
further testing is warranted to determine the role and effects of ACC inhibition in various
cancer types. Specifically, HCC animal models should be employed to obtain a deeper
understanding of the role ACC inhibition plays in HCC disease progression and metastasis.

4. Other fatty acid metabolism targets

4.1. CD147 (basigin or emmprin)

CD147 is a transmembrane glycoprotein, greatly expressed on the surface of malignant cells
including HCC [90]. It has been shown to regulate many bodily functions like immunologic
differentiation and development, spermatogenesis, and also has an effect on sensory and
nervous systems especially the function of photoreceptors [90]. Contradicting results exist in
a limited set of studies regarding the prognostic relevance of CD147 in HCC [91].
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Particular to lipid metabolism, CD147 has been shown to increase lipogenesis and decrease
FA oxidation, which makes it an important factor to be studied in cancer, including HCC
(Figure 2). In fact, increased expression of CD147 is associated with significant tumor
growth, metastasis, and angiogenesis [90]. CD147 increases lipogenesis by increasing levels
of ACCL1 and FASN, two of the main enzymes involved in lipogenesis, by activating the Akt/
mTOR signaling pathway, increasing the expression of sterol regulatory element binding
protein 1c (SREBP1c), a transcription factor involved in lipid synthesis which in turn
directly activates the transcription of these lipogenic genes, thus promoting de novo
lipogenesis.

Regarding its role in decreasing FA oxidation (FAQ), CD147 has been shown to
downregulate both CPT1 and ACOX1, key enzymes in FAO, via downregulation of
peroxisome proliferator-activated receptor alpha (PPARa). PPARa serves as a transcription
factor specifically regulating the key enzymes in this process of FAO, including CPT1 and
ACOX1. A study done exploring CD147’s effects on FAO in HCC specifically demonstrates
that levels of PPARa are significantly increased upon CD147 knockout. /n7 vitroand in vivo
analysis demonstrated that CD147-mediated reprogramming of FA metabolism played a
critical role in HCC proliferation and metastasis [92].

There has been at least one study in humans testing a novel therapeutic antibody targeting
CD147, conjugated to an 1311 radioisotope (1113-Metuximab) in HCC. In a rabbit model of
HCC, combined treatment with the 1113-Metuximab antibody led to significantly longer
survival. Metastasis and tumor growth in the 1113-Metuximab treatment group were also
inhibited [93]. In a subsequent human clinical trial, patients received either radiofrequency
ablation (RFA) followed by [(131)I] metuximab or RFA alone. The survival rate at 1-year
and 2-year intervals in CD147 positive population were greater in combination therapy
group when compared to RFA group alone. There was a greater benefit upon survival and
recurrence rates in those patients treated with the combination therapy. The one- and two-
year recurrence rates in the combination group were 31.8% and 58.5%, whereas those in the
RFA group were 56.3% and 70.9%, respectively. The median time to overall tumor
recurrence was 17 months in the combination group and 10 months in the RFA group (P=.
03) [94].

KLF4 and monoglyceride lipase (MGLL)

MGLL plays a role in lipid metabolism by hydrolyzing monoacylglycerides to free FAs
(FFAs) and glycerol. MGLL has been reported to be downregulated in HCC, and Yang et al.
investigated the clinical significance in HCC patients (Figure 2). The study demonstrated
that MGLL was frequently downregulated in HCC samples, especially in metastatic tumor
tissues. Patients with low MGLL expression showed significantly lower 5 year-overall
survival [95]. Functionally, they found that MGLL played an important role in HCC cell
migration. Overexpression of MGLL suppressed cell migration and depletion of MGLL by
shRNA promoted cell migration. KLF4, a zinc finger transcription factor, was noted to be
directly bound to the promoter of MGLL and accelerated MGLL expression, which had an
inhibitory effect on HCC cell migration. Expression levels of KLF4 correlated with MGLL
expression in HCC tissues, all suggesting that KLF4 is a key regulator of MGLL. They

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pope et al.

Page 10

effectively demonstrated the key role played by the KLF4-MGLL in suppressing HCC cell
migration [95].

