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Abstract

Acetate metabolism
in drug resistance and malignancy

of cancer

LEE SU JIN

Natural Products Science Major
College of Pharmacy

The Graduate School

Seoul National University

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, 1 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.



First, with the recent recognition of lipid metabolic alterations in bladder cancers, 1
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 '*C 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 glucose-
sufficient environment, whereas Hep3B did not. These characteristics correlated
with ACSS2 expression levels in the cells. Metabolomic isotope tracing showed
high-ACSS2 HepG?2 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



catabolic gene (CPTI). Upon in vivo '3C 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 ~13%1
percentile (I13VLA 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 4ACSS2
promoter methylation. Finally, positron emission tomography-computed
tomography (PET-CT) imaging of liver cancer patients showed that lower-grade
cancer had higher !'C-acetate but lower 'F-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.

Keywords: Acetate, ACSS2, Metabolomics, Cancer metabolism, NMR
spectroscopy, Mass spectrometry, Bioinformatics, Malignancy, Bladder cancer,
Liver cancer

Student number: 2014-31253
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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
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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 acetyl-
CoA 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. 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
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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 cell-
signaling 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 UDP-
GlcNAc, 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 ''C-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.

A
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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.



I1. Materials and methods

1. Chemicals and reagents

The stable isotope-labeled D-Glucose (U-*Cs, 99%) and acetate (1,2-13C,,
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, 3,5-
dichloro-2-hydroxy-N-(4-methoxy-[ 1,1'-biphenyl]-3-yl)-benzenesulfonamide
(BMS-303141), was purchased from Bio-Techne (Minneapolis, MN, USA). The
following antibodies, B-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).



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% CO,). 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 uM 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 B-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 x 107 cells were moved into a new tube. After centrifugation, the
harvested cells were re-suspended with 500 pl glucose-free DMEM (Gibco, Grand
Island, NY, USA) supplemented with 10% dialyzed FBS (Welgene, Daegu, Korea),
25 mM *Cg-labeled glucose, and 10% D->O. 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.



4. Isotope incorporation analysis for fatty acids

The T24S and T24R cells were counted (5 x 10°) 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 '*C-acetate and '*C-
glucose treatment, 0.5 mM 1,2-1*C,-acetate and 20 mM U-"*Ce-glucose was added,
respectively. For the inhibitor treatment, the ACSS2 inhibitor (15.6 uM) and the
ACLY inhibitor (32 uM) were also added to the cell media. After a 24 h treatment,
the fatty acids were extracted from the counted (9.05 x 10°) cells using the two-layer

methanol-chloroform extraction method as previously described [41].

5. NMR measurement

"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].



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 A 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 1A
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.



8. Routine statistics

All functional validation experiments were repeated at least three times.
Data were compared using Student's #-tests. P < 0.05 was considered to be

statistically significant.
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II1. 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 *C-glucose tracer were monitored with 2D 'H-3C 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 -

(A) The first (black) and last (red) spectra obtained from cisplatin-sensitive (T24S)
cancer cells over 1 h 56 min after the addition of *Cs-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) One-

dimensional spectra for two compounds were extracted for comparison (1 and 3).
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No. METABOLITE 'H BC

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 243 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 0.94 229
13 Glutathione (reduced) 2.97 28.3

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 Warburg-
type 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 CH; 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).
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Figure 2. Time-dependent metabolic changes between cisplatin-sensitive and -

(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].



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 '3C-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, | 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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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 *C-!*C coupling
in the HSQC spectra using a '*C-glucose tracer. This is possible because '*C 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 *C-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.
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Figure 4. De novo fatty acid synthesis from glucose and acetate
(A) Schematic representation of NMR signal splitting patterns by *C-acetyl-CoA
for fatty acid elongation and de novo synthesis steps. Filled circles represent '*C

isotopes and open circles represent unlabeled carbons. (B) Incorporation of *C
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isotope into the omega position of the fatty acid alkyl chain with U-*Ce-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 '*C isotope as in (B) with U-13Cs-acetate. T24S
and T24R cells were cultured in media containing 5 mM non-labeled glucose
supplemented with 20 mM "3C-glucose (B) or 0.5 mM !*C-acetate (C) for 24 h.
Statistical analysis of data from three independent experiments was performed using
the Student’s #-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 "H NMR data were obtained, and the peak volumes
were measured with Bruker-provided Topspin software. Statistical analysis was
performed using Student’s #-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-6-
yl)-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 cisplatin-
resistance 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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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 uM) or ACLY (32 puM) 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 #-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 uM). 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), acetyl-

CoA 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 RNAiIMAX 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. | 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, 1
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 anti-

ACSS2 antibody was used for [HC 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-ACSS?2 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
ACSS?2 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 *C incorporation into fatty acids from exogenous '*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 glucose-
driven 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 glucose-
derived 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 pre-
apoptotic 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 glucose-
derived 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 x 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 '*C-glucose was added to the medium. Then real-time 2D
'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°C non-CO; 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 pM

oligomycin, 1 uM FCCP, and 0.5 uM antimycin A & rotenone at 18, 36, 54 min time-

points.
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3. Part 11
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 ''C-acetate,
whereas poorly-differentiated liver cancer is effectively detected with 'SF-
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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I1. Materials and methods

1. Chemicals and reagents

The stable isotope labeled sodium acetate (CLM-440-1, 1,2-1*C,, 99%) and
D-glucose (CLM-1396-5, U-*Cq, 99%) were purchased from Cambridge Isotope
Laboratories (Andover, MA, USA). The inhibitor for ACSS2, 1-(2,3-di(thiophen-2-
yl)quinoxalin-6-yl)-3-(2-methoxyethyl)urea was purchased from ChemBridge (San
Diego, CA, USA). The inhibitors for LDH (Galloflavin) and for mTOR (Torinl)
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 B-actin antibody (sc-47778) from Santa Cruz Biotechnology (Santa Cruz,
CA, USA) were used. N-Nitrosodiethylamine (DEN) was purchased from Sigma-

Aldrich (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-glucose-
free DMEM (Gibco, Grand Island, NY, USA) supplemented with 10% dialyzed FBS
(Welgene, Daegu, Korea), 1% penicillin-streptomycin solution, 5 mM U-'3Cs-D-

glucose (in the presence of unlabeled 0.2 mM acetate), and/or 0.2 mM 1,2-13C»-
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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 1,2-1*C,-acetate (with
unlabeled 5 mM glucose) or 5 mM U-"*Cs-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 Na,HPO4 and 5 mM
NaH:POj in D>O 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 1,2-13Cs-acetate or U-"*Cs-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 x 10° cells in a total volume of 30 ul 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->C¢-D-glucose (5g/kg, 300 pl) or 1,2-1*C,-sodium acetate (3g/kg,
300 pl) for orthotopic xenograft models. Animals were euthanized at 30 min and 120
min after the administration of the U-*C¢ glucose and 1,2-13C»-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-*C¢ glucose (5
g/kg, 300 pl) or 1,2-1*C,-acetate (5 g/kg, 300 ul) 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 x 107 cells were harvested with Trypsin-EDTA (Gibco, Grand Island, NY,
USA) and centrifugation. The harvested cells were resuspended with 900 pl
methanol-chloroform solution (2:1, v/v). After 3 cycles of liquid nitrogen-thaw-
shaking (20 min), 300 pl chloroform and 300 pl distilled water were added to the
cell lysates. The samples were centrifuged at 21,000g for 10 min at 4°C. 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 ul of
buffer composed of 2 mM Na,HPO, and 5 mM NaH,PO, in DO with 0.025% TSP.
For liquid chromatography-mass spectrometry (LC-MS) measurement, the pellet
was reconstituted with 40 ul acetonitrile:distilled water (1:1, v/v) and 2 pl was

introduced after centrifuging at 21,000g for 10 min at 4°C. Mouse tissues were cut
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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 x 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 pum; 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 um;
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 C,, 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 TCSS8 (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 MDSOOE (Irvine, CA, USA). Wound healing
area was measured by the ImagelJ 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, DEN-

administered 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
BF-FDG. Approximately 5.5 MBq of "“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 x 512 matrices and were converted into 511 keV equivalent attenuation
factors for attenuation correction. PET images were reconstructed onto a 128 x 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 !'C-acetate at 2
min per bed position. The same attenuation correction and image reconstruction were
done for 'C-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 [V), the comparison was

made between grade Il 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, -logl 0(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 ACSS?2 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 #-test or Welch’s #-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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II1. Results

A. Acetate uptake and its association with cancer cell growth

under varying glucose concentrations

Despite reports showing acetate uptake occurring in primarily glucose-
depleted 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 *C-acetate or *C-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 HepG?2 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, 1 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-3Cs-
glucose (left) or 1,2-*C,-acetate (right) (both 5 g/kg) as measured with LC-MS
(UPLC-Q Exactive Focus). (B) Uptake of 1,2-*C,-acetate (left, 0.2 mM) or U-13Cs-
glucose (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 acetyl-
CoA synthetase 2 (4CSS2) expression in total cell extracts of Hep3B and HepG2
cells. (D) Hep3B (left) and HepG?2 (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 #-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 *C-acetate incorporation
into the cellular metabolites using high-resolution 2D HSQC NMR (Fig. 13) [43].
HepG2 utilized '“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 '*C-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 *C-acetate than Hep3B cells (Fig. 14B), and, interestingly, even
from 3C-glucose (Fig. 14C). Consistently, *C incorporation from *C-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 '*C-
glucose in Hep3B cells. In addition, the higher incorporation of *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 HepG?2 cells than Hep3B cells (Fig. 14E). These results suggest that high-
ACSS2 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

55 -



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 *C-3C J-

coupling
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Figure 14. Different metabolic fates of acetate in high- and low-ACSS2 cells

