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Acetate metabolism has become a popular topic in cancer research, as
cancer metabolic dependence on acetate has been reported in relation to cancer
bioenergy, macromolecular synthesis, and epigenetics. However, researches on the
effects of acetate metabolism on acquired resistance to cancer drug and the changes
in tumor grade are still lacking. Therefore, I investigated the metabolic
characteristics of acetate with regards to cisplatin resistance in bladder cancer and
the tumor grade of liver cancer, and the clinical significance of these characteristics.
i

First, with the recent recognition of lipid metabolic alterations in bladder cancers, I
studied the metabolic implications of cisplatin resistance using cisplatin-sensitive
(T24S) and resistant (T24R) bladder cancer cells. Real-time live metabolomics
revealed that T24R cells consume more glucose, leading to a higher production of
glucose-derived acetate and fatty acids. Along with the activation of general
metabolic regulators, enzymes involved in acetate usage (ACSS2) and fatty acid
synthesis (ACC), as well as a precursor for fatty acid synthesis (acetyl-CoA), were
elevated in T24R cells. Consistently, metabolic analysis with 13C isotope revealed
that T24R cells preferred glucose to acetate as the exogenous carbon source for the
increased fatty acid synthesis, in contrast to T24S cells. In addition, acetyl-CoA
synthetase 2 (ACSS2), rather than the well-established ATP citrate lyase (ACLY),
was the key enzyme supplying acetyl-CoA in T24R cells through glucose-derived
endogenous acetate. The relevance of ACSS2 in cisplatin resistance was further
confirmed by the abrogation of resistance by an ACSS2 inhibitor and, additionally,
by the higher expression of ACSS2 in patient tissues with cisplatin resistance than
tissues without resistance. Second, the relationships among acetate uptake, metabolic
characteristics, and tumor malignancy were comprehensively studied in liver cancer.
Among the cell lines used, HepG2 avidly utilized acetate, even in a glucosesufficient environment, whereas Hep3B did not. These characteristics correlated
with ACSS2 expression levels in the cells. Metabolomic isotope tracing showed
high-ACSS2 HepG2 cells exhibited higher acetate incorporation and enhanced lipid
anabolic metabolism than Hep3B cells, which was consistent with the separate gene
expression profiles. These metabolic characteristics were confirmed by knockdown
and inhibition studies of ACSS2, a master anabolic gene (mTOR), and a lipid
ii

catabolic gene (CPT1). Upon in vivo 13C isotopic tracing, orthotopic mouse liver
tumors from HepG2 exhibited higher anabolism and less malignancy. Consistently,
normal human liver tissue showed higher ACSS2 levels than cancerous tissues.
Patients with lower ACSS2 expression, particularly those in the lower ~13th
percentile (13VLA group), had notably poorer prognoses in the analysis of two
independent large cohorts (total n = 486) than those with higher expression. The
13VLA patients also exhibited decreased lipid anabolic pathways, increased
glycolysis, and enhanced hypoxia, which were associated with higher ACSS2
promoter

methylation.

Finally,

positron

emission

tomography-computed

tomography (PET-CT) imaging of liver cancer patients showed that lower-grade
cancer had higher 11C-acetate but lower 18F-FDG uptake, and this was reversed in
higher-grade cancer. Overall, acetate uptake seems to be independent of nutrient
depletion and contributes to lipid anabolic metabolism and better prognosis in liver
cancer. This research can help to improve the treatment options for bladder and liver
cancers and provide vulnerability targets for customized treatment.
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1. General introduction

Metabolomics is the large-scale study of all metabolites involved in the
chemical processes in cells, tissues, biofluids, or organisms [1]. While genomic and
proteomic researches have steadily developed, the progress of metabolic research
has been relatively stagnant [2]. However, more research is beginning to be
conducted with the recent advancements in nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS) technologies, two major analysis
techniques for the study of metabolomics [3, 4]. Biological systems are vast and
complex, thus high-resolution, accurate, and sophisticated analysis methods are
required [5]. With the advancement of technology, the application of non-radioactive
isotope tracers to metabolomics has enabled individual tracking and pathway
analyses, thereby broadening the scope of metabolic studies [6].
As metabolic research progresses, it is becoming clear that metabolites are
not simply used for bioenergy but can also function as intracellular signaling
molecules or gene regulators and are associated with some diseases [7]. In particular,
metabolic research in the field of cancer began in earnest when Otto Warburg
proposed the idea of aerobic glycolysis [8], which is a change in respiratory
metabolism. Even in the presence of oxygen, cancer cells focus on glycolysis rather
than oxidative phosphorylation [8]. In addition to enhancing glycolysis, cancer
reprograms various metabolic pathways to acquire nutrients, synthesize
macromolecules, and meet redox needs [9]. This cancer reprogramming is
essentially accompanied by changes in metabolic enzymes and cancer-related gene
expression and leads to cancer-specific metabolic profiles [10, 11]. These
1

characteristics of cancer cells, which are distinguishable from normal cells, can not
only be used for the detection, diagnosis, prognosis, etc., of cancer but also as direct
targets for treatment [12].
The major nutrients required for cancer metabolism include glucose,
acetate, glutamine, and fatty acids [13]. Acetate, in particular, is activated as acetylCoA and functions as a basic unit for energy metabolism and biosynthesis [14, 15].
In the 1950s, Sidney Weinhouse proposed the opposite relationship between cancer
formation and acetate metabolism, suggesting that when normal liver tissues become
cancerous, fatty acids are not effectively produced from acetate [16]. In recent years,
there have been reports of cancer cell dependence on acetate metabolism. Since
acetyl-CoA is supplied by acetate through the ACSS2 enzyme, tumor size is affected
by the expression of ACSS2 [17]. In addition, functional genomics studies have
shown that the activity of ACSS2 contributes to cancer cell growth in hypoxia and
nutrient-depleted conditions in breast and prostate cancers [18]. Liver cancer has also
been reported to cause de novo lipid synthesis by increasing the expression of
ACACA and FASN under hypoxia, and ACSS2 is known to be related to FASN
expression [19]. Various studies to date have shown there is an association between
cancer and acetate metabolism, but the research models and tools were different,
which has led to controversies, and an definite conclusion has not been reached [20].
In addition, because of the lack of metabolic studies taking cancer drug resistance
acquisition and the differences among tumor grades into account, the application of
acetate metabolism in cancer treatment has been limited. Therefore, an integrated
study on cancer metabolism that considers the changing process in cancer will
provide the basis for developing customized treatments for cancer patients.
2

2. Part I
Glucose-derived acetate and ACSS2 as key players
in cisplatin resistance in bladder cancer

Ⅰ. Introduction

Bladder cancer (BC) usually arises in the bladder epithelial lining and is the
seventh most common cancer of men worldwide [21-23]. The majority of BC cases
(~90%) are classified as transitional cell carcinoma (TCC), which can be further
categorized into non-muscle-invasive BC (NMIBC) or muscle-invasive BC (MIBC)
according to the extent of invasion into the muscular layer. NMIBC exhibits better
prognoses and survival rates, but about 20% of NMIBC patients progress to MIBC
[24, 25]. Radical cystectomy is the standard treatment for MIBC; however, within
two years after treatment, approximately 50% of patients develop distant metastases.
For metastatic BC, cisplatin-based chemotherapy with or without radiotherapy is the
current gold standard, and those who do not respond well to this treatment generally
have a poor prognosis [26].
It is well established that cisplatin kills rapidly proliferating cancer cells,
mostly through DNA damage [27]. Cisplatin generates intra- and inter-strand purine
crosslinks that interfere with DNA replication, eventually leading to apoptosis. The
toxicity mechanism, especially in the kidney, has also been reported to involve the
generation of reactive oxygen species (ROS) and oxidative stress [28]. However, the
3

biochemical processes underlying resistance to cisplatin are complex and may
involve various signaling pathways, such as p53, PI3K/AKT, and ROS detoxification
[29]. The contributions of these individual mechanisms may differ according to the
particular types of tumors involved.
Recent study results suggested that not only these well-established cellsignaling mechanisms but also metabolic activities are involved in cisplatin-induced
cell death [30]. For example, differences in the succinate-dehydrogenase-mediated
production of NADPH may be responsible for the pharmacometabonomic
heterogeneity of cisplatin-induced kidney toxicity [31]. In addition, levels of UDPGlcNAc, the metabolite involved in N-acetylglucosamine glycosylation, were shown
to correlate with the cisplatin sensitivity of cancer cells [32]. As metabolism is
increasingly recognized as being involved in cancer initiation and progression [33],
the metabolic study of cisplatin resistance may lead to improvements in therapies for
refractory BC.
Among the key metabolites that fuel cancer cell proliferation, acetate has
not drawn as much attention as glucose and glutamine [14]. Recent studies, however,
have found acetate to be a key substrate for cancer bioenergetics and macromolecular
synthesis [15, 17]. In addition, the increased usage of 11C-acetate positron emission
tomography in clinics has provided proof-of-concept evidence for the importance of
acetate metabolism in cancer [34]. At the heart of acetate's involvement in cancer
pathology is the enzyme ACSS2, which is responsible for converting acetate to
acetyl-CoA. The production of acetyl-CoA is critical for the upkeep of fatty acid
synthesis in cancer cells [14]. Fatty acid metabolism is a critical aspect of cancer
metabolism, as the proliferation of cancer cells requires a large amount of biomass.
4

Interestingly, BC may also have altered lipid or fatty acid metabolism [35-38].
Despite the interesting connections among acetate, fatty acid, and cancer metabolism,
the exact source of acetate in cancer cells remains debatable, as the concentration of
acetate in the blood is low.
In this study, I employed real-time live metabolomics in the identification
of metabolic reprogramming in cisplatin-resistant BC cells and verified the results
in patient-derived tissues. I aimed to investigate aspects of acquired chemoresistance
and potential vulnerabilities that can be exploited to overcome the resistance.

5

Ⅱ. Materials and methods

1. Chemicals and reagents
The stable isotope-labeled D-Glucose (U-13C6, 99%) and acetate (1,2-13C2,
99%) were purchased from Cambridge Isotope Laboratories (Andover, MA, USA).
The standard compounds, including pyruvate, lactate, alanine, acetate, succinate,
glucose, palmitate, glycine, glutamate, isoleucine, valine, leucine, and glutathione
(reduced) were obtained from Sigma-Aldrich (St. Louis, MO, USA). The ACSS2
inhibitor, 1-(2,3-di(thiophen-2-yl)quinoxalin-6-yl)-3-(2-methoxyethyl)urea, was
purchased from ChemBridge (San Diego, CA, USA), and the ACLY inhibitor, 3,5dichloro-2-hydroxy-N-(4-methoxy-[1,1'-biphenyl]-3-yl)-benzenesulfonamide
(BMS-303141), was purchased from Bio-Techne (Minneapolis, MN, USA). The
following antibodies, β-actin antibody (A1978, 1:5000) from Sigma-Aldrich (St.
Louis, MO, USA), ACSS2 antibody (PA5-52059, 1:1000) from Thermo Fisher
Scientific (Waltham, MA, USA), were used. All other antibodies, ACC (3676, 1:750),
FAS (3180, 1:750), EGFR (2232; 1:1000), phospho-EGFR (Tyr1068) (3777; 1:1000),
Src (2108; 1:750), phospho-Src (Tyr527) (2105; 1:1000), mTOR (2983; 1:1000),
phospho-mTOR (Ser2448) (5536; 1:1000), and horseradish peroxidase (HRP)
conjugated secondary antibodies (7074, 1:1000; 7076, 1:1000) were obtained from
Cell Signaling Technology (Danvers, MA, USA).