Interestingly, KLF4 has another role in lipid metabolism via hepatocyte nuclear factor 6
(HNF6). Both KLF4 and HNF6 expression levels have been linked to differentiation of HCC
cells. Reduced KLF4 or HNF6 expression correlated with high grade, poorly differentiated
HCC in one study [96]. HNF6 represses a subset of genes which are linked to lipid
biosynthesis, FA biosynthesis, and lipid storage, while upregulating genes linked to FAO.
KLF4 directly binds to the promoter site of HNF6 and activates HNF-6 expression. Restored
HNF-6 expression upregulates expression of differentiation-associated markers and inhibits
HCC cell migration and invasion, while HNF-6 knockdown did the opposite, as
demonstrated in one study [96].

Given this data, KLF4 and HNF6 are two targets warranting further exploration as a
therapeutic strategy. A potential target for investigation is FBOX22, which regulates and
promotes the turnover of KLF4. FBOX22 interacts with and destabilizes KLF4 via
polyubiquitination, promoting degradation of KLF4. Accordingly, FBX022 expression has
been shown to be markedly increased in human HCC tissues, which correlated with down-
regulation of KLF4. FBX022 demonstrated that it could promote HCC cell proliferation
both /in vitroand in vivoin one study [97]. Another target of possible interest for drug
development is FOAX2 which regulates HNF6. A study was conducted in colorectal liver
metastasis patients demonstrating that inhibition of FOAX2 caused upregulation of HNF6
leading to cell cycle arrest [98].

Though data is limited, there have also been studies investigating inhibitors of
monoacylglycerol (MAGL) production, demonstrating effects on different types of cancers
by inhibiting cell migration and invasiveness. MAGL inhibitors have been shown to have
anti-cancer properties through modulating of FA release for the synthesis of protumorigenic
signaling lipids [99-102].

Some have also shown that MAGL blockade in aggressive breast, ovarian, and melanoma
cancer cells impairs cell migration, invasiveness, and tumorigenicity through lowering free-
FAs and protumorigenic signaling lipids [103]. Other studies have shown that MAGL
inhibitors impair colorectal cancer tumorigenesis [101].

4.3. AMP-activated protein kinase (AMPK)

AMPK is a multifaceted player in cellular metabolic functions, in part via its central role in
lipid metabolism in its actions controlling the concentration of circulating FFAs by
activating FAQ, and by inhibiting lipolysis and lipogenesis. Within FA metabolism, AMPK
inhibits de novo synthesis of FAs, cholesterol, and triglycerides (TG), encourages FA uptake,
and activates FAO [104] (Figure 2). AMPK exerts an inhibitory effect upon FA synthesis via
induction of the inhibitory phosphor-ylation of two critical players in this process: ACC and
sterol regulatory element-binding protein 1 (SREBP1c) [105,106]. Additionally, AMPK
inhibits cholesterol synthesis by inducing inhibitory phosphorylation of HMG-CoA
reductase, the rate-limiting enzyme in cholesterol synthesis [107]. Its impact upon TG
synthesis is accomplished by AMPK’s inhibitory action upon glycerol-3-phosphate
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acyltransferase, the enzyme catalyzing the first committed step of TG synthesis [108].
AMPK increases FA uptake by controlling, via unclear mechanisms, the translocation of
transporter CD36 to the plasma membrane. Once inside, FAs are transported to the
mitochondria for beta-oxidation by carnityl palmitoyltransferase-1 (CPT-1). AMPK
increases FAQ by increasing CPT-1 activity by inducing the inhibitory phosphorylation of
ACC2. ACC2 is an enzyme which lies adjacent to CPT-1 in the outer membrane of the
mitochondria where it inhibits production of malonyl-CoA, a very potent allosteric inhibitor
of CPT-1 [104,1086].

In patient samples of HCC, lower expression of phosphorylated AMPK has been found,
compared with precancerous liver tissues. The expression of phosphorylated AMPK also
negatively correlated with the level of Ki-67 (marker of cell proliferation), tumor grade, and
tumor size in HCC, thus indicating that AMPK might have a suppressive effect on HCC
[109].