(A) Tsotopic incorporation of 0.2 mM 1,2-3Cs-acetate into various metabolites in
Hep3B and HepG?2 cells, as measured with 3C-1C J-split peaks in 2D NMR spectra.
(B and C) De novo fatty acid synthesis by 0.2 mM 1,2-"*C,-acetate (B) or 5 mM U-
BCs-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 U-
BCs-glucose as in (A). (E) Lipid droplet levels (Bodipy FL Ci»; 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 #-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
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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 (SOLE), 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 '*C-acetate incorporation into some of the metabolites that had
exhibited higher incorporation in HepG2 (Fig. 17B). Importantly, the knockdown of
ACSS2 reduced *C-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 *C-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, m7OR,
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. 171). Similar to the siRNA
results, the findings showed HepG?2 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 high-
ACSS2 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 CCKS. (B)
BC-alanine and '*C-aspartate labeled with 1,2-*Cs-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) *C-labeled lactate from 5 mM U-'*Cs-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-*C,-acetate in HepG2 cells by ACSS2 inhibitor (10 uM).
(H and I) Cell growth inhibition by ACSS2 inhibitor (H), LDH inhibitor (galloflavin;
I, Ieft), mTOR inhibitor (Torinl; I, middle), and CPT1 inhibitor (etomoxir; I, right),

as measured with CCKS8. N.S.: not significant; *P < 0.05; **P < 0.01; (n = 3, unless
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otherwise stated) from Student’s #-test with standard deviations. Abbreviations:
mammalian target of rapamycin (mTOR), lactate dehydrogenase (LDH), carnitine

palmitoyltransferase 1 (CPT1).
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D. High-ACSS2 HepG?2 cells form anabolic and less malignant

tumors in vivo

To validate the above results in vivo, I performed isotope tracing with *C-
acetate or '*C-glucose and phenotypic characterization using mouse orthotopic liver
tumors derived from HepG2 or Hep3B cells. Compared with HepG2 tumors, U-"3Cs-
glucose 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 from '*C-glucose (Fig. 18B). Following '"C-acetate
administration, HepG2 tumors exhibited higher levels of '*C incorporation into
various amino acids (Fig. 18C) and glucose (Fig. 19). HepG2 tumors again showed
greater incorporation of '’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-1*Cg-glucose uptake (left) and newly synthesized glucose (right) from the liver
cancer tissues of mice orally administered 5 g/kg U-'>Cg-glucose, as measured with
LC-MS. (B) "*C-lactate generation from U-"3Cs-glucose in liver cancer tissues. (C)
Isotopic incorporation into various metabolites in livers of mice fed 1,2-*C>-acetate
(3 g/Kg), as measured with LC-MS. (D) Isotopic incorporations into palmitate from
1,2-13Cs-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
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HepG2 cells (left) and their image quantitation and colony numbers (right). ***P <

0.001 (n = 3, unless otherwise stated) from Student’s #-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 1,2-13Cs-acetate. Glucose isotopomers were

measured with LC-MS.
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Upregulated "Hallmark" pathways in Hep3B

EPITHELIAL MESENCHYMAL TRANSITION
G2M CHECKPOINT

E2F TARGETS

MITOTIC SPINDLE

TNFA SIGNALING VIA NFKB

APOPTOSIS

ALLOGRAFT REJECTION

KRAS SIGNALING UP

MYC TARGETS V2

HYPOXIA

0.0 0.5 1.0 1.5 2.0
Absolute value of NES

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 lower-
grade 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 high-
ACSS2 group had significantly longer progression-free intervals (PFI) and disease-
free intervals (DFI) (Fig. 21E and F) when I analyzed similarly-sized high- and low-
ACSS2 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 ~13%
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 survival-
related 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 #-test with standard deviations. (B) Representative
images. (C and D) ACSS2 mRNA expression levels in low- (I and II) vs. high- (II
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 N-
nitrosodiethylamine (DEN)-induced hepatocellular carcinoma (HCC) rats

Western blotting was used to show relative ACSS2 and B-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 (4CSS7) 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



(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 (SREBF'1/2), 3-hydroxy-3-
methylglutaryl-CoA synthase 1/2 (HMGCS1/2), fatty acid synthase (FASN), acetyl-
CoA carboxylase alpha (4CACA), 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 (PKM?2), 6-phosphofructo-2-kinase/fructose-2,6-

biphosphatase 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 "C-acetate and '8F-fluorodeoxyglucose (‘*F-FDG) and
tumor grades were analyzed. 1 found much higher !'C-acetate with little *F-FDG
uptake in patients with lower-grade (grade II) liver cancer, whereas there was little
11C-acetate but prominent '®F-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 *F-FDG
and !"C-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
atall, 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 HepG?2 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 ''C-
acetate and '"®F-FDG may overcome the unacceptably high false-negative rate
(40~50%) of single '"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 (iClustl 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. | 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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works were done during my doctoral course in Seoul National University under my

supervisor, Professor Sunghyouk Park.
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ABSTRACT: Glutamine plays key roles as a biosynthetic precursor
or an energy source in cancers, and interest in its metabolism is
rapidly growing. However, the proper evaluation of ghitamine
hydralysis, the wery fist reaction in the entire ghitaminolysis, has
been difficult. Here, we report a triple resonance NMR-based assay
for gpedfic detedion of glhtaminase adivity carrying out this
reaction using stable-isotope labeled ghitamine. Compared to
conventional methods involving coupled enzyme assays, the
proposed approach is direct because it detects the presence of the
H=N=C0 amide spin system. In addition, the method is unique in
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enabling the measurement of glutamine hydrolysis reaction in real
time in live cells. The approach was applied to investigating the effects of a glutaminase inhibitor and the inhibitory effects of
glucose on ghitamine metabolism in live cells. It can be easily applied to studying other signals that afect cellular glutamine

metabaolian.

eprogramming of metaboliEm in @ncers to suppornt

iosynthetic adtivity and en generation has been
reported in a variety of cancers.'” This dtered metabolic
activity usually involves avid uptake and consumption of
ghicose, but many cancer cells also depend on glutamine, a
phenomenon called glutamine addiction®* Glutamine is
metabolized through ghitaminolysis that converts glutamine
to lactate wia muliple reaction stq:x“’ﬁ Ghitamine is fist
converted to ghitamate and then aketoghitarate, which enters
the TCA cycle for the subsequent metabolism to malate. Malate
is then comverted to pyruvate by malic enzyme, and the
resulting pyruvate is reduced to lactate by hiatate debydrogen-
ase. The metabalic steps after the entry to the TCA cycle ako
ocour during the oddation of glucose, and therefore, the pre-
TCA steps of glutaminolysis, the conversion to ghitamate and
then to a-ketoghitarate, have unique significance in the
ghitamine metabolism Among the two reactions, the hydrolysis
of glutamine to ghitamate and ammonia is the first reaction of
the entire ghitaminolysis and i practically imeversible,” therehy
affecting the entire ghitamine nmge. This ghitamine hydrolysis
is medisted by glutaminases encoded by GLSI and GLSZ
which encode two tissue-spedfic sorymes, kidney type and
liver type ghitaminases, nespeu:ﬁvely_'“ Comsistent with the
importance of ghitamine metabolism in cancers, ghitaminase
has been implicated in cancers. Proto-oncoprotein MYC
increases the expression of ghitaminase by inhibiting the
transcription of glhitaminase repressor microRNA-23a /.0
Ghitaminase has been aso shown to be elevated in a number
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of cancers, and its inhibition suppressed oncogenic trans-
formation of fibroblasts.' ™ In accordance with these, CB-839,
a first-in-clss anticancer agent targeting glutaminase, is under
clinical trials for hematologic and solid tumors ( dinicaltrials gov
identifier: NCT02071862, NCT0Z07 1888"*). Stll, most studies
on glitamine metabolism have measured glhitaminase  ex-
pression/amount which may not necessarily represent the
actual activity of the enzyme. Themfore, proper evalmation of
glutaminase activity both & vitrs and in cells can contribute to
an adequate evaluation of ghtamine metabalism in cancers

A commonly used glhitaminase activity assay ks an indirect
coupled-enzymatic assay measuring NATDMPIH with color-
imetry."*" In the assay, gltamimse converts glitamine to
glutamate, which is further converted to a-ketoglutarate with
concomitant generation of NAD(PJH by glutamate dehydro-
genase. Naturally, the results can be affected by coexisting
glutamate dehydogenase or glitamate transaminase acivities
in samples. In addition, interference fram light-absorbing
experimental reagents and NAD(PJH modulation by other
cellular dehydrogenases should be comsidered in the indirect
colormetric NADP)H measmrements. There are other assay
methods for glhitaminase, such as those measurinq NH,
prodoced by ghitaminase wsing Nessler's reagemm 7 and
those involving ™C glutamine and column sepamtion of "C
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gh.ltamte.“"m The former suffers from the specificity issue as

other nitrogen-containing metabolites such as ghitamate (wia
ghitamate dehydrogenase) and asparagine (1a asparaginase)
can produce NH, and the htter has issues with the wse of
mdioactivity. Another equally important consideration with the
above in wire ghitaminase assay i the requirement of high
phosphate concentration (~40 mM) for the enzyme activation.
As serum phosphate concentration is only about ~1 mM,"™ this
characteristic led to a suggestion of possibly distingt enzymatic
mechanisms in viftro vs in vivo. In addition, ghitaminase activities
have been shown to be madedly affected by solubdization
tec'hnjques‘ and the inhibition characteristics were different
between purified glutaminases and those in isolated mitochon-
dria™ Therefore, ghitaminase activity measured in vitwo, ie,

with cell lysate, may not represent the true activity in actua]
intact cells. As all of the above-mentioned conventional assay
methods require cell edtractions, a reliable method for
glitaminase activity measurement in live cdls has alo been
desired. Here, we describe a triple resonance NMR-based assay
for the detection of ghitaminase activity applicable to both cél
Iysates and intact celk. We abo demonstrate its utility in
msessing the effects of ghicose on cellular glutaminase activities
in live cells.