6

2. Cell culture and biochemical assays
T24S and T24R urothelial carcinoma cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 1%
antibiotic solution (all from Invitrogen, Carlsbad, CA, USA). All cells were
maintained in a humidified incubator (37°C and 5% CO2). Cisplatin-resistant bladder
cancer cells (T24R) were obtained through chronic treatments of cisplatin at low
doses over six months [39, 40]. Briefly, the final cell viability was ≤ 40% for T24S
cells and nearly 100% for T24R cells upon 10 μM cisplatin treatment for 12 h. Cell
viability assay was performed using MTS (Promega, Inc., Madison, WI) according
to the manufacturer's protocol. Western blot analysis was performed following
routine procedures with β-actin as normalization control.

3. Sample preparation for live NMR metabolomics
Six plates (100 mm) of 70% confluent cultured cells were harvested with
centrifugation. After the re-suspension of the cells with 5 mL DPBS, cells were
counted, and 3 × 107 cells were moved into a new tube. After centrifugation, the
harvested cells were re-suspended with 500 μl glucose-free DMEM (Gibco, Grand
Island, NY, USA) supplemented with 10% dialyzed FBS (Welgene, Daegu, Korea),
25 mM 13C6-labeled glucose, and 10% D2O. The cells were spun in an NMR tube
with a weak centrifugal force (30 g for 100 s) to allow sedimentation, enough to
cover the active region of the NMR detection coil. The NMR tubes with the cells
were inserted into NMR magnet and the spectra were acquired as usual.

7

4. Isotope incorporation analysis for fatty acids
The T24S and T24R cells were counted (5 × 106) and seeded in 6-well plates.
After 24 h adaptation, cells were treated with glucose-free DMEM supplemented
with 10% dialyzed FBS, and 5 mM non-labeled glucose. For the 13C-acetate and 13Cglucose treatment, 0.5 mM 1,2-13C2-acetate and 20 mM U-13C6-glucose was added,
respectively. For the inhibitor treatment, the ACSS2 inhibitor (15.6 μM) and the
ACLY inhibitor (32 μM) were also added to the cell media. After a 24 h treatment,
the fatty acids were extracted from the counted (9.05 × 106) cells using the two-layer
methanol-chloroform extraction method as previously described [41].

5. NMR measurement
1

H-13C Heteronuclear Single Quantum Coherence (HSQC) NMR spectra

were measured on an 800 MHz Bruker Avance spectrometer (Bruker BioSpin,
Billerica, MA, USA) equipped with a cryogenic triple resonance probe at Seoul
National University, Korea. The dataset comprises 1024 × 128 points for the direct
and indirect dimensions, respectively. The time course spectral measurement was
obtained at 310 K for 24 time-points, with each experiment lasting for 288 sec. Each
of the metabolites was identified by spiking the standard compounds. Metabolites
were quantified as described previously [42]. Non-uniform sampling (NUS) HSQC
data were obtained as described previously [43].
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6. Quantification of acetyl-CoA
The levels of acetyl-CoA were measured from cell lysates using
PicoProbe Acetyl-CoA Assay Kit (BioVision, Milpitas, CA, USA), following the
protocol provided by the manufacturer. Briefly, free CoA was quenched, and then
Acetyl-CoA was converted to CoA. The CoA was then reacted to form a reduced
nicotinamide adenine dinucleotide (NADH), which interacts with PicoProbe,
resulting in the fluorescence. The reading was done with Ex = 535 / Em = 587 nm.

7. Immunohistochemistry (IHC) analysis
To stain the slides of bladder tumor tissues obtained from BC patients
showing complete remission (CR) or progressive disease (PD), the ACSS2 antibody
(1:100, LifeSpan Biosciences, Inc, Seattle, WA) was utilized. A high pH was used
for the antigen retrieval and an Ultraview DAB Detection Kit from Ventana Medical
Systems was used for counterstaining. To acquire the digital images, stained slides
were scanned using an Aperio Turbo Scanscope AT machine (Leica Biosystems,
Wetzlar, Germany). High-resolution images of each slide were uploaded onto the
Leica Biosystems cloud drive for further annotations and analysis. Digitized images
were analyzed with the Tissue IA Optimiser (Leica Biosystems, Wetzlar, Germany)
software installed on the Leica Digital Image Hub. Following pathological
annotations, the Measure Stained Cells Algorithm option on the Leica Tissue IA
software was used. Each annotated slide had a minimum threshold of 100,000 cells
to be analyzed. After analysis, data for the nuclear h-score, % of positive nuclei, and %
of positive nuclear area in tissue were collected and used for comparative graphing.
9

8. Routine statistics
All functional validation experiments were repeated at least three times.
Data were compared using Student's t-tests. P < 0.05 was considered to be
statistically significant.
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Ⅲ. Results

A. Live metabolomic comparison between cisplatin-sensitive
and -resistant BC cells
Several metabolomics studies have shown that BCs may have abnormalities
in the metabolites involved in lipid usage [35, 38]. Furthermore, perturbed
metabolism has been implicated in cancer drug resistance and cancer aggressiveness
or progression [44]. I hypothesized that there are differences in metabolism and
metabolism-associated pathways between cisplatin-sensitive and -resistant BC cells.
To test this, I applied live metabolomics approach [41] to the isogenic BC cell lines,
T24S (cisplatin-sensitive) and T24R (cisplatin-resistant) [39]. The metabolites
generated from

13

C-glucose tracer were monitored with 2D 1H-13C heteronuclear

single quantum coherence (HSQC) NMR in real-time (Fig. 1A and B). By spiking
the spectra with standard compounds, I obtained the peak assignments for those with
significant changes (Table 1). Along with the peaks for the metabolites involved in
glycolysis, pyruvate metabolism, and the TCA cycle, I readily identified those
corresponding to fatty acids. This was possible through the live metabolomics
method, as lipid-soluble fatty acids and water-soluble polar metabolites are not
usually quantifiable in a single analysis with conventional cell lysate metabolomics
[43].
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Figure 1. Live NMR metabolomic comparison between cisplatin-sensitive and resistant cells
(A) The first (black) and last (red) spectra obtained from cisplatin-sensitive (T24S)
cancer cells over 1 h 56 min after the addition of 13C6-glucose. (1: lactate, 2: alanine,
3: acetate, 4: pyruvate, 5: succinate, 6: fatty acid, 7: glycine, 8: glucose, 9: glutamate,
10: isoleucine, 11: valine, 12: leucine, 13: glutathione (reduced); see Table 1).
Assignments were obtained by spiking with standard compounds. (B) Onedimensional spectra for two compounds were extracted for comparison (1 and 3).
12

No.

METABOLITE

1

1

Lactate

1.32

22.9

2

Alanine

1.48

19.0

3

Acetate

1.92

26.1

4

Pyruvate

2.37

29.3

5

Succinate

2.43

36.3

6

Fatty acid

1.31

32.1

7

Glycine

3.56

44.5

8

Glucose

3.25

77.0

9

Glutamate

2.36

36.3

10

Isoleucine

0.93

13.8

11

Valine

0.99

19.4

12

Leucine

0.94

22.9

13

Glutathione (reduced)

2.97

28.3

H

13

C

Table 1. Metabolites identified by spiking with standard compounds
The signal numbers (see Fig. 1A) and chemical shifts are indicated.
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B. Cisplatin resistance may be linked to increased glucose
consumption and acetate production
The time-dependent changes in these metabolites revealed that T24R cells
exhibited specific metabolic characteristics distinct from T24S cells. Glucose
consumption was greater in T24R cells, indicating a higher rate of glycolysis (Fig.
2A). The levels of pyruvate, the last glycolytic metabolite prior to the TCA cycle,
became almost equal in the two cell types immediately after an initial brief period of
increased consumption in the T24R cells (Fig. 2B). Lactate, alanine, and acetate all
exhibited net production in both cells, but there was an intriguing difference. T24S
cells accumulated lactate and alanine faster and to higher levels compared with T24R
cells (Fig. 2C and D), while T24R cells accumulated acetate much faster and
maintained much higher levels throughout (Fig. 2E). In addition, despite the greater
consumption of glucose in T24R cells, lactate production was significantly lower
(Fig. 2C). These findings suggest that the preferred metabolic route for the increased
glucose consumption in T24R cells is not lactate formation, as occurs in Warburgtype metabolism; rather, it may be other metabolites generated through acetate. One
possible destination may be fatty acids because fatty acid levels were also higher in
T24R cells, as estimated by their mid-chain CH2 peak intensities (Fig. 2F). There
were no significant differences between the two cell types for the metabolites glycine,
a possible indicator of one-carbon metabolism, or glutamate, an important
anaplerotic metabolite in TCA (Fig. 2G and H).

14

Figure 2. Time-dependent metabolic changes between cisplatin-sensitive and resistant cells
(A through H) Time-dependent metabolic changes between T24S (black) and T24R
(red) cells were obtained in real-time with a live NMR metabolomics approach. The
metabolites were quantified as described previously [41].
15

C. Two-carbon pathway involving acetate that leads to fatty
acid synthesis is enhanced in cisplatin-resistant T24 cells
I noted the differential patterns of changes in acetate levels compared with
lactate and alanine levels between the T24S and T24R cells. These three metabolites
downstream from pyruvate exhibited similar changes in previous live metabolomics
studies with liver cells [41]. Lactate and alanine retain all three carbons from
pyruvate, whereas acetate is formed through the loss of one carbon from pyruvate.
With these unique characteristics of acetate and the higher 13C-fatty acid levels in
T24R cells, I hypothesized that there might be alterations in the pathways of fatty
acid metabolism involving acetate. To test this hypothesis, I first looked at the levels
of upstream signaling molecules that can affect fatty acid metabolism. A significant
increase in phosphorylated EGFR and mTOR in T24R, without much increase in
their total levels, suggested that cisplatin resistance is associated with the activation
of upstream metabolic regulators (Fig. 3A). When I examined further downstream
enzymes, I found that acetyl-CoA carboxylase (ACC), a key enzyme synthesizing
malonyl-CoA from acetyl-CoA, is expressed at much higher levels in T24R than
T24S cells (Fig. 3B). Malonyl-CoA is a direct substrate of fatty acid synthase (FAS),
which was present at similar levels in both cells (Fig. 3B). To investigate the
involvement of acetate in fatty acid synthesis, I measured the levels of ACSS2, as it
is a key enzyme in pathways incorporating acetate into fatty acids. The ACSS2 levels
were much higher in T24R cells (Fig. 3C), and this was corroborated by the higher
level of acetyl-CoA generated from acetate by ACSS2 (Fig. 3D). Given that ACC
and ACSS2 are two major enzymes that incorporate acetate into fatty acids, my
results suggest that T24R may have enhanced fatty acid synthesis via two-carbon
16

metabolism involving acetate.
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Figure 3. Expression levels of metabolic regulators and enzymes in T24S and
T24R cells
Western blot analysis of (A) upstream regulators of metabolism (EGFR, Src, and
mTOR) and their phosphorylated forms, (B) acetyl-CoA carboxylase (ACC) and
fatty acid synthase (FAS) involved in fatty acid synthesis, and (C) acetyl-CoA
synthetase 2 (ACSS2) for acetate utilization in T24S and T24R cells. The expression
levels of -actin were used as a control for western blot analysis. (D) Acetyl-CoA
levels were measured as described in the method section. Statistical analysis was
performed using Student’s t-test, and the asterisk indicates p < 0.05. The error bars
represent the standard deviation (N = 5).
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D. Glucose-derived endogenous acetate contributes to
enhanced de novo fatty acid synthesis in T24R cells
Metabolic flux through a particular step can increase significantly, even
when enzyme levels are constant, providing there is an increased supply of substrate.
I observed the activation of acetate-involving two-carbon metabolism leading to the
FAS step in T24R cells, despite T24S and T24R cells having similar FAS levels (Fig.
3B). Therefore, I tested if there was a corresponding increase in de novo fatty acid
synthesis and its correlation with the activation of acetate-involving two-carbon
metabolism in T24R cells. De novo fatty acid synthesis was assessed by measuring
the signal for the splitting of the omega methyl carbon arising from 13C-13C coupling
in the HSQC spectra using a 13C-glucose tracer. This is possible because 13C labels
from a glucose-derived two-carbon unit are incorporated into the omega methyl
group during de novo fatty acid synthesis (Fig. 4A). In comparison, fatty acid chain
elongation of a pre-existing fatty acyl chain occurs only at the carboxyl-terminal end.
The intensities of the splitting doublet of the omega methyl group of fatty acids,
derived from the tracer glucose, were much higher in T24R (Fig. 4B), indicating
elevated de novo fatty acid synthesis from glucose in these cells. This finding,
combined with the increased acetate production from glucose and higher levels of
ACSS2, ACC, and acetyl-CoA, indicates that an acetate-involving two-carbon unit
from glucose contributes to the enhanced fatty acid synthesis in T24R cells.
Because previous studies have emphasized the roles of blood-borne
exogenous acetate, rather than glucose-derived endogenous acetate, in bioenergetics
and lipid biosynthesis [15, 17], I also investigated de novo fatty acid synthesis from
exogenous 13C-acetate added to the medium. The incorporation of acetate into the
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terminal methyl was much lower in T24R cells, indicating that exogenous acetate is
not a major source for the increased de novo fatty acid synthesis in these cells (Fig.
4C). The lower production of glucose-derived fatty acids in T24S cells is also
consistent with the higher excretion of lactate from glucose (Fig. 5). By comparison,
the higher consumption of glucose in T24R cells may contribute to the higher de
novo fatty acid synthesis through acetate production.