AMPK as a therapeutic target has been studied in HCC specifically with AMPK activators,
for example metformin and simvastatin, showing significant inhibitory effects on the
proliferation of HCC and induction of cell cycle arrest [110,111]. Metformin, the common
hypoglycemic agent used in diabetes, is also an AMPK activator and has demonstrated its
ability to induce apoptosis in HCC cells. Phosphorylation of AMPK and expression of p53
were increased upon metformin treatment in one study. Further, this induction of the
AMPK/p53 signaling axis was noted to induce micro-RNA-23a expression, which in turn
stimulated activity of the transcription factor FOXA1 [109,112].

Contrary to its potential as a therapeutic target, AMPK has also been shown to have pro-
oncogenic effect. Its expression may be beneficial in the earlier stages of carcinogenesis by
enabling cells to facilitate both cell growth and proliferation by activating anabolic
pathways, and by introducing genetic mutations through an increase in oxidative stress and a
proinflammatory response, largely through a dysregulation of FA metabolism [104]. In fact,
one particular study demonstrates that deficiency of liver kinase B1 (LKB1), a negative
regulator of AMPK, promotes neutrophil recruitment and proinflammatory cytokine
production in the lung tumor microenvironment [113]. It has been postulated that the
different complexes of AMPK subunits have different functions depending on their
combination. Thus, AMPK may indeed be a potential target for drug development, but one
has to be mindful about the potential oncogenic effects and further study is critical.

5. Conclusion

Given the global burden of HCC, the rising incidence, and the modest outcomes with current
therapeutics, there is a critical need for novel, innovative therapeutic options. Strategies
targeting altered metabolic pathways that are critical to cancer cell survival deserve
increased attention and development. Multiple viable targets exist and a number of agents
are poised for potential advancement into the clinic with continued support.
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6. Expert opinion

HCC represents a globally significant cause of cancer related death, and is rising in
incidence. The paucity of effective therapeutic agents for HCC for decades has recently been
met with a some modest success in drug development and drug approvals for treatment of
advanced disease. However, the disease remains a significant global burden, and while
systemic therapies involving tyrosine kinase inhibition of certain aspects of cell signaling,
inhibition of angiogenesis, and single target immune checkpoint inhibition have achieved
modest outcomes, there remains a critical need for more effective therapeutic strategies. This
requires strategies targeting cancer processes heretofore unchallenged by novel therapeutics
in this disease.

The increased metabolic needs of cancer cells, accomplished by alterations in both glucose
and lipid metabolism pathways, in a setting of reduced nutrient availability underscore the
importance of these pathways and is well recognized. Despite the recognition of metabolic
adaptations made by cancer cells, HCC included, to respond to increased metabolic needs,
therapeutic strategies targeting such adaptations are lacking. Lipid biosynthesis is one
particular pathway in which adaptations are made, and recent studies implicate lipid
biosynthesis and desaturation as essential for HCC survival [18-20]. The increase in lipid
metabolism and imbalance in lipid physiology in HCC is further suggestive of a reliance on
increased lipogenesis in this devastating malignancy. As we discuss, herein, emerging work
has elucidated a number of attractive potential targets for novel therapeutics.

Given the tumor-specific overexpression of a number of important lipid metabolism proteins
in HCC, and the rigorous regulation of this pathway in normal tissues, it is logical to believe
that targeted inhibitors would be predicted to produce discriminative therapeutic responses
in HCC tumors. While inhibitors of lipid metabolism should be individually investigated for
efficacy in HCC, combinatorial therapeutics including these agents with complementary
regimens including radiation, chemotherapy, other targeted agents and immunotherapies will
need to be explored and will likely improve efficacy and outcomes.