B RESULTS AND DISCUSSION

Glutamine Affects Cell Growth Rate. To assess the
dependence of the growth mte of L1210 cells on glutamine
availability, L1210 cells were grown under various glutamine
concentrations. We supplemented the glucose and ghitamine
free DMEM media with 4 mM, 0.5 mM, ar 0 mM glutamine
and 10 mM ghicose to measure the growth rate for 72 h. The
cell growth rates gradually decreased with lower glutamine
concentrations (Figure 1). After 72 h, the rumber of celk for

18

e
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Relative cell numbers
o

Timn [h)

Figure 1. Glutamine dependence of L1210 cell growth. L1210 cell
growth under various ghrtamine ¢ oncentrations (0, 05, or 4 mM) was
measured with the cell cytometry at indicated time points after seeding
with 10 mM gheose. The wlues represent the cell numben
normalized to that at the O h point. The emor bars represent the
standard deviation. Cross, 0 mM group; open dirde, 05 mM group;
fillad box, 4 mM group.

the 0.5 mM and 0 mM glutamine groups were 31% and 19%
that of the 4 mM gltamine group, respectively. Therefore,
glitamine seems essential for the fast growth of L1210
leukemia cells. As the first step of glutamine metaboliam in
cells is its hydraolysis into glutamate and ammama a practically
irreversible reaction mediated by g]rltamnas.e the comect
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estimation of this hydrolysis activity is important for overll
assessment of glutamine metabolism.

A New Assay Using HNCO Triple Resonance NMR. we
developed a novel assay that can directly detect the glutamine
hydrolysis without the need of a coupled enzyme reaction or
purification step, so that it may be used in complex mixtures or
in live cells. The assay exploited a trple resonance HNCO
MMER experiment and nonradicactive ''C- and “N-botope
labeled glutamine (Figure 2). As shown previously by us and

18 130 Elutamine 15N, 13C-Glutamate

e Hbe L
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Figure 2. Glutaminase enzyme reaction and the spin system detected
by HNCO experiment. C,-bbeled carbons and "N -nitrogens are
indicated with asterisks, and the H-N-CO spin system detected by
HNCO is indicated with dotted box. The chemical shifts of the spin
system are also presented

others, triple resonance NMR experiments, if customized
apprcpuate‘]r can be used for specific enzymatic assay methods
in vt The three-dimensiond HMNCO experiment has
actually been used widely in protein NMR community to
establish the sequential connectivity through the hadchone
amide spin system (nitrogen and carbony carbons). We
tailored the one-dimensional version of HNCO to detect the
side chain amide spin system of ghitamine by setting the offset
frequencies of the carbonyl and nitrogen to those of the
glutamine side chain. Given the covalent bond between N and
CO atoms in the amide group of glutamine, the HNCO
experiment is best suited to detect the glutamine hydrolysis.
Glutamine Detection in a Complex Mixture, The
feasibility of the assy method was fist tested using L1210
cell lysate, a compler mixture without any purification. The
labeled glutamine was added to the lysate, and a conventional
one-dimensional NME specrom was obtained. The specrum
featured many overlipped signals fom the compler mixture,
making it difficult to quantify the glutamine level | Figure 3a).
The identification of glutamine peaks in the amide region was
not possible probahly due to the complex sp]itung af the amide
signals and the intensity decease by Yy . ‘Fyceo and
"bﬂ; The mme mixture was subjected to the HNCO

experiment, and the spectrum showed clean glutamine amide
proton signals without any background signals (Figure 3b).
This high sdlectivity is due to the estremely low (3 x 107%)
natural abundance of the H="N="C0 spin system, and the
detected signal can be safely considered coming only from the
added isotope-labeled glutamine. It is also worth mentioning
that a simple one-dimensional spectrum may not be used for
specific detection of ghitamine hydrolysis, since glutamine and
asparagine amide sggnals completely ovedap in a cell lysate
spectrum (Supporting Information Figure S1).

Real-Time Monitoring of Glutamine Hydrolysis in Live
Cells. With the success in specific detection of glutamine in a
complex mixture, we tested the HNCO NMR method for
monitoring glutamine hydrolysis in reaktime in live cells. We

ROk 0. 0 f i SEA4E
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Figure 3. Monitoring gutaminate reaction with conventional or
HNCO NMR experiment. Conventional one-dimensional NMR
spectrum (2} and heteronuclar HNCO spectrum (b} of the
gutaminase reaction mmple with “C,, “Nyghtamine in L1210 cell
Iysate. The inset in a is the expansion of the 6.5—8.0 ppm region. The
erpected postions of the glhitamine peaks consderng the scalar
couplings to “N and “C are indicated.

added the labeled glutamine in the cell sugpenson and placed
the mixture into a shigemi NMR tube. The NMR. experiment
was carried out as desaribed in owr recent paper for adherent
celk with live NME metabolomics.™ Here, we modified the
sample preparation procedures for the suspension culture cells
and showed that a specific metabolic reaction can also be
followed in reaktime in live L1210 celks {Figure 4). With the
HMCO experiment, the glutamine peak was observed, which
alowed the real-time monitoring of intensity decreases of the
peak due to the hydmlysis by ghitaminase activities. Our
approach itself does not discrimirate the ghitamine n- or
outside the cells, and it measures the total ghtamine

i 5 min

I
)
B I\.f"\,l'\,,-n_‘—

|“| 32 min

Il
| ||I
W—Mﬁ/\/l M

|||1|| 58 min
‘_,--'\-J".\.,.-\Fr‘ll RU\-W
f\ 85 min
I
)
W_J—\.r-—\r’\—'l ) I\-_—\,-u'\/
/1'”". 111 min
PP -
T2 T L2 EG
1Hsppm)

Figure 4. Time-dependent monitoring of ghitaminase reaction in live
cells Changes in glutamine peak intensties detected by HNCO with
live L1210 cells. L1210 cells were s nded in 3 media containing
L‘C_\,"\Nnghme (4 mM) and nonkbeled ghecose (10 mM), and
the HNCO spectm of the cell samples directly put into an NMR tube
were mextured at the indicated time pointe Out of the two ghetamine
peaks, one at 5882 ppm is hown
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MNevertheless, as glitaminase s present inside the cells the
observed glutamine peak changes represent the glutamine
hydrolysis inside the cells.

Application of the HNCO Assay for Inhibitors and
Glucose Effects. Since we et up the new assay, we applied it
to practical cses of chemical and biological interest. First, the
assay can be uwed to test an inhibitor for ghitaminase that
mediates the hydrolysis. Glutaminase inhibitors might be used
as anticancer drugs of a novel mechanism, as exemplified by
CB-839, which is under clinical trial for acute lymphocytic
leukemia and solid mmors (Clinicaktrialsgov identifier:
MNCT02071927 and NCT02071862). When we added a
glutaminase inhibitor 6-diazo-S-oxo-L-nodencine (DOMN, 4
mbd), the HNCO signal intensity remained unchanged over
time, as opposed to the steady decrease in the control group
{Figure 5). This confimns that our assay is spedfic for

- & with inhibitor
= without inhibiior
G a
ag O _Ogn oo o
—g———— S qa-8a ¢
o™ _op a .
o
2 *
Tis00{ X x
E ® T X %
x - K‘x-._}s___’" J-c
x Trw
4 ;—-\.;E_Kx
1000 .
F . . ,
(] 25 L] 75 100 126
Tirne (i

Figure 5. Effects of 2 glutaminase inhibitor treated to lve cells on the
HNCO peak intencitiee HNOO spectra were soquired for live L1210
celk in an NMR tube 2 in Figure 4 in the absence (cros) and
presence (box) of G-dizro-S-orod-norlencine (4 mb).

glutaminase-mediated glutamine hydrolysis in cellk. It also
shows that this live cell assay can be used to test whether an in
vitrg inhibitor actually penetrates the cell membrane and
inhibits intracellular glitaminase activities. This & a significant
advantage over other in vitre enzyme assays, since marny
compounds with in wire activities fail to show activities in
cellular experiments due to the cell penetmtion issues. This
inhibitor experiment also shows that the glutaminase activity is
indeed a major factor in ghitamine hydrolysis reaction in live
cells. In theory, carbamoyl phosphate synthase (CPS) might
ako catalyze the glotamine hydrolysis. However, based on the
near-invarable level of ghitamine peak in the inhibitor-treated
group, the CPS activity should be negligible compared to that
of ghitaminase under this condition
The second application is about the effeds of glucose
availability on glutamine metaholism by glutaminase. Although
increased glucose metabolism is one of the commaon features of
cancers, " " ghitamine iz ako important, and ghitamine
addiction is found in various cancers™ In this respect, the
effects of ghicose on glutamine metabolism in live cells may be
important in cancer metabolism, and they can be readily
assessed udng our HNCO NME. Therefore, we added varying
concentrations of ghcose to L1210 cell suspersion and
measured the remaining glutamine level after incubation (13
min). The glutamine peaks were larger with a higher
DO 101 02 i b SO0
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concentraion of added glucose (Figure &), suggesting that
ghicose prevents the glutamine hydrolysis. Similar results were

|1 10.0 mM
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Figure 6. Effects of glucese concentrations on glutamine metadbolism.
Glmzcrrme peaks detected by HNOD NME from live L1210 cells in

sence of the indicated amounts of ghicose (incubation time 15
min). Out of the twe gutamine peaks, one at 6882 ppm is shown.
HNCO spectra were scquired for L1210 cells in an NMR tube 22 in

Figure 4.

ES

obtained with different rélamtion delays (Supparting Informa-
tion Figure 51), showing the technical comsistency of the
experiment. Previous studies have suggested that ghicose levels
are relited with gltamine metabolism "™ A low glucnse
condition was found to increase the expression of cmyu:,
whose product, MYC, inhibits the expression of miR-23a/b that
suppresses ghitaminase transcription. Our results support these
effects of glucose at the metabolite level in live cells rather than
glitaminase expression. Whether or not glucose ako affects the
ghitamine transporter may be an interesting future question.