20

Figure 4. De novo fatty acid synthesis from glucose and acetate
(A) Schematic representation of NMR signal splitting patterns by 13C-acetyl-CoA
for fatty acid elongation and de novo synthesis steps. Filled circles represent

13

isotopes and open circles represent unlabeled carbons. (B) Incorporation of

13
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C
C

isotope into the omega position of the fatty acid alkyl chain with U-13C6-glucose.
Left and middle, NUS HSQC spectra for the omega carbon in fatty acid alkyl chains
from T24S and T24R cells, respectively. Right, the peak areas for the doublet of the
omega carbon from the spectra. The peak areas were normalized to the number of
harvested cells. (C) Incorporation of 13C isotope as in (B) with U-13C6-acetate. T24S
and T24R cells were cultured in media containing 5 mM non-labeled glucose
supplemented with 20 mM

13

C-glucose (B) or 0.5 mM

13

C-acetate (C) for 24 h.

Statistical analysis of data from three independent experiments was performed using
the Student’s t-test, and the resulting P-values are indicated. The error bars represent
the standard deviation. Abbreviations: coenzyme A (CoA), acyl carrier protein
(ACP).
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Figure 5. Lactate excreted by T24S and T24R cells
Lactate levels in T24S and T24R cell culture media were evaluated by NMR peak
volumes. The cells were cultured in DMEM for 24 h. The cultured media were mixed
with extraction solvent (methanol-acetonitrile-distilled water), dried, and
resuspended in NMR buffer. 1D 1H NMR data were obtained, and the peak volumes
were measured with Bruker-provided Topspin software. Statistical analysis was
performed using Student’s t-test, and the asterisk indicates p < 0.05. The error bars
represent the standard deviation.
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E. ACSS2 inhibition decreases fatty acid synthesis and cell
viability of T24R cells
The above data suggest a possible link between glucose and fatty acid
synthesis through endogenous acetate derive from glucose; therefore, I aimed to
obtain further details of the pathways. Theoretically, a glucose-derived two-carbon
unit can be incorporated into fatty acids either via acetate or citrate, with the former
mediated by ACSS2 and the latter by ACLY (Fig. 6A).

The ACLY-mediated

pathway is considered the major pathway for fatty acid synthesis in various cancers
[45]; whereas the ACSS2-mediated pathway, which uses glucose-derived
endogenous acetate, has been explored very little. Therefore, I selectively inhibited
the two pathways using specific inhibitors and measured the de novo fatty acid
synthesis with NMR as described above.
Inhibition of the ACSS2 pathway by 1-(2,3-di(thiophen-2-yl)quinoxalin-6yl)-3-(2-methoxyethyl)urea decreased the de novo synthesis of fatty acids in T24R
cells by more than 60%, whereas no significant change was observed in T24S cells
(Fig. 6B). In contrast, ACLY inhibition by BMS-303141 led to a significant decrease
in de novo synthesis in T24S cells but not in T24R cells. Importantly, the same
ACSS2 inhibitor led to inhibition of the growth of T24R cells under cisplatinresistance conditions (Fig. 6C). I did not add any acetate to the medium; therefore,
these results confirm that the incorporation of glucose-derived endogenous acetate
into fatty acids via ACSS2 is important in the cisplatin-resistance phenotype of T24R
cells. I obtained further consistent data using an siRNA approach. ACSS2 siRNA
treatment of T24R cells induced a substantial decrease in acetyl-CoA, whereas the
levels did not change with ACLY siRNA treatment (Fig. 7A). The data also show
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that ACSS1 has a much more minor role in acetyl-CoA production in T24R cells.
Furthermore, ACLY siRNA induced a larger decrease in fatty acid synthesis in T24S
than T24R cells (Fig. 7B).
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Figure 6. The involvement of ACSS2 in de novo fatty acid de synthesis and
survival of T24R cells
(A) Schematic pathways for fatty acid synthesis from glucose. Pathways involving
ACSS2 or ACLY are described. The question mark beside ACH indicates that the
exact mechanism of acetate generation from pyruvate in mitochondria has yet to be
firmly established. (B) The effects of ACSS2 and ACLY inhibitors on de novo fatty
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acid synthesis in T24S (blue) and T24R (red) cells. The de novo synthesis was
estimated as in Fig. 4 and normalized against that of T24S cultured without inhibitors.
Either ACSS2 (15.6 μM) or ACLY (32 μM) inhibitors were added to the culture
media. See the methods section for the chemical names of the inhibitors. Statistical
analysis was performed using Student's t-test. **P < 0.001; *P < 0.05; NS, not
significant (P > 0.05). The error bars represent the standard deviation. (C) The effect
of the ACSS2 inhibitor on the cell survival of T24R cells in the presence of cisplatin.
Upper: The T24R cells were seeded onto a 6-well plate 1 day before the experiment,
and cells were treated with ACSS2 inhibitor or vehicle 1 h before the addition of
cisplatin (10 μM). Cells were stained with crystal violet solution 48 h after cisplatin
treatment. Lower: Bar graph for the cell viability obtained from photometric analysis
of the upper samples. Abbreviations: glucose (GLU), glycine (GLY), alanine (ALA),
pyruvate (PYR), lactate (LAC), acetyl-CoA (ACoA), oxaloacetate (OAA), succinate
(SUC), a-ketoglutarate (AKG), citrate (CIT), acetyl-CoA hydrolase (ACH), citrate
synthase (CS), acetyl-CoA synthetase 2 (ACSS2), ATP citrate lyase (ACLY), acetylCoA carboxylase (ACC).
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Figure 7. The effects of siRNA for ACSS2, ACSS1, and ACLY
(A) Knockdown of ACSS1, ACSS2, or ACLY was performed by transfection of
T24R cells with siRNA duplex oligoset (ON-TARGETplus SMARTpool L-008549,
L-010396, L-004915; Dharmacon, Lafayette, CO, USA) using Lipofectamine 2000
(11668019; Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. Acetyl-CoA was measured as described in the methods
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section. (B) Knockdown of ACLY in T24S and T24R cells was performed by
transfection of AccuTarget Genome-wide Predesigned siRNA for ACLY (1001365;
Bioneer, Daejeon, Korea) using Lipofectamine RNAiMAX transfection reagent
from Thermo Fisher Scientific according to the manufacturer’s protocol. Fatty acid
synthesis was measured as described for Fig. 4B.
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F. ACSS2 expression increased in cisplatin-resistant patient
tissue
To evaluate the relevance of the above results to the clinical setting, I
investigated ACSS2 using patient tissues. I measured the expression of ACSS2 in
bladder tumor tissues from patients who had undergone a series of cisplatin-based
chemotherapies. Bladder tumor tissues obtained from BC patients with complete
remission (CR) upon chemotherapies exhibited low levels of ACSS2, while those
from patients with progressive disease (PD) had much higher levels of ACSS2
expression (Fig. 8A and B). Representative immunohistochemistry (IHC) images are
also provided in Fig. 8C. These results confirmed the relevance of ACSS2 in the
cisplatin resistance of BC. As cisplatin-resistant BCs are often more aggressive, I
also performed IHC analysis using tissue microarrays (TMA) of BC of varying
aggressiveness. The results showed that the levels of ACSS2 protein expression were
significantly associated with the aggressiveness of BC (Fig. 9).
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Figure 8. The expression levels of ACSS2 in tissues from cisplatin-sensitive and
-resistant BC patients
(A) Quantitative analysis of annotated nuclear regions from the IHC results; the
nuclear H-score, percentage positive nuclei, and percentage positive nuclear area in
BC tumors are presented. (B) Quantitative analysis of annotated cytoplasmic regions
from the IHC results; the cytoplasmic H-score and percentage positive cytoplasm are
presented. (C) Representative digitalized IHC images. Complete remission (CR:
cisplatin-sensitive) or progressive disease (PD: cisplatin-resistant) groups. An antiACSS2 antibody was used for IHC staining.
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Figure 9. ACSS2 protein expression in tissue samples from patients with BC of
various aggressiveness
IHC analysis was performed on the commercial BC tissue microarray (TMA) using
anti-ACSS2 antibody. Positivity was calculated in at least 500 cells in 20 cores in the
TMA. Representative images for each grade are shown.
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Ⅳ. Discussion

By employing a live metabolomics and biochemical approach, I showed
that glucose-derived endogenous acetate contributes to fatty acid synthesis in
cisplatin-resistant cells. Like DNA, fatty acids are required components of
proliferating cells and, therefore, it is unsurprising that cisplatin-resistant cells have
alternative machinery for making fatty acids in the presence of the toxic drug.
However, the use of endogenous acetate in fatty acid synthesis may require more
explanation. The most well-established pathway for fatty acid synthesis utilizes
citrate as an intermediate for acetyl-CoA, whether it is from glucose or glutamine
[46]. Citrate formed in the mitochondria is broken down in the cytosol by ACLY to
give oxaloacetate and acetyl-CoA, which can be used for fatty acid synthesis.
Another pathway for fatty acid synthesis involves exogenous acetate and requires
ACSS2 to generate acetyl-CoA in the cytosol [17]. Although ACSS2 involvement is
the same for exogenous and endogenous acetate use in fatty acid synthesis, I showed
that there is less 13C incorporation into fatty acids from exogenous