Thus far, there has been little advancement of therapeutics targeting lipogenesis. There has
indeed been much work by our group related to SCD1’s role as a potential target in a
number of cancers including HCC, and a novel inhibitor of the enzyme, SSI-4, has
demonstrated promising efficacy both singly and in combination with other drugs, including
demonstration of synergitic activity with sorafenib in HCC models and with immune
checkpoint inhibitors in breast cancer [17,52,54,114]. Inhibitors against a variety of other
enzymes involved in de novo lipogenesis have been produced, some currently under further
investigation for anti-tumorigenic efficacy including: ACC, ACL, carnitine
palmitoyltransferase 1 (CPT-1), FASN, MAGL lipase, HMGCR [70,115-117]. Agents
targeting ACC and FASN are readily available for clinical development in HCC, and have
already demonstrated safety and activity in other cancers. HMGCR is of particular interest
given it is the target of statins, a well known and widely used class of drugs employed for
their cholesterol lowering effects. Indeed, statins might also exert antineoplastic properties.
These agents have demonstrated antiproliferative effects in HCC, reduction in risk of HCC

Expert Opin Ther Targets. Author manuscript; available in PMC 2019 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pope et al.

Funding

Page 13

in patients at high risk for it, and those after initial liver resection for the disease. They have
also demonstrated the ability to reverse resistance to sorafenib therapy [118-121].

While there is tremendous potential of and an unmet need for continued study of lipid
metabolism as a therapeutic target for cancer, there are indeed fundamental challenges to the
advancement of this research, including the use of rodents as preclinical models. While these
models are seen as integral and suitable tools to evaluate many aspects of cancer biology and
the efficacy of novel therapeutics, there are significant discrepancies in genetic variation,
tissue distribution, expression, and regulatory mechanisms governing lipid metabolism that
may limit their translational relevance in humans [122]. For example, mouse models express
four isoforms of SCD, only one being homologous to human SCD [51]. Therefore,
therapeutic efficacy and adverse events observed in rodent models in response to SCD
inhibitors may not be predictive of toxicity profiles in humans. Alternative preclinical
models that more accurately reflect lipid metabolism observed in humans may be needed to
improve the predictive value of targeting this pathway in cancer.
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Article Highlights

. HCC is one of the leading causes of cancer deaths worldwide and has limited
therapeutic options.

. Strategies targeting altered metabolic pathways that are so critical to cancer
cell survival deserve increased attention and development.

. Recent studies implicate lipid biosynthesis and desaturation as a requirement
for HCC survival.

. Multiple viable targets exist and a number of agents are poised for potential
advancement into the clinic with continued support.

. There are fundamental challenges to the advancement of research in this area,
including the use of rodents as preclinical models. There are significant
discrepancies in genetic variation, tissue distribution, expression, and
regulatory mechanisms governing lipid metabolism that may limit their
translational relevance in humans

. There is a critical need for more effective therapeutic strategies.

This box summarizes key points contained in the article.
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Figure 1.
Fatty acid synthesis in HCC. Numerous role players in fatty acid biosynthesis are

upregulated in HCC. Pyruvate is converted to citrate via the TCA cycle. ATP citrate Ivase
upregulated in HCC, catalyzes the conversion of citrate to cytosolic acetyl CoA and
oxaloacetate. Acetyl CoA is converted to malonyl CoA via acetyl CoA carboxylase. FASN
then combines malonyl CoA and acetyl CoA to form SFA. These SFA are converted to
monosaturated fatty acids by SCDI.
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Figure 2.
Other fatty acid metabolism targets. Upregulation of CD147 activates the AKT-mTOR

signaling pathway, leading to increased expression of SREBPIc. Increased SREBPIc levels
increases FASN and ACC expression, thus causing tumor growth and metastasis.
Upregulation of CD147 also decreases PPAR a,, which downregulates CPTIA and ACOXI.
Tumor growth and metastasis results from downregulation of CPTIA and ACOXI. Decreased
AMPK activity leads to tumor growth and metastasis by directly upregulating SREBPIc,
FASN, and/or ACC. Decreased AMPK activity also downregulates CPTIA and ACOXI, thus
leading to tumor growth and metastasis. Decreased KLF4 levels leads to decreased MGLL
activity, thus causing tumor growth and metastasis.
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