In theary, glutamine hydrolyss may also be monitored with a
simpler 2D heteroruclear single quantum coherence (2D
HSQC) experiment. The biggest advantage of the proposed
HMNCO approach is the specificity for the desired glutaminase
mediated reaction. A likely confounding reaction to the
ghitaminase catalysis is ghitamine synthetase-mediated badk-
synthesis of glutamine. In this reaction, the YN labeled
ammonia reeased utaminase reacts with endogencus
() glutamate to give B iHabeled glutamine. This can happen
as intracellular glutamate concentration can be as high as 10
mM.* Since the regenerated ““N-labeled ghitamine will be also
detected by 2D HSQC, the monitoring of true glutaminase
mediated glutamine consumption is not possible with the
experiments. In some cases, where ghitamine synthetase activity
is very high, the apparent glhitaminase activity detected by 1D
HSQC can be very low, even though the glutaminase activity is
actually high. In comparison, the tdple resonance HNCO
experiment will not detect the back-synthesized '"N-labeled
ghitamine with B 1t detects anly the Y1 and YCdabeled
ghitamine that we added and therefore gives a mmch better
estimation of the consumed ghitamine by glutaminase.

One interedting and consistent observation is that the
ghitamine peak was broadened to a near-noise level in the
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mediz-only sample before the cell addition. After the addition
of the cedls and the required dead time for the NMR
experiment (10 min), the ghitamine peak showed up, and its
intensity gradually decreased over the experimental time (60
min; Supporting Information Figure $3). The initial appearance
of the peak at the first point was very abrupt compared to the
decrease after the addition of the cells. This result suggests that
the ghitamine transport is much faster than the hydrolysis and
that the transport is not ratelimiting in the glutamine
consumption.

Overall, our real-time in-cell HNCOD NMR asay i a
convenient and spedfic method detecting glutaminase activiry.
Compared to other conventional methods, our approach
detects direct glutamine hydrolysis reaction medisted by
glutaminase In addition, the detection of a stablebotope
labeled amide bond in H=N-CO system confers selectivity,
enabling its straightforward application to a very challenging
system such as live cells. As glitamine metabolism and the
associated glutaminase activity are gaining interest in cancer
research and treatments, our approach may prove useful for
studying them and inhibitor effects in native cellular enviran-
ments. The method can be straightforwardly extended to effects
of other nutrients or protein status on glutamine metabolism

W METHODS

Chemicals and Reagents. The stable U-"C, U-"N, sotope
labeled glutamine (CNLM-1275, U="C,, %6 U-"N,, %%) was
purchased from Cambridge ks Laboratories [Andover, MA,
UsA). D{+}-g;hmus¢ solution (GE&4, D-(+)-Glucose 10%) and &-
diawo-5-0xo-L-norleucine (DON), 2 gltaminase inhibitor, were
obtained fFom Sigma-Aldrich (St Louis, MO, USA).

Cell Lines and Cultures, The mowe lympho cptic leukemia L1210
cells were obtained from American Type Culture Collection (ATCC)
and grown in DMEM mediom (HyClone, Logan, UT, USA)
supplemented with 10% heatinactivated fetal bovine serum (FBS,
HyClone, Logan, UT, USA) and penicllinstre ptomycin - solution
(HyClone, Logan, UT, USA). Cells were cultured at 37 °C and 5%
COy bumidified incubator. For the growth messurements, L1210 cells
(5 % 10%) were seeded in siv-well phtes containing 4, 0.5 or 0 mM
ghetamine and 10 mM 2 in DMEM media without glucese and
ghitamine (Giboo, Grand Idand, NY, USA). After 24, 48, and 72 h of
incubation, the cells were counted using cell hemocytome ter.

Sample Preparaton for MMR Spectroscopy. The sample
prepamtion was adapted from a previows report for live metab-
wlomics™ for use with the suspension cell culture. The counted L1210
cells (107} were resuspended with 500 pL of NME media (DMEM
media without glueose and ghtamine (Gibeo, Grand klnd, NY, USA)
s1 ted with 10% dialyzed FBS deF\r, Dizegu, Eorea), 4
mM "Cy"Nybbeled glutamine, an indicated amount of unlbeled
ghucose, and 10% DLO). An NMR shigemi tube containing L1210 cell
suspendon vas centrifuged lightly with 2 hand centrifuge to sediment
the live celle For the glhitaminase inhibito r-trexted amples, 6-diam-5-
oxo-L-norkeucine (4 mM) was also added to the media For the spectm
of cell lysates, the harvested cell pellets were resuspended with 400 L
of 3 midure composed of methanol, scetonitrile, and distilled water
(5:3:2). The samples were centrifuged at 15 000 for 20 min at 4 *C.
The supematant was collected and then dried with 2 vecuan
centrifugator (Wision, Seoul, Korea). The pellets were redissolved with
S00 wl. of bndfer compesed of 2 mM Na;HPO, and 5 mM NaH, PO,
in [0 with 0.025% TSP a8 an internal standand

NMR Measurement. One-dimengonal HNOO NME spectra wers
measured on an B00-MHz Bruker Avance spectrometer with a
eryogenic triple resonance probe wiing a 3D HNCO puke sequence
I:HNCUCPJ:} with Walte£ composite den.mp]mg} A spectrum with
a mediz-only sample before the ad dition of the cells was obtained, and
then, the time course measurement with cells was performed at 37°C
for 13 time points, each taling § min. One second of relaation delay
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was wsed unless specified otherwise. The deadtime between the media-
enly spectrzm and the time coume experiment was 10 min.
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ABSTRACT: Isotopomer analysis using either "*C NMR or LC/

GC—MS has been an invaluable tool for studying metabolic ’h*mmgﬂmm - J— i,
activities in a variety of sysems. Traditional challenges are, H%%HE - 3
however, that "C-detected NMR is insensitive despite its high NH, ¥ ——

resolution, and that MS-based techniques cannot easily differ- -_—
entiate positional isotopomers. In addition, curent B NMR or H (pom)

LC/GC=MS has limitations in detecting metabolites in living
cells. Here, we describe a nan—un.tfami s.ampimg—'basai D Fatty acid
heteronuclear single quantum coherence (NUS HSQU ) approach

to measure metabolic isotopomers in both cell lysates and living II:I'EI'H .
cells. The method provides a high resolution that can resolve » "Live Cells
multiplet structures in the '*C dimension while retaining the

sensitivity of the 'Heindirect detection. The approach was tested

in L1210 mouse leukemia cells labeled with "C acetate by

measuring NUS HSQC with 25% sampling density. The results gave a variety of metabolic information such as (1) higher usage
of acetate in acetylation pathway than aspartate synthesks, (2) TCA cyde effidency changes upon the inhibition of mitochondsial
oxdative phosphorylation by pharmacological agents, and (3) position-dependent isotopomer pattems in fatty acids in living
cells. In addition, we were able to detect fatty adds along with other hydrophilic molecules in one sample of live cells without
extraction. Owverall, the high sensitivity and resolution along with the application to live cells should make the NUS HSQC
approach attractive in studying carbon flux information in metabolic sudies,

%
(=2 =}

~*H ippm}

MR has been an invaluable tool for metabolomic studies those studies,'® but it has been exploited only in limited
with its superb reprodudbility, quantitativeness, and cases."*"® The main limiting factor of the infrequent use is the
information-richness."~* So far, the most popular approach of poor resolution in the indirectly detected ' dimension
NME metabolomics involves the one-dimensional (1D 'H preventing the isotopomer analysis. "C-direct-detected one-
NMER erperiment. As it is quick and easy to perform, it has dimensional NMR has been ako used for the isotopomer
been particularly popular for clinical agp]i:aﬂnns with a large analysis, but it suffered from disappointingly low sensitivity and

number of heterogeneous samples.™ " In comparison, two- signal O‘Vérhpt'uﬁ_m

dimensional isotope-edited NME has not been used as much Non-uniform sampling (INUS ) NMR has been developed in
due to its longer time requirement and low natural abundance the protein NMR community to both shorten the experimental
of isotopes, although it can give more confidence in molecular time for multidimensional data and increase the resolution of
identification.®® Isotope-edited two-dimensional NMER is maore the indirect dimension. Initially, the procesing itself took much
suited for studies that are compatible with isotope incorpo- effort and required high computing power. However, recently

ration or homogeneous samples, such as cell lhre systems. proposed methods provide robust processing effidency making
Recently, the use of stable isotopes highlighted the usefulness
of isotopomer-based metabolomic flux analysis in eluddating Received: May 30, 2016
complex metabolic aterations in cancer cells 1% Isotope- Accepted: December 5, 2016
edited two-dimensonal NMR also has unique advantages in
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the processing possible even with a laptop computer.”™ The
approach enabled us to cut the routine protein NMR
acquisition time from several days to about a day. Maturally,
NUS methodology has also been adapted to the NMR
metaholomics fidd, and it was shown that high quality two-
dimensional data can be obtained for steady state metabolomics
in a shorer time.""™ However, ancther important merit of
NUS MME, the high resolution in the indirect dimension, has
not been much exploited in metabolomics. This iz particulady
important in isotopomer analysis with two-dimensional NMER
with PC indirect detection, such as HSQC Although uniformly
sampled (US) HSQC retains the 'H sensitivity, the carbon
dimension resolution i insuffident, unless an impractically
large number of increments is used Moreover, such a measure
inevitably decreases the relative signal-to-naise ratio, since the
latter part of the indieect FID with much noise equally
contributes to the final frequency domain data. A recent study
wed MNUS to enhance the resolution in the indirect 'H
dimersion and analyred carbon isotopomers indirectly using
the 'H splitting by "H="C J coupling.™ However, it cannot be
used to anayze the isotopomers of cubonyl carbons which are
abundant in the core cell metabolisms such as the tricarbosxylic
add (TCA) cycle and glycolysis.