13

C-acetate in

cisplatin-resistant cells than cisplatin-sensitive cells. Therefore, endogenous acetate
seems to be the preferred source of the two-carbon units needed for fatty acid
synthesis in the cisplatin-resistant cancer cells. Actually, the formation of
endogenous acetate in cancers is not unprecedented. It was first documented about
80 years ago [47], but its roles in cancer metabolism have been little considered. For
general fatty acid synthesis, too, endogenous acetate was proposed as an intermediate
around 50 years ago [48], but it has been largely neglected compared with citrate as
the main intermediate [14, 46]. Now, my data suggest a novel implication of
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endogenous acetate from glucose in fatty acid synthesis in cisplatin-resistant cells.
Through the currently available state-of-the-art analytical techniques, I expect more
roles of endogenous acetate in cancer metabolism to be revealed.
My data suggest that endogenous acetate is derived from glucose, most
probably through pyruvate, and it was shown that acetate can be generated from
pyruvate in the mitochondria [49]. I also observed a decrease in acetate production
when T24R cells were treated with UK5099, an inhibitor of mitochondrial pyruvate
carrier (MPC) (Fig. 10). Pyruvate uptake through MPC is lower in some cancer cells,
but many cancers still import pyruvate into the mitochondria. For example,
glioblastomas generate about half of their cellular glutamate using the glucosedriven TCA cycle that goes via pyruvate [15]. In osteosarcoma cells, glucose-derived
citrate via pyruvate accounted for ~60% of total the citrate pool [50]. The
simultaneous enhancement of the Warburg effect and TCA cycle using glucosederived pyruvate was also observed in small cell lung cancer [51]. Therefore, despite
the pronounced Warburg effect that can reduce pyruvate uptake into cancer cell
mitochondria and reduced MPC functions in some cancer cells, pyruvate can still
contribute to acetate generation in the mitochondria. The higher oxygen consumption
rate of T24R cells is also evidence for functional mitochondria activity in T24R cells
(Fig. 11).
An interesting question is raised as to how increased fatty acid synthesis
affects cisplatin chemosensitivity. There have been several reports linking fatty acid
synthesis to cancer drug resistance. First, de novo fatty acid synthesis may lead to
plasma membrane remodeling by changing its fatty acid and lipid compositions. This
can lead to alterations of drug uptake and intracellular drug concentrations, which
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affect chemosensitivity [52, 53]. Second, increased de novo fatty acid synthesis has
been reported to lower the proportions of unsaturated fatty acids in plasma
membranes [53]. Lower unsaturated fatty acid levels have been implicated in the
reduced efficacy of anti-cancer drugs, as unsaturated fatty acids are important
sources of reactive oxygen free radicals [53]. In addition, the production of ROS is
an important mechanism in the cytotoxicity of many anti-cancer drugs, including
cisplatin. Third, increased fatty acid synthesis by FASN overexpression may protect
cancer cells from apoptosis. The increased FASN reduces the biosynthesis of preapoptotic lipid molecules, which has been suggested as a new chemoresistance
mechanism [54]. As the above mechanisms are not mutually exclusive, the increased
cisplatin resistance associated with elevated fatty acid synthesis from glucosederived acetate may involve all the above or further yet-to-be-identified pathways.
By implicating ACSS2 in the chemosensitivity of cells and patient tissues,
my results provide two key opportunities for translating the research to the clinical
setting. As elevated levels of ACSS2 were observed in cisplatin-resistant patient
tissues, which are often more invasive and refractory, ACSS2 levels could be used
to stratify patients who would require more aggressive treatment from the beginning.
In addition, ACSS2 levels may be helpful in deciding whether cisplatin should be
administered to particular patients. Furthermore, inhibitors of ACSS2, along with
other treatment modalities, may be used to treat cisplatin-resistant BC patients.
Although the inhibitor used in the current study may be unsuitable for use in the
clinical setting, the development of more inhibitors is expected because of the
importance of ACSS2 in the tumorigenesis of glioblastoma and hepatocellular
carcinoma [15, 17]. In addition, other enzymes in the fatty acid synthetic pathway
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involving endogenous acetate may be novel targets for cisplatin-resistant BC
treatment, e.g., acetyl-CoA thioesterase, which is needed for acetate transport across
the mitochondrial membrane.
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Figure 10. The effects of mitochondrial pyruvate carrier inhibitor, UK5099, on
acetate production in T24R cells
3 × 107 T24R cells were harvested and resuspended in culture medium containing
0.2 mM UK5099 (PZ0160; Sigma-Aldrich, ST. Louis, MO, USA). After incubation
for 30 min, final 25 mM 13C-glucose was added to the medium. Then real-time 2D
1

H-13C HSQC NMR spectra were obtained, and the acetate level was measured from

the calibrated peak intensity.
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Figure 11. Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) of T24S and T24R cells
OCR (left) and ECAR (right) were measured in an XFp Analyzer (Seahorse
Bioscience, North Billerica, MA, USA) using the manufacturer’s protocol. Briefly,
10,000 T24S and T24R cells were plated onto XFp cell culture mini-plates 24 h prior
to the assay. The media were changed to serum-free XF assay media with 25 mM
glucose, 1 mM pyruvate, and 2 mM glutamine, and the culture plates were placed
into a 37℃ non-CO2 incubator 1 h prior to the assay. The XFp Cell Mito Stress Test
Kit (Seahorse Bioscience, 103010) was used, and the media were injected with 1 μM
oligomycin, 1 μM FCCP, and 0.5 μM antimycin A  rotenone at 18, 36, 54 min timepoints.
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3. Part II
Acetate metabolism characterizes
malignancy, metabolic nature, and prognosis
of liver cancer

Ⅰ. Introduction

Glucose has been thought of as the preferred nutrient for cancer cells since
Otto Warburg described the aerobic glycolytic properties of all growing cancer cells
[8]. Nevertheless, other nutrients, such as glutamine, lactate, and acetate, can be
utilized by tumors according to their innate or environmental conditions [14, 55, 56].
Among them, acetate usage is dependent upon acetyl-CoA synthetase 2 (ACSS2)
[17], and its use by cancer cells seems to occur in mostly nutrient-deplete or hypoxic
conditions [14, 17, 57]. Another aspect of acetate uptake is its relationship with
tumor malignancy. Higher levels of ACSS2 were found to be associated with a
shorter survival time and metastases of brain, breast, and prostate cancers [15, 18].
For liver cancer, bioinformatic analyses suggested links between increased acetate
utilization and higher malignancy under hypoxic conditions [58, 59]. Furthermore,
in animal liver cancer models, much higher tumor burdens were observed in the
presence of intact ACSS2 genes [17].
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Although the above studies suggest the existence of positive correlations
among hypoxia/nutrient depletion, higher acetate uptake, and cancer malignancy,
there is also evidence against these associations. It is established that high levels of
glucose uptake, which may limit acetate uptake, are induced under hypoxic
conditions by hypoxia-inducible factors that are associated with a higher cancer
malignancy [60, 61]. Acetate metabolism through ACSS2 seems to be important in
leukemogenesis [62], although blood cancer cells are exposed to a nutrient- and
oxygen-rich environment. Positron emission tomography (PET) imaging showed
that well-differentiated liver cancer is more effectively detected with 11C-acetate,
whereas poorly-differentiated liver cancer is effectively detected with

18

F-

fluorodeoxyglucose [63]. Therefore, many controversies exist regarding the
relationships among acetate uptake, nutrient availability, and cancer malignancy, and
these may differ according to cancer type and stage.
The nutrient usage and metabolic characteristics of the liver may differ from,
or are even opposite to, those of other organs, as exemplified by glucose and
cholesterol synthesis in the liver and their consumption in other organs [64]. Given
the unique metabolic nature of the liver and the controversies stated above, the
relationships among acetate uptake, metabolic characteristic, and the malignancy of
liver cancer may not be extrapolated from other tumors and are far from established.
In this study, I comprehensively studied the above relationships in liver cancer at the
cell, animal model, and patient levels using isotopic tracing, molecular biology,
transcriptomics, clinical analysis, and PET-CT imaging of patients.
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Ⅱ. Materials and methods

1. Chemicals and reagents
The stable isotope labeled sodium acetate (CLM-440-1, 1,2-13C2, 99%) and
D-glucose (CLM-1396-5, U-13C6, 99%) were purchased from Cambridge Isotope
Laboratories (Andover, MA, USA). The inhibitor for ACSS2, 1-(2,3-di(thiophen-2yl)quinoxalin-6-yl)-3-(2-methoxyethyl)urea was purchased from ChemBridge (San
Diego, CA, USA). The inhibitors for LDH (Galloflavin) and for mTOR (Torin1)
were purchased from Tocris Bioscience (Minneapolis, MN, USA). The inhibitor for
CPT1 (Etomoxir) was purchased from Cayman Chemical (Ann Arbor, MI, USA).
The ACSS2 antibody (PA5-52059) from Thermo Fisher Scientific (Waltham, MA,
USA) and β-actin antibody (sc-47778) from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) were used. N-Nitrosodiethylamine (DEN) was purchased from SigmaAldrich (St. Louis, MO, USA).

2. Cell culture and isotope labeling
HepG2 and Hep3B liver cancer cell lines were cultured in DMEM
(Welgene, Daegu, Korea) supplemented with 10% fetal bovine serum (FBS;
Welgene, Daegu, Korea) and 1% penicillin-streptomycin solution (Gibco, Grand
Island, NY, USA). For isotope labeling, cells were cultured for 16 h in D-glucosefree DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% dialyzed FBS
(Welgene, Daegu, Korea), 1% penicillin-streptomycin solution, 5 mM U-13C6-Dglucose (in the presence of unlabeled 0.2 mM acetate), and/or 0.2 mM 1,2-13C241

sodium acetate (in the presence of unlabeled 5 mM glucose), as necessary.

3. Glucose and acetate uptake by cell liens
The cells were incubated for 6 h with either 0.2 mM 1,2-13C2-acetate (with
unlabeled 5 mM glucose) or 5 mM U-13C6-glucose (with unlabeled 0.2 mM acetate)
in the media. The medium was collected and spun down at 21,000g for 10 min. The
supernatants were mixed with 10% buffer composed of 2 mM Na2HPO4 and 5 mM
NaH2PO4 in D2O with 0.025% TSP. The NMR spectra were obtained with an 800
MHz NMR machine using 1D heteronuclear single quantum coherence (HSQC) (TD
16384) experiment. The uptake was evaluated by measuring the peak intensities of
the remaining 1,2-13C2-acetate or U-13C6-glucose in the media with 1D heteronuclear
NMR. The intensities were compared with the initial intensities of the isotopic
metabolite peaks.

4. Glucose and acetate metabolism in orthotopic liver cancer
and normal mice
Following Institutional Animal Ethics Committee permission at Inha
University (INHA-181120-600-1), four-week-old, male BALB/c nude mice were
purchased from Orient Bio (Seoul, Korea). The human liver cancer orthotopic nude
mouse models with Hep3B and HepG2 cells were established, as previously
described [65]. A midline incision of the anterior abdominal wall was made, and
1 × 106 cells in a total volume of 30 μl of a 50:50 solution of PBS and matrigel were
directly injected into the left lobe of the liver under anesthesia by pentobarbital
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sodium. After 2 months, mice were fasted for at least 12 h, and were orally
administered U-13C6-D-glucose (5g/kg, 300 μl) or 1,2-13C2-sodium acetate (3g/kg,
300 μl) for orthotopic xenograft models. Animals were euthanized at 30 min and 120
min after the administration of the U-13C6 glucose and 1,2-13C2-acetate, respectively.
Tissues were collected and rapidly frozen to quench metabolism, and stored at −80°C
for further analysis. The normal mice were orally administered U-13C6 glucose (5
g/kg, 300 μl) or 1,2-13C2-acetate (5 g/kg, 300 μl) and euthanized at 30 min and 60
min after the administration, respectively. The different times of euthanasia were
chosen so that each isotopic metabolite may have maximum incorporation, as
revealed in preliminary experiments.

5. Metabolite extraction
2 × 107 cells were harvested with Trypsin-EDTA (Gibco, Grand Island, NY,
USA) and centrifugation. The harvested cells were resuspended with 900 μl
methanol-chloroform solution (2:1, v/v). After 3 cycles of liquid nitrogen-thawshaking (20 min), 300 μl chloroform and 300 μl distilled water were added to the
cell lysates. The samples were centrifuged at 21,000g for 10 min at 4℃. The lipid
layer and the water layer were dried separately with a vacuum centrifugator (Vision,
Seoul, Korea). For NMR measurement, the pellet was resuspended with 500 μl of
buffer composed of 2 mM Na2HPO4 and 5 mM NaH2PO4 in D2O with 0.025% TSP.
For liquid chromatography-mass spectrometry (LC-MS) measurement, the pellet
was reconstituted with 40 μl acetonitrile:distilled water (1:1, v/v) and 2 μl was
introduced after centrifuging at 21,000g for 10 min at 4℃. Mouse tissues were cut

43

to a size of 100 mg and extracted in the same way as the cell extraction method after
homogenization with a disposable homogenizer (BioMasher, Nipi, Tyoko, Japan).

6. NMR measurement
The data were obtained with an 800 MHz Bruker Avance III HD
spectrometer equipped with a 5 mm CPTCI CryoProbe (Bruker BioSpin, Billerica,
MA, USA). 2D HSQC spectra were obtained with a Bruker pulse sequence
hsqcetgpsisp2.2. The dataset comprises 1024 × 512 complex points. Each
experiment had 5 scans per T1 increment, which took 1 h 35 min. If applicable, the
number of non-uniform sampling (NUS) points was 128 complex points (25%
sampling density of 512 points) using the nuslist provided by Topspin software. The
non-uniform sampling NMR experiment was performed as described previously [43].

7. LC-MS measurement for isotopomer distribution
The samples were analyzed by an Acquity ultra-performance liquid
chromatography (UPLC; Waters Corp., Milford, MA, USA) using a SeQuant
ZIC-pHILIC polymeric beads PEEK column (150 x 2.1 mm, 5 μm; Merck,
Darmstadt, Germany). 10 mM ammonium carbonate (pH = 9) in distilled water (A)
and acetonitrile (B) were used as the mobile phase, and the flow rate was 0.15 ml/min.
The gradient was as follows: 20% A at 0 min, 20% A at 2 min, 80% A at 19 min, 80%
A at 30 min, 20% A at 30.5 min, and 20% A at 35 min. The hydrophobic sample
separation was performed on a Kinetex C18 column (100 x 4.6 mm, 2.6 μm;
Phenomenex, Torrance, CA, USA). 60:40 (v/v) acetonitrile:distilled water with 10
mM ammonium acetate (A) and 90:10 (v/v) isopropanol:acetonitrile with 10 mM
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ammonium acetate (B) were used as the mobile phase, and the flow rate was 0.4
ml/min. The gradient was as follows: 85% A at 0 min, 70% A at 3.25 min, 52% A at
4 min, 18% A at 16.75 min, 1% A at 17.5 min, 1% A at 18.25 min, 85% A at 18.40
min, and 85% A at 23 min. The MS data were obtained with a Q Exactive Focus
Hybrid Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific, Waltham,
MA, USA). The isotopomer distribution was obtained from the LC-MS peak
intensities after natural abundance correction and the relative abundance was
expressed as a percentage relative to the sum of all the isotopomers intensities
including M+0.

8. Immunohistochemistry (IHC) with human liver cancer
tissues
Human liver cancer tissue microarrays with normal (n = 22), liver cirrhosis
(n = 28), hepatocellular carcinoma (HCC; n = 69), and metastatic HCC (n = 15)
patients were purchased (US Biomax, Rockville, MD, USA) and used to detect the
expression of the ACSS2 levels. Tissue array slides were deparaffinized with xylene
and dehydrated with ethanol. Antigen retrieval was performed by microwave heating
methods in citrate solution for 20 min. Blocking solution was used to prevent
nonspecific binding of antibodies. The tissue sections were incubated with
polyclonal ACSS2 antibody (1:50 dilution) for overnight at 4°C. HRP Detection
System (HRP streptavidin label and polyvalent biotinylated link) and
diaminobenzidine (DAB) Substrate Kit were used as detecting reagents (Vector
Laboratories, Burlingame, CA, USA). After counterstaining with hematoxylin, the
sections were dehydrated and mounted. All ACSS2-stained slides were scanned
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using the ScanScope System (Leica Biosystems, Wetzlar, Germany). A pathologist
with subspecialty training in HCC pathology assured that areas selected for
automated image analysis represented appropriate tissues. Staining intensity was
graded with: none as 0, weak as 1+ (< 30%), moderate as 2 (+30–60%), and strong
as 3+ (> 60%).

9. Fluorescent signal quantification
Equal number of cells were plated onto confocal dishes (200350; SPL Life
Sciences, Gyeonggi-do, Korea). The cells were stained with Hoechst 33342,
MitoTracker Red CMXRos, and Bodipy FL C12 from Thermo Fisher Scientific
(Waltham, MA, USA) for 15 min. The stained cells were washed with DPBS and
fixed with 4% paraformaldehyde solution for 30 min at RT. The fluorescent signals
were measured by a Confocal Scope TCS8 (Leica Microsystems, Wetzlar, Germany).

10. Wound healing and clonogenic assay
Wound healing assay was conducted to assess cell migration. Lines were
made with a sterile 1 ml pipette tip. At 0, 24, 48, and 72 h, images were taken with
an AmScope microscope digital camera MD800E (Irvine, CA, USA). Wound healing
area was measured by the ImageJ software program. HepG2 or Hep3B cells (800 per
well) were seeded into a 6-well plate and cultured in DMEM supplemented with 10%
FBS for 2 weeks. Then, the cells were fixed and stained with crystal violet (0.5%
w/v) solution in 20% methanol. The colonies were counted.
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11. Knockdown experiments with siRNA
The predesigned siRNAs targeting ACSS2 (55902-1), LDH (3939-1),
mTOR (2475-1), and CPT1 (1374-1) were purchased from Bioneer (Daejeon, Korea).
The cells were transfected with 100 nM siRNA with Lipofectamine RNAiMAX for
48 h (Thermo Fisher Scientific, Waltham, MA, USA). The media were changed with
fresh media and CCK8 proliferation assays were conducted with D-PlusTM CCK
after 24 h (Dongin Biotech, Seoul, Korea). The cellular viability was measured for
absorbance at 450 nm by a microplate reader (Molecular Devices, San Jose, CA,
USA).

12. DEN-induced rat liver cancer model
For rat liver cancer model, male Sprague-Dawley rats weighing 150-180 g
were administered DEN in their drinking water (100 mg/l) and then, DENadministered rats were sacrificed at indicated times.

13. PET-CT imaging
The Institutional Review Board of Yonsei university approved this
retrospective study, and the requirement to obtain informed consent was waived
(Yonsei IRB number: 4-2015-0904). Patients with blood glucose concentrations of
less than 140 mg/dl were fasted for at least 6 h before the intravenous injection of
18

F-FDG. Approximately 5.5 MBq of

18

F-FDG per kg of body weight was

administered. 60 min after the injection, PET-CT scanning was performed from the
skull base to the mid-thigh in a three-dimensional mode at 2 min per bed position on
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a dedicated PET/CT scanner (Discovery 600; General Electric Medical Systems,
Milwaukee, WI). Low-dose CT was performed using the following parameters: a
scout view at 10 mA and 120 kVp, followed by a spiral CT scan with a 0.8 sec
rotation time, 60 mA, 120 kVp, 3.75 mm section thickness, 1.25 mm collimation,
and 27.5 mm table feed per rotation with arms raised. CT images were reconstructed
onto a 512 × 512 matrices and were converted into 511 keV equivalent attenuation
factors for attenuation correction. PET images were reconstructed onto a 128 × 128
matrices using ordered subset expectation maximization and corrected for random
and scatter coincidences. In addition, a separate PET-CT scan was obtained on the
same scanner 20 min after intravenous injection of 370–555 MBq of 11C-acetate at 2
min per bed position. The same attenuation correction and image reconstruction were
done for 11C-acetate images. The comparison for the higher and lower grade cancer
was made for those patients who had their tumor resected for surgical treatments and
their tissues evaluated by histological examination. Due to the rare indication of
surgical treatments for very highly malignant cancer (grade IV), the comparison was
made between grade II and grade III tumor cases.
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14. Gene Set Enrichment Analysis (GSEA)
For GSEA between HepG2 and Hep3B cell lines, the signal values of
GSE21955 dataset were downloaded, and an offset of 34.1226 was added to the
whole dataset values in order to make them all positive. The data were log2
transformed and probes were collapsed to gene symbols. When running GSEA, only
gene sets related with metabolism were used. These gene sets were obtained by
downloading all pathways from Reactome (www.reactome.org, downloaded in April
2019), and extracting only pathways under “Metabolism” hierarchy. For GSEA
between high ACSS2 and low ACSS2 patient groups, the same metabolism gene sets
were used. For GSEA used in the Fig. 20, the same GSEA method between HepG2
and Hep3B cell lines used in Fig. 15 was used, except that the gene set used was
“h.all.v7.1.symbols.gmt" in MSigDB (Molecular Signatures Database).

15. Survival analysis
Kaplan-Meier analysis was performed with “survival” and “survminer”
package in R, and OriginPro 8 software. The same method was applied to GSE76427
dataset. The best risk separation followed the strategy described previously [66]
using an in-house built R script.
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16. Clinical data sources
The mRNA expression levels (RSEM normalized counts) were obtained
from

TCGA

Pan-Cancer

Atlas

(https://gdc.cancer.gov/about-

data/publications/pancanatlas, downloaded in February 2020). The survival
information was obtained from TCGA-CDR. Tumor grade information was obtained
from TCGA GDC portal (http://portal.gdc.cancer.gov/, downloaded in February
2020).

Disease-free

status

information

was

obtained

from

cBioportal

(www.cbioportal.org, (Cerami et al., 2012; Gao et al., 2013), downloaded in May
2020). The hypoxia score was downloaded from cBioportal (www.cbioportal.org,
downloaded in March 2020).

17. Methylation analysis
The beta values of TCGA-LIHC were obtained from TCGA Pan-Cancer
Atlas (https://gdc.cancer.gov/about-data/publications/pancanatlas, downloaded in
April 2020). For each probe, the difference of medians of beta values from the high
ACSS2 group to the low ACSS2 group was calculated. The P-value was calculated
by Wilcoxon rank-sum test and False Discovery Rate (FDR) by Benjamini-Hochberg
method. Then, for each probe, -log10(FDR) multiplied by the sign of the difference
of the medians of the beta values was obtained and plotted. Among the multiple
probes for ACSS2 or FASN gene, the probe which was the most negatively correlated
(by Spearman’s rank correlation) with the gene expression was selected and marked
as diamond (ACSS2 gene) and square (FASN gene) in Fig. 25F. For ACSS2 gene, the
probe was “cg09801828”, and for FASN gene, the probe was “cg25068915”.
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18. Statistical analysis
Statistical analysis between two groups was performed using R 3.6.2.
Except for the hypoxia scores and methylation analysis, where Wilcoxon rank-sum
test was used, Student’s t-test or Welch’s t-test was used, depending on the P-value
of F-test (threshold of 0.05). Error bars in the bar graphs represent the standard
deviation.
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Ⅲ. Results