Here, with hmsIST,™ one of the fastest NUS approaches, we
demonstrate that 20 NUS HSQC can give high resolution 21y
data with very good resolution of carbon iotopomer multiplets.
This enabled the detailed metabolomics flux analysis in L1210
leukemia cancer cells including metabolic pathway usages and
TCA cycle efficiency. Because the carbon isotopomer
information is obtained directly from the carbon dimension,
the carbonyl carbon isotopomers could be also analyzed using
Ye-Be J splitting patterns on the adjacent aliphatic carbons.
We also show that the short acquisition time makes it
compatible for live metabolomics where metabalites are directly
detected in living cells. We believe the NUS HSQC approach
will be very valuable for detalled metabolomic analysis bath
with cell extracts and with live cells.

B EXPERIMENTAL SECTION

Cell Lines and Culture Conditions. The mouse leukemia
LIZI0 cells were purchased from American Type Culture
Collection (ATCC) and cultured in high glucose (25 mM)
DMEM medium (Welgene, Daegu, Korea) supplemented with
10% fetal bovine serum (FBS, Welgene, Daegu, Korea) and 1%
penicllin—streptomycn solition (Gibeo, Grand Idand, NY).
Cells were cultured at 37 °Cina 5% CO, humidified incubator.

Materials. The stable 1,2-°C, isotopelabeled sodium
agetate (CLM-40-1,1,2-"C, 99%) was purchased from
Cambridge Isotope Laboratories (Andover, MA). o-(+)-Glu-
cose solution (GBOH, p-(+)-ghicose 10%) and rotenone were
obtained from Sigma-Aldrich (St Louis, MO). The Mito-
Xpress oxygen consumption measurement kit was obtained
from Lizcce] Bicsciences (Cork, reland).

Sample Preparation. The sample preparation was adapted
for suspension cultures from the live metabolomics approach
for adherent cultures described pre\n'ms}y.lﬁ Briefly, 5 x 107
L1210 cells were counted and resuspended with n-glucose- free
DMEM media (Gibco, Grand Islind, NY) supplemented with
10% dialyzed FBS (Welgene, Daegu, Korea), 1% penicillin—
streptomydn solution, 5 mM unlbeled glucose, and 4 mM
1,2-1%C labeled sodium acetate. The resuspended L1210 cells
were cultured at 37 °C and in a 5% COy incubator ovemight.
After 24 h of incubation, 10* L1210 cells were counted and
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resuspended with 500 ul of the culture media supplemented
with 10% D,0. The shigemi NMRE tube containing the
suspended L1210 cells was mildly centrifuged to sediment the
live cells using a hand centrifuge. For rotenone treatment, 50
HM rotenone was added before the 24 h of incubation

Metabolites Extraction. After the in-cell NUS HSQC
acquisition, 2 mL of extracion mixture of methanol and
acetonitrie (5:3) was added to the sample containing the cells
and the media. The samples were centrifuged at 21 000g for 10
min at 4 “C. The supematants were dried with a vacoum
centrifugator (Vision, Seoul, Korea). The pellets were
resuspended with 250 wL of buffer composed of 2 mM
N3HPO, and 5 mM NaH,PO, in D,0 with 0.025% TSP a5 an
internal standard

NMR Spectroscopy. The data were obtained with an 800
MHz Bruker Avance II HD spectrometer equipped with a 5
mm CFTCI CryoProbe (Bruker BioSpin, Germany). Non-
uniform sampling-based 21} heteronudear single guantum
coherence (NUS HSQC) and US HSQC spedra were obtained
with a Bruker pulse sequence hsqoetgpsisp2.2 provided with the
TopSpin 3.5 pl5 vesion at 310 K. Spectral widths for both
NUS and US HSQC were set to 16 ppm ("H) and 39 ppm
("), the htter of which i to dlow aliasing of the carbon
signals for better digital resolution. The carrier frequency for
the carbon dimension was set to 31.5 ppm. The acquisition data
matrie had 1024 (T2) x 256 (T1) complex points for hoth
NUS and US HSQC experiments. The number of NUS
sampling points was 256 complex points ( 25% sampling density
of 1024 points), and the time points were calulbited with
Schedule Generator 3.0 (available at http://gwagnermed
haward.edu fintranet hmsIST/ gensched _newhtml) with gnus-
oidal weighting. Each experiment had 12 scans per TI1
increment with interscan delay of L0 s, which took
appravimately 2 h We also took the long US HSQC with 4
times the number of points, e, 1024 (T2) x 1024 (4 x 256
T1) which took about & h.

The direct proton dimensions were processed in the same
way for both NUS and US data Zewfilling, shifted sine bell
fundions, and polynomial baseline correction were applied to
the final 2048 points. For the indirect carbon dimensions, the
NUS spectra were processed with the hmsIST* algorithm
implemented as an nmrPipe function,” filling in the skipped
data points (75%) with 400 iteration steps. The US data had a
linear prediction to twice of the acquired points. Both NUS and
US data were zerofilled to a final 4096 points and baseline
comected with polynomial functions.

Oxygen Consumption Assay. After 24-h incubation of
cells with or without rotenone, 4 » 10° L1210 cells were
resuspended with 150 pL prewarmed culture media and
teansterred to a 96 well plate. A 10 gL portion of Mito-Xpress,
dissolved in 1 ml water, was added to each well, and 100 uL of
prewarmed mineral o was applied The fluorescence was
measured on a SpectraMax M3 microplate reader (Malecular
Devices GmbH, Miindchen, Germany) every 2 min for 2 h (61
points).

B RESULTS AND DISCUSSION

NU5 Gives Higher Resolution for Homonuclear
Carbon Splitting. To compare the resolution between the
NUS and US HSQU NMR approaches we obtained the spectra
with both methods with comparable experimental acquisition
time. We obtained 256 complex paints using both methods and
processed the data with Fourier transform (US) and hmsIST
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Figure 1. US and NUS strategios and the respective spectra In this
study, 256 complex points were scquired in both cases. NUS spectra
were taken with 25% sampling density. The carbon dimension spectrl
width was set to 39 ppm with the camier Fequency at 315 ppm to
allow alissing for better digital resclution. The dreles on the time
domain data represent the sequired time points, and their numbers are
the cme. The figures o not drwn to scle (A) Uniferm sampling
method and the resulting peak shape with procesing by Fourer
trnsfrm  [conventional processing method). (B) Non-umiform
sampling and the resulting peak shape with processng by hmslST
(2 customized method for NUS).

(NUS) (Figure 1). An acceptable NUS spectrum was reported
with a sampling density as low as ~3% (compression rate of
31) in a previous study with a dean artificial mixture of
standard s.amplex"‘ In our case with a very complex mixture of
cell lysate or even live cells, we chose 25% sampling density for
the NUS to obtain mare a quantitative isotopomer distribution,
although 10% sampling density should give a good pectrum for
a qualitative purpose. General spectral appearances, ie., the
number and pattems of the peaks, are very similr (Figure
1A.B). However, it was immediately dear that the NUS spectral
peaks have fine structures along the carbon s due to the
much higher resolution (Figure 2A). As we wsed 12-7C,
labeled acetate, these fine structures are due to carbon—carbon
homonuclear | coupling between the adjacent catbons. The
analysis of these coupling should give useful information on the
flux of the metabalic pathways which cannot be obtained using
simple analysis of nonresolved peak intensities. Although the
US HSQC did show some fine structures with apparent
splitting, the peaks from multiple isotopomers with diferent
splitting pattems are little resolved, hindering proper analysis of
the couplings {Figure 2C,13).

Assessment of Metabolite Usages in Different
Metabolic Pathways, As NUS HSQC provided highly
resolved carbon multiplet patterns we analyzed them to
investigate the metabolic usage of the acetate by the L1210
cells. First, we analyzed the multiplet pattems of aspartate a-
carbon with both NUS and US HSQC. The carbon can be
derived from acetate through sequential operation of TCA
cyde and the transamination step (Figure 3A). Thus, analyzing
the singlet and doublet structures can give information on how

Figrure 2. Comparison between NUS and US HSQU spectra. The lysate from L1210 cells bbeled with 4 mM 1,2-C, acetate was used for the NMR

messurements. (A) Non-uniform sampling based 20 heteronuclear single quantum
heteronudear single quantum coberence (us Hw_c}spncmunufﬂu mme sample (C D}Eq:unﬂ.ms of the dotted area of parts A and B,

respectively.
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Figure 3. Lotope incorporation in N-acetylited metabolites and spartate from 1,21, acetate. (A) Biosynthetic metabolic pathways for aspartate

and N-acetyl aspartate from acetate. (B) NUS HSQC and (C) US HSQU spectra of the a-carbon of sspartate. (D ) NUS HSQC and (E) US HSQC
spectra of the methyl group of the N-acetylited metabolites The crbon dimension gpectral width was set to 39 ppm with the carder frequency at