A. Acetate uptake and its association with cancer cell growth
under varying glucose concentrations
Despite reports showing acetate uptake occurring in primarily glucosedepleted or hypoxic environments [17, 18], such conditions would also limit acetate
usage. This led me to hypothesize that if tissues use acetate at all, nutrient depletion
is not always pre-requisite for the use of acetate. Therefore, I first tested if acetate
can be used in normal liver tissues where nutrients and oxygen are replete. Mice
were given the same amounts of 13C-acetate or 13C-glucose orally, and their liver
tissues were analyzed for the isotope incorporation into glutamate [15]. The ratios of
the 13C-labeled glutamate isotopomers and the M+2 isotopomer, formed from the
first cycle of acetate incorporation, were similar in both groups (Fig. 12A). These
data show that the livers can utilize acetate carbons as efficiently as glucose carbons
in normal conditions. Then, I compared acetate uptake among various liver cell lines
in the presence of both physiological acetate and glucose. The cell line with the
highest acetate uptake, HepG2, exhibited an approximately 4-fold higher acetate
consumption than Hep3B, whereas Hep3B consumed much more glucose than
HepG2 (Fig. 12B). Additionally, both mRNA and protein levels of ACSS2, critical
in acetate utilization [15, 17, 64], were significantly higher in HepG2 cells (Fig. 12C).
These data show that liver cancer cells with high ACSS2 levels, such as HepG2, can
efficiently take up acetate even in a glucose-replete condition.
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To test if differential acetate uptake affected the cell phenotypes, I measured
cell growth. In the presence of 0.2 mM acetate, lowering the glucose concentration
from 5 to 1 mM significantly inhibited the growth of Hep3B cells but not HepG2
cells (Fig. 12D). An even lower concentration of glucose (0.2 mM) further
suppressed the growth of Hep3B cells, but the inhibition was significantly
ameliorated in HepG2 cells by acetate. In these conditions, a high concentration of
acetate (4 mM) significantly rescued the growth of HepG2 cells but not Hep3B cells.
Overall, acetate uptake in normal physiological conditions seems to be an inherent
property of liver tissue, and there is heterogeneity in acetate uptake among liver
cancer cells. Therefore, I further investigated the heterogeneity of acetate
metabolism and related cell physiology in liver cancer using HepG2 and Hep3B cells.
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Figure 12. Acetate uptake in normal mouse liver tissue and cancer cells and its
relationship with cell growth
(A) Glutamate isotopomer distribution in normal liver tissue of mice fed U-13C6glucose (left) or 1,2-13C2-acetate (right) (both 5 g/kg) as measured with LC-MS
(UPLC-Q Exactive Focus). (B) Uptake of 1,2-13C2-acetate (left, 0.2 mM) or U-13C6glucose (right, 5 mM) by various liver cell lines as measured by NMR intensities of
the remaining tracers in the media compared with their initial intensities (bars on the
far left of each graph). (C) qRT-PCR (left) and western blot analysis (right) of acetylCoA synthetase 2 (ACSS2) expression in total cell extracts of Hep3B and HepG2
cells. (D) Hep3B (left) and HepG2 (right) growth measured using the CCK8 method
with the indicated concentrations of acetate (Ace) and glucose (Glc). N.S.: not
significant; *P < 0.05; **P < 0.01; ***P < 0.001 (n = 3, unless otherwise stated) from
Student’s t-test with standard deviations.
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B. Differential metabolic fates of acetate and differential gene
expression in high- and low-ACSS2 cells
For the high- and low-ACSS2 cells, I measured 13C-acetate incorporation
into the cellular metabolites using high-resolution 2D HSQC NMR (Fig. 13) [43].
HepG2 utilized

13

C-acetate in diverse biosynthetic pathways, leading to its

incorporation into various amino acids, TCA intermediate succinate, acetylated
amino acid N-acetyl aspartate, and even nucleic acid base (NAB) uridine (Fig. 14A).
In comparison, Hep3B cells did not show appreciable incorporation of 13C-acetate
for most of these metabolites, consistent with the minimal effects of acetate on
Hep3B growth. Acetate incorporation was also measured for hydrophobic lipids
using omega methyl NMR peak splitting [64]. HepG2 exhibited higher de novo fatty
acid synthesis from 13C-acetate than Hep3B cells (Fig. 14B), and, interestingly, even
from 13C-glucose (Fig. 14C). Consistently, 13C incorporation from 13C-glucose into
glycerol 3-phosphate, a substrate of the rate-limiting enzyme of lipid synthesis
(GPAM), was higher in HepG2 (Fig. 14D). Conversely, glycerophosphocholine, an
end-product of catabolic glycerophospholipid lipases, was highly labeled by
glucose in Hep3B cells. In addition, the higher incorporation of

13

C-

13

C-glucose into

lactate suggested more active catabolic glycolysis in Hep3B cells. Further
measurement of lipid droplets via fluorescence showed significantly higher lipid
contents in HepG2 cells than Hep3B cells (Fig. 14E). These results suggest that highACSS2 HepG2 cells have a higher anabolic capacity using both acetate and glucose,
whereas Hep3B cells appear to be more catabolic, especially in terms of lipid
metabolism.
To determine if the above differential metabolic characteristics are reflected
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at the gene expression level, the transcriptomic profiles of the cells were analyzed
using the GSE21955 dataset. The Gene Set Enrichment analysis (GSEA) results for
metabolic genes showed that HepG2 cells exhibited significant enrichment in
anabolic pathways for lipids and amino acids and pathways for a master regulator of
lipid synthesis (SREBP) (Fig. 15). In addition, the individual expressions of several
genes that are key to diverse lipid biosynthetic pathways, such as ACACA, FASN,
and GPAM, were consistently upregulated in HepG2 cells (Fig. 16A and B). These
results support the idea that HepG2 cells, with higher ACSS2 levels and acetate
uptake, have more anabolic characteristics.
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Figure 13. 2D HSQC NMR spectrum showing peak splitting by
coupling
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13

C-13C J-

Figure 14. Different metabolic fates of acetate in high- and low-ACSS2 cells
(A) Isotopic incorporation of 0.2 mM 1,2-13C2-acetate into various metabolites in
Hep3B and HepG2 cells, as measured with 13C-13C J-split peaks in 2D NMR spectra.
(B and C) De novo fatty acid synthesis by 0.2 mM 1,2-13C2-acetate (B) or 5 mM U13

C6-glucose (C) in Hep3B and HepG2 cells, as measured by the intensities of omega

methyl splitting from high-resolution NMR spectra (left and middle spectra) [43].
Peak intensity averages (right bar graphs). (D) Isotopic incorporation of 5 mM U13

C6-glucose as in (A). (E) Lipid droplet levels (Bodipy FL C12; green) measured

with confocal microscopy. Nucleus (Hoechst 33342; purple) and mitochondria
(MitoTracker Red CMXRos; red). **P < 0.01; ***P < 0.001 (n = 3, unless otherwise
stated) from Student’s t-test with standard deviations. Abbreviations: glutathione
(GSH), glycerol 3-phosphate (G3P), glycerophosphocholine (GPC).
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Figure 15. GSEA results of gene expression related to lipid synthesis pathways
in Hep3B and HepG2 cells from GSE21955 dataset
Control groups with negative control siRNA treatment of both cells were used in the
analysis.
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Figure 16. Major lipid synthesis pathways and individual genes
(A) Major metabolites and genes for various lipid synthesis pathways. (B)
Differential expressions of individual genes in (A) from the GSE21955 dataset. The
error bars represent standard deviations. Abbreviations: sterol regulatory element
binding transcription factor 1 (SREBF1), 3-hydroxy-3-methylglutaryl-CoA synthase
1 (HMGCS1), squalene epoxidase (SQLE), acetyl-CoA carboxylase alpha (ACACA),
fatty acid synthase (FASN), ATP citrate lyase (ACLY), glycerol-3-phosphate
acyltransferase, mitochondrial (GPAM).
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C. Modulation of ACSS2 activity affects HepG2 phenotypes
with high acetate usage
To study the phenotypic implication of the acetate metabolism, I carried out
siRNA experiments. Lowering ACSS2 expression led to a significant decrease in the
growth of HepG2 cells but not Hep3B cells (Fig. 17A). The knockdown also led to
a decrease in

13

C-acetate incorporation into some of the metabolites that had

exhibited higher incorporation in HepG2 (Fig. 17B). Importantly, the knockdown of
ACSS2 reduced 13C-acetate-derived de novo fatty acid synthesis and the lipid droplet
content of HepG2 cells (Fig. 17C and D). Interestingly, the knockdown of ACSS2
increased lactate production from 13C-glucose in HepG2 cells (Fig. 17E). As Hep3B
cells are more glycolytic, ACSS2 downregulation may induce Hep3B-like metabolic
states in HepG2 cells. Further knockdown of a master regulator of anabolism, mTOR,
decreased the growth of HepG2 cells more than Hep3B cells, whereas knockdown
of catabolic genes, LDH of glycolysis and CPT1 of fatty acid oxidation, resulted in
the opposite effects (Fig. 17F).
I also tested the effects of ACSS2 modulation on cells treated with an
ACSS2-specific inhibitor [17]. In terms of metabolism, the inhibitor decreased de
novo fatty acid synthesis from acetate in HepG2 cells (Fig. 17G). From a phenotypic
viewpoint, it slowed the growth of HepG2 cells more than that of Hep3B cells (Fig.
17H), which is consistent with the knockdown results. This sensitivity of HepG2 was
significantly weakened by a high concentration of acetate (4 mM) at normal glucose
levels, which was not observed for the Hep3B cells. In comparison, lower glucose
(1 mM) with 0.2 mM acetate did not affect the sensitivity of HepG2 cells, indicating
HepG2’s higher dependence on ACSS2 and lower dependence on glucose
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availability. The latter is also consistent with HepG2’s insensitivity to a glycolysis
LDH inhibitor that effectively inhibited Hep3B cells (Fig. 17I). Similar to the siRNA
results, the findings showed HepG2 cells were more sensitive to the mTOR inhibitor,
while Hep3B cells were more sensitive to the CPT1 inhibitor (Fig. 17I). Therefore,
these data corroborate the above isotope incorporation results and suggest that highACSS2 HepG2 cells are more highly dependent on acetate-driven anabolic lipid
metabolism than Hep3B cells.
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Figure 17. Modulation of ACSS2 affects phenotypes of high-ACSS2 HepG2
(A) Inhibition of cell growth by ACSS2 knockdown as measured with CCK8. (B)
13

C-alanine and

13

C-aspartate labeled with 1,2-13C2-acetate in HepG2 cells after

ACSS2 knockdown was measured as in Fig. 14A. (C and D) Inhibition of fatty acid
synthesis in HepG2 cells by ACSS2 knockdown, measured as described in Fig. 14B
(C) and Fig. 14E (D). (E) 13C-labeled lactate from 5 mM U-13C6-glucose in HepG2
cells upon ACSS2 knockdown, measured as described in Fig. 14A. (F) Inhibition of
cell growth by knockdown of mTOR, LDH, and CPT1. (G) Inhibition of fatty acid
synthesis from 0.2 mM 1,2-13C2-acetate in HepG2 cells by ACSS2 inhibitor (10 μM).
(H and I) Cell growth inhibition by ACSS2 inhibitor (H), LDH inhibitor (galloflavin;
I, left), mTOR inhibitor (Torin1; I, middle), and CPT1 inhibitor (etomoxir; I, right),
as measured with CCK8. N.S.: not significant; *P < 0.05; **P < 0.01; (n = 3, unless
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otherwise stated) from Student’s t-test with standard deviations. Abbreviations:
mammalian target of rapamycin (mTOR), lactate dehydrogenase (LDH), carnitine
palmitoyltransferase 1 (CPT1).
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D. High-ACSS2 HepG2 cells form anabolic and less malignant
tumors in vivo
To validate the above results in vivo, I performed isotope tracing with 13Cacetate or 13C-glucose and phenotypic characterization using mouse orthotopic liver
tumors derived from HepG2 or Hep3B cells. Compared with HepG2 tumors, U-13C6glucose administration led to a much higher M+6 isotopomer ratio in Hep3B tumors,
demonstrating their higher glucose uptake (Fig. 18A). However, the M+1, +2, and
+3 isotopomers of glucose, formed only through the re-synthesis of glucose
(gluconeogenesis), were higher in the HepG2 tumors, indicating that anabolic
gluconeogenesis is more active in these tumors. In comparison, catabolic glycolytic
activity was higher in Hep3B tumors than HepG2 tumors, as estimated by the M+3
lactate

production

13

from

C-glucose

(Fig.