315 ppm to allow alisting for better digital resolution. The fol

lowing abbrevistions are wsed: NATEL, N-scetylanderase 8 lke; GOT2, ghiamic-

omaloacetic tansaminase 2; ACSS2, acetylcoenryme A synthetase 2; OAA, ooloacetate; Ac-Cod, acety] coenzyme A

much extemal acetate contributes to the aspartate hiosynthesis.
This has much biological importance, as recent reports showed
critical moles for aspartate hiosmthesis in cancer metabo-
liem.""™ The NUS HSOC spectrum gave a completely
resolved carbon splitting pattern, whereas the US HSQC
exhibited broadly overlapped sigmals (Figure 3B,C). The
volume measurement of the singlet, derived from preformed
TCA intermediates or other pathways, and the doublet, from
the extemal acetate, revealed that only about 3.7% of aspartate
is derived from the external acetate source This calolation
took into consideration the natural shundance of the "
singlet (1%) relative to the "C doublet The quantitative
incorporation value was abo obtained with a US HSQC
spectrum with a 4 times longer acquisition time (4 % 256
complex points) matching the NUS HSQC's resolution. The
overall spectral guality was very close to the NUS spectrum
(Supporting Information Figure SIAB), and the same
quantitative analysis gave a 3.3% incorporation value, validating
the analysis of the NUS spectrum (Supporting Information
Figure SIA). The quantitative analyss was also tried on a
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directly detected Y ane dimensional spedrum (Supporting
Information Figure 52B), which was not succesful due to the
signal ovedap. These cleady demonstrate the adwantages of
NUS HSQC over conventional methods. For a biosmthetic
pemspective, aspartate should be readily synthesized from other
carbon sources such as glucose and glutamine, suggesting that
glycolysis and glutamine anaplerosis are much more important
in the aspartate synthesis in this experimental condition.
Second, we analyzed the peaks for N-acetylated compounds
which appear in a characteristic region of the spectrum ('"H =
202-210 and PC = 246252 ppm). They echibited well
resclved doublets with virtnally no singlet (Figure 3D} as
compared to the broadly overlipped peaks on US HSQC
{Figure 3E). The apparently domirant peaks at 2.08 ppm on
the US HSQC are from peaks fused with those at 2.07 ppm due
to the low resolution. A US HSQC spectrum with 4 times the
acquisition Hme matching the NUS's resolution exhibited a very
similar peak pattern with the NUS spectrum (Supporting
Information Figure S3IAB). As the singlet is from 1% naturl
abundance *C carbon, it i paossible that small amounts of N-
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Figure 4. TCA cycle tum efficiency changes by rotenone treatment. (A) Esotope incorporation patterns: of bictate and glhitamate in relition to the
TCA cyde Open and filled cirdes m]:ucznt'%aml B¢ cartbon atoms, respectively. The numbers represent the carbon position. (B—E) Singlet (5),
doublet (D), and quartet (81} represent the carbon splitting patterns of particular ketopomers. Glutamate C4 splitting in the absence B) and
presence (C) of rotenone (50 @M. Lactate C2 splitting in the absence fD}aml]:ucienDe (E} of rotenone (50 gM). The numbers on the spectra
represent the splitting in Herte, The carbon dimension gpectral width was set to 39 ppm with the carder fequency at 31.5 ppm to allow alising for
better digital resolution. Abbreviations used here Rllow: LAC, bictate; FYR, pyrunvate; PEF, phosphoenolpyrvate; OAA, oloacetate; CIT, dtrate;

a#G, aketoghtarate; GLU, ghtamate.

acetylated compounds from other unlabded precursors were
not detected due to low intensity. Stil, the result dearly shows
that the acetate incorporation into N-acetylated compounds is
much higher than that into aspartate. Thus, acetate goes
through the N-acetylation pathway much more readily than the
TCA oycle followed by the transamination pathway (see Figure
IA), and the NUS approach can provide information on
relative acetate usage for different metabolic pathways.
Estimation of the TCA Cycle Efficiency. The high
resolition of NUS HSQU can also be exploited to investigate
how the TCA cycle efficiency is afiected by different cellular
conditions. The isotope incorpormtion patterns from labeled
acetate, and thus the splitting, of relevant TCA metabolites
depend on the number of turns of the TCA opcle (Figure 44).
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Here, we analyzed the multiplet patterns of glutamate C4
carbon in the presence or absence of rotenone, an inhibitor of
mitochondrial oxidative phosphorylation (OXPHOS), using
NUS HSQC (Supporting Information Figure S44B). In the
absence of rotenone, the C4 peak exhibited the micture status
of a quartet (Q; by J- . with PC3 and carbonyd "YCS) and a
doublet (I} by Joc with carbonyl "*C5) (Figure 4B). As a
quartet can be only from glutamate that has gone through two
cydes of TCA cyde, the mesults show that acetate has heen
incorporated into the TCA cyde twice (see Figure 4A) In
comparison, the rotenone-treated cells exhibited the mixture of
a singlet and doublet without a quartet (Figure 4C). As a singlet
is from endogenous sources and a doublet can be from the first
turn of the TCA cyde, the absence of a quartet shows that the
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from live L1210 celk and cell hsate with 1,2-C, acetate bbeling. (A} NUS HSQC spectrum of

Tive L1210 cells labeled with 4 mM 1,210, acetate. (B) NUS H5QC spectrum of the L1210 cell lysate. (A and B) Dotted boxes represent peaks
from Bty acide. Pasks for the o-position of Btty acids fom the (C) live cell and the fD}emnspechhespecuawempﬁmdin 1 hoand 39

min to ascertain the vishility of the el in the NMR tube

labeled acetate entered the TCA cyde only ance Therefore,
these data show that rotenone effectively lowered the number
of tums of the TCA cycle, which is consistent with a well-
known idea that inhibition of mitochondrial oxidative
phosphorylation suppresses the TCA cycle. The low efidency
of the TCA cypcle could be ako observed in the haate peak
splitting. The lactate a-<carbon (C2) doublet (by Jo o with
carbonyd '*C1) can be only observed from that synthesized
through omloacetate, a TCA intermediate, phosphoenolpyr-
wrate (PEP), and pyruvate (see Figure 4A). The mtenone
treatment effectively blocked the doublet signal and gave onlya
singlet which i from endogenous sources without the entry of
the libeled acetate into the TCA cycle (Figure 41),E). This is
consistent with the lower efficency of the TCA cycle shown by
glutamate C4 splitting above Although we analyzed the TCA
cycle tum efficiency with an OXPHOS inhibitor, the approach
can be straightforwardly applied to understanding how a vardety
of physiological conditions such as hypoxia, oncogene
activation, or nutrient depletion can affect the TCA efidency.
Owur approach also provided the "C incorporation status of the
carbonyd carbons of glutamate C5 and ldate CL These
isotope incorporaions into carbony carbons may not be
available from the recently described NUS approach involving
the splitting of 'H atoms directly attached to Y atoms™
Therefore, our approach should be useful in analyzing core cel
metabolisms, such as TCA and glycolysis, where most
metahalites have carboxylic acid moieties.

Application of NUS to Live Metabolomics and Lipid
Analysis. The NUS approach can ako be applied to live
metabolomics that we recently described, ™ allowing the
detection of the carbon splitting in living cells. In observing
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the live L1210 cells, we noticed that live metabolomics gives
many additional signals that are not visible in the usual cell
lysate spectrum (Figure 5A.B). From the database search and
standard sample spiking, these signak were found to arise from
lipid metabolites such as fatty acids. A commonly uwsed
extraction solvent system for cell lysate metabolomics
{methanol —acetonitrle—water) cannot solubilize these metab-
olites due to their high lipophilidty. A two phase extraction
system ( chloroform—methanol—water) i genemlly used for
lipid soluble metaholites, but the approach generates two
samples that need to be amalyred separately. The NUS
spectrum an live cells exhibits both hydrophilic metabolites,
ie, gltamate and lctate and lipophilic metabolites in one
spectrum, allowing convenient and errorless analysis of
metabolism. A unique advantage of this approach i the
splitting of lipid sgnals appearing on different regions of the
spectrum according to the carbon positions along the fatty acd
chains. These signals should be from mobie fatty acids rather
than membrane bound lipids, as the litter have lmited mobility
and very shott T2 values For example, the terminal methyl
signal (ar-position) of free fatty acids appears at the
characteristic position of 'H = 0.87, "C = 169 ppm. Fatty
add biosynthesis always starts froom the carbonyl position, and
therefare, C labeling at the a-position can only ocour for de
nova farty add synthesis but not for chain dongation reactions.
The analysis on the methyl carbon splitting in our data {Figure
5C) shows that 22% of the farty adds were synthesized de nove
from the labeled acetate and that the rest is from other sources.
Again, the peak was not visible on the spectrum of the cell
lysate extracted with a common extraction solvent (Figure 5DV
In addition, this position-dependent isotope incorporation may
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not be analyzed by mass-pectrometry-based metabolomics
methods. The information on farty acid de move synthesis may
have important implications for cancer cell metabolism, as
some solid tumor celk were recently shown to be able to use
external acetate as an important carbon source for fatty acids
through an enzyme acd-CoA synthetase (ACSS2)™* It may
be interesting to see if the same metabolic rewiring is ako
activated in leukemia cells when glucose is limited

B CONCLUSIONS

Owverall we wsed NUS H50QC to obtain high resolntion "
dimersion spectra retaining the high sensitivity of 'H NME
The "'C dimension splitting patterns enabled w to direcly
analyze carbon isotopomers of core cellular metabaolic pathways
inchiding those with carbonyl carbons. Detailed biological
metabolic information such as differential metabolic pathway
usages and the efficiency of the TCA cycle turns could be
obtained by isotopomer analysis. In addition, the NUS HSQC
approach was used to observe lipid isotopomers directly in live
cells without solvent extracion. It gave carbon-position-
dependent isotopomer information that i important in
estimating de nove fatty acid biosynthesis. otopomer analysis
in live cells and the position-dependent information constitute
advantages of NUS HSQC that are not availible from mass-
spectrometry-dependent isobopomer analysis. Our approach is
simple and can be straightforwardly extended to a variety of
cellular systems where metabolism is affected by environmental
or inherent conditions
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ABSTRACT

Eepwords Cisplatin is an important chemotherapeutic agent against metastatic hladder cancer, but resistance aften limis
In-cell b oonies its usage. With the recent recognition of lipid metahalic alterations in bladder cancers, we smdisd the metsholic
AERZ implications of cisplatin resistance using dsplatinesensitive (T245) and resist@ant (T24R) bladder cancer celks.
:!::mm Real-time live metbolomics revealed that T2MR cells consume more gluoese, leading to higher production of

w ““"“ ghicime derived scetate and Erty ackls. Along with the activation of general metvbalic regulators, smymes

invalved in acetabe usage (ACSS2) and &ty acid synthesis (ACC) and a precursar for fatty acid synthesis (actyl-
CaA) were slevated in TME celk. Comsistently, metabolic analysis with 'C Eotope revealsd that TME @ik
prefermed glucose to acetate a5 the exogenous carhan sowree for the increased fatty acid synthesis, contrary to
T245 celk. In sddiion, ACSS2, rather than the well establishad ACLY, was the key sreyme that suppliss acstyl
Cafin T24R celk through ghicm ederived endogenos acstate. The relevanes of ACSS2 in cisplatin resistance
was further confirmed by the abrogation of resistance by an ACSS2 inhibitor and, finally, by the higher ex-
pression of ACSS2 in the patient timues with cisplatin resistance. Our results may help improve the trestment
aptions far chemaresistant blsdder cancer patients and provide passible vulnershility targets @ overcome the

TesEmnCe.

1. Inroductdon

Bladder cancer (BC) wsually ardses in the bladder epithelial lining,
and iz the seventh most commaon cancer for men worlkdwide [1-3]. A
majoriiy of BC cases (%P are clasified as transitional cell carei-
noma (TCC), which can be funther categortzed as non-muscle invasive
(NMIBL) or muscle invasive bladder cancer {MIBC), acconding to the
extent of invadon o the muscular layer. NMIBC exhibits better
prognosis and survival mie, butabout 20% of thise patients proge:s 1o
MIBC [4, 51. Radical cysteciomy is a standard treatment for MIEC, but
aboiunt 50% of the patients develop distant metastases within two years.
For meiasiatic BC cisplaiin-based chemotherapy, with or without

radiothempy, Is the current gold standard. Those who do not respond
well to this treatment generally kave a poor prognosis [6].

It iz well established that ciplatin kilk rapidly proliferating cancer
cells mostly though DNA damages [7]. It genemtes intra- and inter-
strand purine crosdlinks that interferes with DNA replication, which
eventally lead to apoptosie The todelty mechandsm, especially for
kddney, has also been reported as involving the genemtion of reactive
oxygen specles and oxidative stress [8]. However, the biochemical
processes undedying its resistance are more complex and may involve
various signaling pathways such as pS3, PISK/AKT, and ROS detox-
ifcaton [9]. In additdon, the contribution of these individual me-
chanisms may differ according to the particular tumos involved.
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Recent resulls suggest that not only these well-established cell sig-
naling mechankms, but ako metabolic activides may be nvolved in
cisplatin-indwced cell death [10]. For example, differences in succinate
deh yd rogenase-med tated production of NADPH generation may be re-
spona ble for pharmacome tabonomic heterogenelty of clsplatin-indwced
kidney toxcity [11]. In additon, the level of UDP-GleNAe, the mets-
bolite involved in Nacstylghicosmaine glycosyladon, was shown to
cormelate with ciplat in sensitivity of cancer cells [1Z]. As metabolim is
increagdngly reoognized as involved incancer indttation and progressdon
[1%], metabolic sudy of csplatin resstance may lead to clues for im-
proving thermples for refmctory bladder cancer.

Amaong key metabolites that fuel cancer cell proliferation, acetate
Teas not drawn as much attention & gluecose and glutamine [14]. Racent
sudies, however, have found acetate to be a key subsirate for cancer
bipenergetics or macromolecular syntheds [15, 161 In additon, in-
creased wsages of "C-aceate posiiron embsion tomogmphy in elinies
provide prood of concept evidence for the importance of acetate mets
bolism incancer [17]. At ihe heart of acetate uillkzation n cancer is the
enzyme ACSSZ, responable for converting acetate to acetyl-CoA. Pro-
dusction of acetyl-CoA is crtical for the upkeep of fatty acld synthess in
cancer cells [14]. Fatty acid metabolism & a eritical aspect of cancer
metabolizm, & cancer cell proliferaton requires large amount of bio-
masz It {5 ako interesting to note that bladder cancer may also have
alterations in lipid or fatty acld metabolim [15-21]. Despite this in-
teresting relationship among acetate, fatty acld, and cancer metabo-
lism, the exactsource of acetaie in cancer celks is sill debatable due 1o
the low blood concentmtion of acetate.

In this study, we applied realtime live metabolomics to (dentify
metabolic reprogramming in clspladn-resisant bladder cancercells and
verified the results in patent-derdved dsves Our Andings may mveal a
new aspect of the acquired chemomesisiance and vulnerabilitles 1o
overcome the resitance.

2. Materials and methods
21, hemiecals and reagent

The stable botope labeled vGlucose (U-7C,, 99%) and acefate
1,273, 99%) were purchased from Cambridge Isotope Labomtories
{Andover, MA, USA). The standard compounds, including pyruvate,
lactate, alanine, acetate, succinate, ghicose, palmitate, glycine, glita-
mate, Bolencine, valine, levcine, and ghtathione{reduced) were ob-
tained from Sigma-Aldrich (50 Lowls, MO, USAL The inhibiters for
ACSE2, 1402, 3-dil thiophen-2-y] quinoxal in-6-y1)-3-{ 2-met hoxye thyl)
wrea, and for ACLY, 3,5-Dichloro-2duydeoscy-N-{ 4-methoey[1,1°-bi-
phenyll-3-ylrbenzenesulbnamide (BMS-303141), were purchased
from ChemBridge (San Diego, CA, USA) and Blo-Techne (Minneapolis,
MN, USA), respectively. The following antibodies, frActin (A1978,
1:5000) from Sigma, ACSS2 (PAS-52059, 1:1000) from Thermo Fiher
Seientific, were used. All oither antibodies, ACC (3676, 1:730), FAS
(3180, 1:750), EGFR (2232 1:1000), phospho-EGFR (Tyrl068) (3777;
110000, Sre (2108; 1750), phospho-Sre (TyrS27) (2105 1:1000),
mTOR (25983 1:1000), phospho-mTOR (Ser2448) (5536, 1:1000), and
HAP-conjugated secondary antibodies (7074, 1:1000; 7076, 1:1000)
were obtalned from Cell Signaling Technologles.

22 el cxdnere and Mochemdeal assays

T245 and T24R wothelial carcinoma cellk were cultured in DMEM
supplemented with 10%% FBS, ZmM wglutamine, and 1% antibiotc
aolution (all from Invitrogen, Carkbad, CA). Al celk were maintained
in a humidified incubator (37°C and 5% CO). Osplatn-resistant
bladder cancer cells (T24R) were obtained through chronde reatments
of ciplatin at lvw doses over sie months [22, 23], Briefly, the fAnal call
viability was = 40% for T245 cells and neardy 100% for T24R cells
upon 10uM clsplatin treatment for 12h Cell viability asay was
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performed wing MTS (Promega, Inc., Madison, WI) acconding 1o the
man ufac iurer's protocol. Western blot analysis was performed following
routine procedures with actin as normalization control.

2.3 Somple preparation for live NMRE metabolomies

Six plates {100 mm) of 70% confleent culivred cells were harvested
with centrifugation. After the resuspension of the cells with SmL
DPES, cells were counted, and 3 » 107 cells were moved into a new
tube. After centrifisgation, the harvested cells were resuspended with
500 L glucosefree DMEM medis (Giboo, Grand Island, NY, USA)
supplemented with 10% dialyeed FBS (Welgene, Daegu, Komea), 25 mM
A labeled gluscoss, and 100 0.0, The calk werm spun in an NMR
tube with a weak centrifugal force (30g for 100 =) to allow sedimenta-
ton, encugh to cover the active reglon of the NMR detection call. The
NMR tubes with the cells were inserted into NMR magnet and the
apectra were acquired as wsual

2.4 lsowope ncorponation analysis for fotty ackds

The T245 and T24R cells were counted (5 = 10%) and seeded in &
well plates. After 24 h adaptation, cells were treated with glucose free
DMEM media (Giben, Grand Island, NY, USA) supplemented with 100
dialyzed FBES (Welgene, Daegu, Komea), and 5 mM non-labeled glucose

For the'Cacstate and **C-glocme treatment, 0.5mM [1,2-*3C]
acetate and 20mM [U-"X] ghicose was added, respectively. For the
infdbitor treatment, the ACSS2 inhibitor (15,6 uM) and the ACLY in-
hibitor (32pM) were also added to the cell media. After a 24 h treat-
ment, the fatty aclds were extmacted from the counted (9.05 = 107 cells
wsing the two-layer methanol-chlorofom extracton method a8 pre-
viously described [24].

25 NMR megaoeman

TH-"*C Heteronuclear Single Quanium Coberence (HSQC) NMR
specira were measured on a S00-MHz Bruker Avance specimameter
(Bruker BioSpin, Rheinstenen, Germany) equipped with a cryogenic
triple resomance probe at Seoul Matlonal University, Korea. The dataset
comprives 1024 x 128 points for the direct and indirect dimensons,
respect ively. The time cowrse spectral messurement was obtained at
F10K for 24 time poinis, with each experiment lasting for 288 « Each of
the metabolites was jdentified by spiking the standard compounds.
Metabolites were quantified a5 deseribed previously [25] Mon-uni-
formly sampled HSQC (NUS-HSQC) were obtained as described pre-
viowsly [26].

26 Quantfieation of acerd-CoA

The levek of acetyl-CoA were memsured from cell lysates using
PlooProbe™ Acetyl-CodA Assay Kit (BloVision, Milpitas, CA), following
the protocel provided by the manufacturer. Briefly, free CoA was
quenched, and then AcetylCoA was converted to CoA. The CoA was
then reacted to form NADH which interacts with PleoProbe, resulting in
the fluorescence. The reading was done with Ex = 535/Em = 587 nm.