18B).

administration, HepG2 tumors exhibited higher levels of

Following

13

C-acetate

13

C incorporation into

various amino acids (Fig. 18C) and glucose (Fig. 19). HepG2 tumors again showed
greater incorporation of

13

C-acetate into fatty acids, as indicated by the high-

molecular-weight isotopomers of palmitate (Fig. 18D).
Regarding cancer malignancy phenotypes, the tumor frequency, tumor
sizes (Fig. 18E), and frequency of metastasis to either peritoneum or ascites (Fig.
18F) were all lower or smaller in the HepG2 tumors, showing that the acetate-using
HepG2 cells were less tumorigenic and formed less malignant tumors. Consistent
results were obtained in vitro using wound healing and clonogenic assays (Fig. 18G
and H). In addition, “lower epithelial-mesenchymal transition” was the top
biological process differentiating HepG2 from Hep3B cells according to hallmark
gene set analysis (Fig. 20) [67]. Taken together, the in vivo results confirm that
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acetate-using tumors with higher ACSS2 exhibit anabolic characteristics and lower
malignancy.
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Figure 18. High-ACSS2 cells from anabolic and less malignant tumors of
HepG2 and Hep3B orthotopic mouse liver xenograft models
(A) U-13C6-glucose uptake (left) and newly synthesized glucose (right) from the liver
cancer tissues of mice orally administered 5 g/kg U-13C6-glucose, as measured with
LC-MS. (B) 13C-lactate generation from U-13C6-glucose in liver cancer tissues. (C)
Isotopic incorporation into various metabolites in livers of mice fed 1,2-13C2-acetate
(3 g/Kg), as measured with LC-MS. (D) Isotopic incorporations into palmitate from
1,2-13C2-acetate in liver tissues, as measured with LC-MS. (E) Representative mouse
liver tumors (left) and the tumor size distribution (right) after 2 months (number of
+ signs: overall visible sizes). (F) The frequency of peritoneal or ascites metastasis.
(G and H) Scratch wound healing (G) and clonogenic (H) assays for Hep3B and
67

HepG2 cells (left) and their image quantitation and colony numbers (right). ***P <
0.001 (n = 3, unless otherwise stated) from Student’s t-test with standard deviations.
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Figure 19. Newly synthesized glucose in liver cancer tissues of mice
Mice were orally administered 3 g/kg 1,2-13C2-acetate. Glucose isotopomers were
measured with LC-MS.
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Figure 20. Top 10 “Hallmark” pathways upregulated in Hep3B cell line
compared with HepG2 cell line from GSE21955 dataset
The pathways were ordered by absolute value of Normalized Enrichment Score
(NES) in GSEA. The “Hallmark” pathways were retrieved from the Molecular
Signatures Database (MSigDB).
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E. Clinical manifestation of high- and low-ACSS2 cancer
patients
To form a picture of ACSS2 expression during the course of human liver
tumorigenesis, I compared the ACSS2 levels of tissues from normal, cirrhosis,
hepatocellular

carcinoma,

and

metastatic

liver

cancer

patients.

Immunohistochemical staining showed that ACSS2 levels were significantly higher
in normal tissues than hepatocellular carcinoma and metastatic liver cancer tissues
(Fig. 21A and B), indicating that ACSS2 level is lower in malignant tumors than
normal tissue.
Then, the ACSS2-malignancy relationship was further tested using a larger
TCGA liver cancer cohort. ACSS2 expression was found to be higher in the lowergrade tumors (grade I and II) than the higher-grade tumors (grade III and IV) (Fig.
21C). Patients with cancer recurrence and/or progression had lower ACSS2 levels
than those that achieved a disease-free status (Fig. 21D). Furthermore, the highACSS2 group had significantly longer progression-free intervals (PFI) and diseasefree intervals (DFI) (Fig. 21E and F) when I analyzed similarly-sized high- and lowACSS2 groups at the 2352 RSEM cut-off value. Initial analysis of patient survival
using this cut-off value did not reveal significant differences. A relationship between
high-ACSS2 and higher liver tumor burden was previously observed in mouse
models but not in humans [17]. Therefore, I re-analyzed the patient data with the best
risk separation approach [66] and found a close and highly significant association. It
found a subset of the low-ACSS2 patient group belonging in the lower ~13th
percentile of the ACSS2 expression levels, which was thus classified as a “very-low”
ACSS2 group (13VLA group). Compared with the other 87% group (the rest group),
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this 13VLA group exhibited particularly poor prognoses for all available survivalrelated variables (Fig. 21G through J): overall survival (OS), disease-specific
survival (DSS), DFI, and PFI. The results were confirmed in another large,
independent cohort (GSE76427), where patients in the lower ~17th percentile
exhibited much shorter OS and relapse-free survival (RFS) (Fig. 21K and L).
Consistent results, showing lower ACSS2 levels in malignant tumors than in normal
tissue, were also obtained in a chemically induced rat liver cancer model (Fig. 22).
In comparison, ACSS1 levels, which were found to be elevated in a high malignancy
group in a previous report (~30% of the cohort) [59], were the same between the
13VLA and the rest groups (Fig. 23). Overall, these confirm the link between lower
ACSS2 expression and higher-malignancy liver cancer at the human level.
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Figure 21. Clinical manifestation of high and low-ACSS2 liver cancer patients
(A and B) Immunohistochemistry of ACSS2 in human liver tissue microarray. (A)
Staining intensity grading was as follows: none, 0; weak, 1+ (< 30%); moderate, 2
(+30–60%); and strong, 3+ (> 60%). N.S.: not significant; *P < 0.05 (n = 3, unless
otherwise stated) from Student’s t-test with standard deviations. (B) Representative
images. (C and D) ACSS2 mRNA expression levels in low- (I and II) vs. high- (III
and IV) grade tumors (C) or disease-free vs. recurred/progressed patients (D) in the
TCGA LIHC cohort. (E through J) Kaplan-Meier analysis of prognostic variables for
patients from the TCGA LIHC cohort. (E and F). DFI and PFI curves based on the
2352 RSEM cut-off. (G, H, I, and J) OS (G), DSS (H), DFI (I), and PFI (J) for the
low-ACSS2 (13VLA) and high-ACSS2 (the rest) groups. HR: hazard ratio. (K and
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L) OS (K) and RFS (L) curves for the bottom 17% and top 83% of ACSS2 levels in
the GSE76427 dataset.
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Figure 22. ACSS2 protein expression in liver tissues of normal and Nnitrosodiethylamine (DEN)-induced hepatocellular carcinoma (HCC) rats
Western blotting was used to show relative ACSS2 and β-actin control protein
expression in liver tissues of normal and DEN-induced HCC rats 13 and 17 weeks
post-treatment.
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Figure 23. Acetyl-CoA synthetase 1 (ACSS1) mRNA expression between 13VLA
and the rest groups of the TCGA LIHC cohort
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F. Metabolic characteristics of high- and low-ACSS2 human
liver cancer
I used the gene expression profiles of the high- and low-ACSS2 groups to
investigate their metabolic characteristics. GSEA analysis of the TCGA cohort
showed that gene sets for anabolic lipid metabolism are significantly elevated in the
high-ACSS2 patient group, as defined by the 2352 RSEM cut-off value (Fig. 24A).
At individual gene levels, the expressions of key genes in the lipid anabolic pathways,
SREBF1, SREBF2, HMGCS1, HMGCS2, FASN, ACACA, ACLY, and GPAM, were
shown to be consistently upregulated in the high-ACSS2 group (Fig. 24B). Very
similarly, significant differences in anabolic lipid metabolism were also observed
between the 13VLA group and the rest (Fig. 25A and B). Interestingly, for the
13VLA group, the expressions of key genes in glycolytic pathways, such as LDH,
HK, and PFK, were significantly upregulated compared to the rest group, indicating
high glucose catabolism (Fig. 25C), which is consistent with the results from cell
and animal models. Previously, hypoxia was suggested to induce ACSS expression,
higher acetate usage, and higher malignancy in several cancers, including liver
cancer [18, 58]. In contrast, my analysis found significant negative correlations
between ACSS2 and a well-established hypoxia score (Fig. 25D) [68], suggesting
that high-ACSS2 levels are associated with lower hypoxia. Indeed, the hypoxia score
was significantly elevated in the 13VLA group compared with the rest group (Fig.
25E).
Next, the 13VLA and the rest groups were analyzed for DNA promoter
methylation, which has important implications in liver cancer carcinogenesis and
prognosis [69, 70]. Strikingly, the promoter sites in the ACSS2 and FASN genes
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ranked among the top 20 (among ~390,000) differentially methylated sites between
the two groups (Fig. 25F). Specifically, the site at a CpG shore of the ACSS2
promoter (specific for the cg09801828 probe) exhibited significantly higher
methylation in the 13VLA group than the other groups (Fig. 25G), suggesting DNA
methylation has roles in ACSS2 suppression. Overall, these patient data analyses
show that high-ACSS2 expression is associated with lipid anabolic characteristics,
reduced glycolysis, and lower hypoxia and malignancy, confirming my cell and
animal level results.
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Figure 24. Comparison of metabolic characteristics between the two groups
according to 2352 RSEM cut-off value
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(A) GSEA results for lipid-related pathways between the groups according to the
2352 RSEM cut-off value. NES, Normalized Enrichment Score; FDR, False
Discovery Rate. (B) mRNA expressions of some key genes of lipid anabolic
pathways in the groups according to the 2352 RSEM cut-off value. Abbreviations:
sterol regulatory element binding transcription factor 1/2 (SREBF1/2), 3-hydroxy-3methylglutaryl-CoA synthase 1/2 (HMGCS1/2), fatty acid synthase (FASN), acetylCoA carboxylase alpha (ACACA), ATP citrate lyase (ACLY), glycerol-3-phosphate
acyltransferase, mitochondrial (GPAM).
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Figure 25. Metabolic characteristics of high- and low-ACSS2 human liver
cancer
(A) GSEA results for lipid-related pathways in the 13VLA and the rest groups. NES,
Normalized Enrichment Score; FDR, False Discovery Rate. (B) mRNA expressions
of some key genes in the lipid anabolic pathways in the 13VLA and the rest groups.
(C) mRNA expressions levels for key glycolysis genes in the 13VLA and the rest
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groups. (D) Correlation between the ACSS2 expression and the Winter hypoxia score
for the entire TCGA LIHC cohort. (E) Winter hypoxia scores in the 13VLA and the
rest groups. (F) The differential methylation rank plot between the 13VLA group and
the rest. Approx. 390,000 methylation probes (sites) were ranked according to the
FDR values. (G) The methylation beta values for the normal, 13VLA, and the rest
groups of the TCGA LIHC cohort. Abbreviations: sterol regulatory element binding
transcription factor 1/2 (SREBF1/2), 3-hydroxy-3-methylglutaryl-CoA synthase 1/2
(HMGCS1/2), fatty acid synthase (FASN), glycerol-3-phosphate acyltransferase,
mitochondrial (GPAM), lactate dehydrogenase A/B (LDHA/B), hexokinase 1/2
(HK1/2), phosphofructokinase, muscle (PFKM), phosphofructokinase, platelet
(PFKP), pyruvate kinase M2 (PKM2), 6-phosphofructo-2-kinase/fructose-2,6biphosphatase 2/3 (PFKFB2/3).
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G. PET-CT imaging of low- and high-grade liver cancer
patients
To directly assess the metabolite-malignancy relationship in living human
patients, PET-CT data with 11C-acetate and 18F-fluorodeoxyglucose (18F-FDG) and
tumor grades were analyzed. I found much higher 11C-acetate with little 18F-FDG
uptake in patients with lower-grade (grade II) liver cancer, whereas there was little
11

C-acetate but prominent 18F-FDG uptake in higher-grade hepatocellular carcinoma

patients (grade III) (Fig. 26A and B, Fig. 27A and B for the other eight cases).
Metabolic stress due to a low blood supply, such as hypoxia or nutrient depletion,
would have affected the uptake of acetate and FDG to a similar extent. Nevertheless,
the selective uptake of either acetate or glucose in the imaging results seems to
suggest low blood supply is not a requisite for acetate uptake. Therefore, acetate
uptake seems to be an inherent property of lower-grade liver cancer. These clinical
human data confirm that the relationship between high acetate uptake and low
malignancy is independent of metabolic stress.
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Figure 26. PET-CT imaging of low- and high-grade liver cancer patients
(A and B) Representative PET-CT images in a low- (grade II) (A) and a high-grade
(grade III) (B) liver cancer patients, each of whom was monitored by both 18F-FDG
and 11C-acetate (See Fig. 27A and B for data from eight more patients). Cancerous
regions are marked with red boxes.
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Figure 27. PET-CT imaging of additional patients
(A and B) PET-CT imaging of low- (A) and high- (B) grade liver cancer patients.
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Ⅳ. Discussion

Despite prominent studies suggesting that acetate usage is limited to
nutrient-depleted or hypoxic conditions [17, 18], and that there is a link between high
ACSS2/acetate usage and enhanced cancer malignancy [15, 64], their generalization
may require cautions. Conceptually, nutrient depletion occurs because of a low blood
supply that may actually limit acetate availability. Indeed, my cell, animal, and
patient studies consistently showed that high acetate uptake/ACSS2 expression can
occur in glucose- or nutrient-replete conditions for lower-grade liver cancer cells or
tumors that feature reduced hypoxia. In addition, hypoxia generally activates
glycolytic activity and is associated with a higher malignancy [60, 61]. Enhanced
glycolytic metabolism may reduce acetate usage and, therefore, the link between
acetate uptake and higher malignancy may not be universal, either. In fact, in
colorectal cancer patients, a lower acetate uptake was attributed to a higher
malignancy [71]. ACSS2 levels are generally high in normal human liver tissues [72,
73], and it has been noted that ACSS2 is not induced, but maintained in high-ACSS2
liver cancer, and only lost in low-ACSS2 cancer [17]. Based on my results and the
established roles of ACSS2 in acetate usage [15, 74, 75], ACSS2-driven high acetate
uptake seems to be an inherent property of normal livers that may be slightly lost, if
at all, in low malignancy liver cancer and largely lost in high malignancy liver cancer.
In a mostly bioinformatics study, high acetate uptake through ACSS1 under
hypoxia was proposed for their iHCC3 group with shorter patient survival, hence
higher malignancy [59]. Unfortunately, the effect of hypoxia was not explicitly
addressed for ACSS1 or ACSS2 in their experimental model, HepG2 cells.
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Interestingly, though, I was able to find high ACSS2 level in their iHCC1 group, with
the lowest malignancy and longest survival [59], which is consistent with my overall
results. Yet another study performed the knockdown of ACSS2 in liver cancer cells,
but in a high-malignancy cell line with lower ACSS2 levels (MHCC97H) rather than
a lower-malignancy cell line with higher ACSS2 levels (MHCC97L) [76], making it
difficult to compare the results with ours. From my results, the knockdown of ACSS2
in HepG2 cells induced higher glycolytic lactate production, and the 13VLA patients
featured upregulation of glycolytic genes. Therefore, ACSS2 loss seems to occur
concomitantly with enhanced glycolysis. This may render the cancer cells more
malignant, more viable under hypoxia, and more Warburg-type, and again this is
consistent with my PET-CT results. It is tempting to speculate that ACSS2 may have
an inhibitory role for glycolysis, which may be an interesting future study topic.
There are noteworthy translational implications of our results. First, the
PET-CT-detectable metabotypes of ACSS2-driven acetate uptake may be used as
non-invasive biomarkers for lower-malignancy liver cancer. The use of both 11Cacetate and

18

F-FDG may overcome the unacceptably high false-negative rate

(40~50%) of single

18

F-FDG imaging [63] and could also help to discriminate

between acetate-using (acetophilic) and glycolytic (glucophilic) liver cancers. In
comparison, previously developed biomarkers based on transcriptomics or genetics
[70, 77, 78] require invasive biopsies. Second, for patient stratifications, the
metabolic patterns of the 13VLA group, which had particularly poor prognoses, were
not apparent in earlier stratification studies. Hoshida et al. [77] found that the most
malignant tumor group (S1) constituted 25~33% of the cohort. Two major subtypes
(proliferation and nonproliferation classes), each comprising about 50%, were found
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by analyzing many previous studies [78]. In an omics-based study [70], about 33%
of the cohort (iClust1 group) was found to have higher-grade tumors with poor
prognoses. In a bioinformatics study, the iHCC3 group, comprising about 28% of the
cohort, exhibited a shorter survival time with high glycolytic and fatty acid synthetic
gene expression [59]. Therefore, the 13VLA group seems to constitute a smaller
proportion (~13%) of patients with distinct metabolic characteristics and, thus, is
proposed as a new subset with the poorest prognosis among the poor prognosis
groups. Third, systemic chemotherapy for liver cancer is recommended only for
advanced-stage patients (BCLC stage C) [79] who tend to exhibit high histologic
grades [80]. However, ACSS2 inhibitors [81] might be particularly helpful for
patients in the acetophilic group with lower-grade tumors, who have been
conventionally treated with more invasive modalities [79]. The benefits may be
significant, as the better prognosis group comprises at least ~50% of patients [59, 77,
78]. For the glucophilic group, such as the 13VLA group, glycolysis inhibitors may
be useful [82].
In summary, I suggest there are associations among high acetate use,
anabolic characteristics, and low malignancy for liver cancer, based on
comprehensive studies on cell, animal, and human systems. I also identified a
particularly poor prognostic patient group with very low ACSS2 expression and
glycolytic characteristics. My results may help to stratify liver cancer patients and
choose the best treatment options.
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4. Conclusions

This research investigated the relationship between acetate metabolism and
cancer in terms of acquired resistance to cancer drug and changes in tumor grade.
Live metabolomics and biochemical approaches have shown that a bypass is
activated in the fatty acid synthesis pathway in cisplatin-resistant bladder cancer cells.
The well-known fatty acid synthesis pathway uses ACLY via citrate in mitochondria,
but a new pathway requiring ACSS2 is believed to be activated in cisplatin-resistant
cells. Isotope tracing showed that glucose-derived endogenous acetate is the
preferred two-carbon source for fatty acid synthesis in cisplatin-resistant cells. This
was verified by determining the correlation between ACSS2 expression levels and
resistance to cisplatin treatment in the tissues of bladder cancer patients. Therefore,
it was found that glucose-derived acetate metabolism contributes to the acquisition
of cisplatin resistance by activating a new fatty acid synthesis pathway using ACSS2
in bladder cancer patients.
Integrative research methods using cellular, animal, and human systems
showed differences in acetate metabolism according to tumor grade in liver cancer.
Previous studies have shown that acetate metabolism is induced during nutrient
deficiency or hypoxia. However, the active use of acetate in the livers of normal mice
showed that nutrient deficiency was not a prerequisite for acetate use. Acetate uptake
and metabolism were different in liver cancer cells, and the mouse xenograft model
of these cells showed that acetate metabolism was related to tumor grade. These
observations suggested that higher ACSS2 expression and acetate metabolism were
associated with lower malignancy in liver cancer. In two independent large patient
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cohorts, the group with higher ACSS2 expression also had a good prognosis for
various survival-related variables. Through bioinformatics analysis, the 13VLA
group with extremely low ACSS2 expression could be designated as the worst subset,
even within the poor prognosis group. The reduction in ACSS2 made liver cancer
cells more malignant, more viable under hypoxia, and more Warburg-type, and these
features were consistent with PET-CT results in liver cancer patients. Therefore,
acetate metabolism seems to be an inherent property of the liver, which is associated
with low malignancy grades in liver cancer; the prognosis worsens as acetate
metabolism declines in high malignancy grades. Overall, acetate metabolism
features can be applied to the stratification and prognoses of bladder and liver cancer
patients, may lead to the discovery of new targets, and may aid clinicians in selecting
the best treatment options.
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국문초록

암의 약제 내성 및 악성도에서
아세테이트 대사 연구

이 수 진
약학과 천연물과학전공
서울대학교 약학대학 대학원

아세테이트 대사는 생물에너지학, 거대 분자 합성, 및 후성
유전학과 관련하여 암의 아세테이트에 대한 대사적 의존성이 보고되면서
암 연구에서 새로운 흐름이 되고 있다. 그러나 아세테이트 대사가
항암제 내성 획득과 종양 등급 변화에 미치는 영향에 대한 연구는 아직
부족하다. 따라서 방광암의 시스플라틴 내성과 간암의 악성도 등급과
관련된 아세테이트의 대사적 특성과 이의 임상적 의의를 조사하였다.
첫째로 최근 방광암에서 지질 대사가 변화되어 있다는 것이 보고되어
시스플라틴 민감성 (T24S) 및 내성 (T24R) 방광암 세포를 사용하여
시스플라틴

저항성의

대사적

의미를

101

연구하였다.

실시간

라이브

대사체학을

이용하여

시스플라틴

저항성

방광암

세포

(T24R)에서

시스플라틴 민감성 방광암 세포 (T24S) 대비 글루코스를 더 많이
소모하며 글루코스 유래 아세테이트와 지방산을 더 많이 생산하는 것을
확인하였다. T24R 세포에서 일반적인 대사 조절제의 활성화와 더불어
아세테이트 사용 (ACSS2) 및 지방산 합성 (ACC) 효소와 지방 합성을
위한 전구체 (아세틸-CoA)가 상승했다.

13

C 동위 원소를 사용한 대사

분석에서도 일관되게 T24R 세포가 T24S 세포와 다르게 지방산 합성
증가를

위한

외인성

탄소

공급원으로

아세테이트보다

글루코스를

선호한다는 것이 나타났다. 또한 T24R 세포에서 글루코스 유래 내인성
아세테이트를 통해 아세틸-CoA 를 공급하는 핵심 효소는 잘 확립된
ACLY 가 아닌 ACSS2 였다. ACSS2 의 상관성은 ACSS2 억제제에 의한
시스플라틴
저항성을

저항성
가진

상실에

환자

의해

조직에서

추가로
ACSS2

확인되었으며,
의

더

높은

시스플라틴

발현에

의해

확인되었다. 둘째로 간암에 대한 아세테이트 흡수, 대사적 특성, 및 악성
종양 간의 관계를 종합적으로 연구했다. 세포주 중 HepG2 는 글루코스가
충분한 환경에서도 아세테이트를 사용했지만 Hep3B 에서는 그렇지
않았고 이는 ACSS2 의 발현과 연관이 있었다. 대사체 동위 원소
추적에서 ACSS2 가 높은 HepG2 는 Hep3B 보다 더 높은 아세테이트
유입과 향상된 지질 단백 대사를 나타냈다. 이러한 대사 특성은 ACSS2,
마스터 단백 동화 유전자 (mTOR), 그리고 지질 이화 유전자 (CPT1)에
대한 유전자 발현 억제 및 억제제 연구를 통해 확인되었다. in-vivo
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동위 원소 추적에서 HepG2 의 동소 (orthotopic) 마우스 간암은 단백
동화가 더 잘 일어나고 악성도가 낮음이 확인되었다. 일관되게 사람의
정상 간 조직은 암 조직보다 더 높은 ACSS2 수준을 나타냈다. ACSS2
발현이 낮은 환자, 특히 13 번째 백분위수 이하 (13VLA 그룹)의 환자는
두 개의 독립적인 대규모 코호트에서 현저하게 예후가 나빴다 (총 n =
486). 또한 13VLA 환자는 더 높은 ACSS2 프로모터 메틸화, 감소된 지질
합성 경로, 그리고 증가된 해당 과정 및 강화된 저산소증을 나타냈다.
환자의 PET-CT 영상은 악성도가 낮은 간암이
더 많고
높은

18

11

C-아세테이트의 흡수가

F-FDG 의 흡수가 적다는 것을 보여주었으며 이는 악성도가

간암에서

역전되었다.

전반적으로

아세테이트

흡수는

영양소

고갈과 무관한 것으로 보이며 지질 단백 대사 증가와 간암의 더 나은
예후에 기여한다. 본 연구는 방광암과 간암 환자에 대한 치료 옵션을
개선하고 맞춤형 치료를 위한 환자의 취약성에 기반한 표적 개발에
도움을 줄 수 있다.

주요어: 아세테이트, ACSS2, 대사체학, 암 대사, 핵자기 공명 분광법,
질량 분석법, 생물정보학, 악성도, 방광암, 간암
학 번: 2014-31253
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This appendix includes reprints of four published papers. I have participated as the
first author for two of the papers, and as a co-first author for the other two. These
works were done during my doctoral course in Seoul National University under my
supervisor, Professor Sunghyouk Park.
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