2.7, Immamehiwcheniery (THC) analysi

To stain the dides of bladder tumor tsses obitained from BC pa-
Hents show ing complete remission (CR) o progresive d Bease (PD), the
ACSS2 antibody (1:100, LifeSpan Biosclences, Inc., Seafile, WA) was
utilized. A high pH was wed for the antigen retrieval and an Ultraview
DAE Detection Kit from Ventama Medical Systems was wed for coun-
temtaining. To acquire the digital images, stained dides were scanmed
using an Apero Turbs Scanscope AT machine (Lelca Blosystems,
Buffale Grove, IL). High-reselution images of each slide were uploaded
onto the Leica Blogystems cloud drive for further annotations and
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analysts. Digitlzed images were analyred with the Tissee 1A Optimiser
(Lelca Birsystems, Buffale Grove, IL) software installed on the Leica
Digital Image Hub. Following pathological annstations, the Measre
Stained Cells Algorithm option on the Leica Thsue 1A software was
wied, Each annotated slide had a mindmum threshold of 100,000 cells o
be amalyzed. After analysis, data for the msclear hescore, % of podtive
nisclel, and % of positive nclear area in tissee were collected and wsed
for comparative graphing.

25 Routine stafsties

All functional validation experiments wene repeated at least thmee
times Data were compared using Student's -tests, P = 0L05 was con-
ddered 1o be atatistieally dgnificant

3. Results

3.1, Live membolomics amparBon betwesn cigplotin-sensivive and resigant
hWadder cancer cells

Through several metabolomics studies, it has been found that
bladder cancers may have abnormalities in metabolites involved in
lipld wsages [15, 211 It has been alwo suggested that pernerbed meta-
bolism may have implication in cancer drug resistance and cancer ag-
gresmivenes or progresgon [27]. We hypothesized that there should be
differences in metaboliam and metabolEm-assoctated pathways be-
tween clsplatin-sensitive and resistant bladder cancer cells To test the
poasibility, we applied the live metabolomics approach that we recemtly
developed [24] to lsogenic bladder cancer cell lines T245 {chkplatin-
semsitive) and T24R {csplatin-resistant) [22]. The metabolitess gener
ated from “Cglecss tmeer were monitored with 2D *H-"3C HSQC
HNMIR in real-time (Fig. 1A and B). By spiking the specira with standard
compounds, we obtained the peak asmignments for these with sig
nificant changes (Supplementary Table 51). Along with the peaks for
metabolites involved in glycolysks, pyruvate metabolism and the TCA
cycle, those comresponding to faty aclds could be madily identifiad.
This was possible by the live metabolomics, since lipid-soluble faity
acids and water-soluble polar metabolites are wswally not quantifiable
in asingle analysk with conventional cell lysate metabolomics [26].

32 (dgplatin ressunee may be linked to the increased gheose conammpdon
and acenate production

The time-dependent changes of these metabolites revealed that
T24R cells exhibited specific metabolic charmctedstics in comparison
with T245 cells Glucose conmumpton was greater in T24R celk, in-
dicating the higher input to glycolysis in T24R cells {Fg. 1C). The level
of pyruvate, the last glycolytie metabolite prior to the TCA cycle, be-
came almost the same, just after the brief higher consumpiion at an
early period in T24R cell (Fig. 100 Lactate, alanine and acetate all
exhibited net productions in both cells, but there was an intriguing
difference. Lactate and alanine accumulated faster and to higher levels
in T245 than T24R celk (Fig. 1E and F), while acetate accumulated
much faster and kept the much higher level throughout in T24R cells
(Fig. 1G). In additon, despite the higher consumption of glecose in
T24R cells, lactate production and exeretion was significantly lower,
(Fig. 1E and Supplementary Fig. $1). These findings suggest that the
preferred metabolic route of the increased glecose consumption in
T24R cells is not lactate formation, as occurs in Warburg-type mets-
bolism, but it may beother metabolites generated through acetate. One
possible destination may be faity acids, because the fatty acid level was
also higher in T24R celk, as estimated by thelr mid-chain CHs peak
intensities {Fig. 1H). For other metabolites, glycine, a possible indicator
of one carbon metaboliem, and glutamate, an important anaplemte
metabolite to TCA, exhibited no significant diference in the two cells
{Fig. 11 and J1
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3.3 Two earbon pathway imolving acetate lading o fonry aeld symfesis i
enhanced in the ciplatin-reiumn 124 cell

We took notice of the differential pattems of changes of acetate in
comparison with lactate and alanine between TZ45 and T24R celk.
These three downstream metabolites from pyruvate exhibited dmilar
patterns of ¢lan ges inowr previes lve metabolomics studies with lver
cells [24]. In addition, lactate and alanine retain all three carbons from
pyruvate, whereas aceate is formed through the loss of one carbon
from pymrvate 'With these unique characteristies of acetate and the
higher “Catty acid level in T24R cells, we hypothesized that them
might be an alteration in pathways of fatty acid metabolism involving
acetate. To test this hypothesis, we fmt looked at the levels of the
upstream stgnaling moleculss that can affect fany acld metabalizm.
Significant increase in the phosphorylated EGFR and mTOR in T24R
without much increase n their total levels smggested that ckplatin re-
shtance B asoclated with the activation of upstream metabolic reg-
ulators (Fig. 2A). Then, looking at more downstream enzymes, we
found that acetyl-CoA carbosylase (ACC), a key enzyme synthesizing
malonyl-CoA from aceiyl-CoA, is expressed much higher in T24R cells
(Fig. 2B). Malonyl-Cod & a direct substrate of faty acld synthase (FAS)
which was present at dmilar levels in both cells (Fg. ZB). For the in-
volvement of acetate in the fatty acid synthests, we measured ACSS2
lewels, as it is a key enzyme in pathways for incorporating acetate into
faity acide The ACS52 level was much higher in T24R celk (Fg. 2C),
which was ako corrobomted by the higher level of acetyl-CoA gener-
ated from acetate by ACSS2 (Fig. 2D). Given that ACC and ACSS2 ane
two major engymes that incorpormte the acetate into farty aclds, our
expedmental meals suggest that T24R may have the enhanced fatty
acld synthesiz via two carbon metabolizm involving acetate

3.4 Gheeose-derived endogenous avetate contribustes to the enhumead fomy
ackd de move synthesks in T24R cell

The metabolic Aux through a partcelar fep can increase sg-
mificantly even with a constant enzyme level, a3 long as there is an
increased supply of the subsiraies We observed activation of the
acetate-involving two carbon metaboliem leading to the FAS step in
TZ4R cells despite similar FAS lewels in T245 and T24R cells (see
Fig. 2B). Therefore, we tested if the actual fany acid de nove synthess
15 increased and cornelated with the activation of the acetate-involving
two carbon metabolism in T24R cells The de novo fatty acld synthess
was asesed by measuring the spliting of the omega methyl carbon
signal arising from"*C"C coupling in the HSQC specira obtained with
G glucose tacer. This is posible because **C labels from a gliscoss-
derved two carbon unit are incomporated into the omega met hyl group
for de novo faty acld syntheds (Flg. 3AL In comparison, fatty acid
chain elongation staring from a pre-exiting fatty acyl chain occurs
only at the carboxyl terminal end. The intensites of the spliting
doublet of the omega methy]l group of farty acids, derived from the
tracer glucose, were much higher in T24R (Fig. 3B), indicating elevated
de novo faty acld synthesis from glucose in T24R. Combined with the
above results for the inceased acetate production from glscose and
higher levels of ACSEZ, ACC and acetyl-Cod, thi indicates that an
acetate-involving two carbon unit from glucose should contribute to the
enhanced faity acid syntheds in T24R cells

Since previous studies emphagized the mles of blood-bome exo-
genous aceiate, not glucose-derived endogenous, in the bicenergetics or
lipid biceynihesi [15, 16], we aso tested the de nove faty acid
synthesis from exopenms “C-acstate added to the medium. The in-
corporation of acetate to the terminal methyl was much lower in T24R
cells, indicating that exopenous acetate i3 not 8 major serce for thelr
incrensed fatty acid de nove synthesis (Fig. 30). The lower production
of glucose-derived fatty aclds in T245 celk i3 also consistent with the
Tigher exeretion of lactate from glucose (See Supplementary Fig 51).In
comparison, the higher consumption of glecose in T2Z4R cells may
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Fig. L Live NMR metabolomic cmmparison be-
tween cisplatinsersitive and resistant celk.

(A) The first (black) and last (red) spectra cbtained
from cisplatinsensitive (T245) cancercellsover 1h
and S6min after the addition of 'Cqghicase. (1:
lactate, 2: alanine, 3: acetate, 4 pyruvate, 5: suc-
cimate, 6: fatty acid, 7: glycine, & glucose, 9: gh-
me. 10: soleucine, 11: valine, 12: leudne, 12

d); see supp Table
Sl). Assignments were ob-ndlyqrbngdu
npounds. (B) On.

ison (1 and 3). (C through J) Time-dependent me-
tabolic changes between T24S (black) and T24R
(red) cells were obtained in real time with live NMR
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quantified as described previously [24].
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Fig. 2. Expremsion levek of metabalic regulstors and enzymes in T245 and T24R olks.

Western blot analysis of (A) upstream regulamms of metabolism { BGFR, Sre, and mTOR) and their phosphoryated forms, (B) acetyl-CoA carbocy e (ACC) and faty
acid synthame (PAS) invalved in fatty add synthesis, and (C) acetyl-CoA synthetase 2 (ACSSD) for scetste wtilization in T245 and T24R celk. The expression levels af
|Pemctin were ussd a5 a lading control for westemn blot analysis. (D) The acetyl-CoA level was messured as described in the method seation. The statisfical anahysis
wars performed using Student’s dest, and the asterisk indicuies P < (.05, The error bars represent the standand deviation (N = 5L

contribute to the higher de novo fatty acld synthesis through acetate
o e o,

35 ACSSZ Inhdivion decreases fory acld symthesis and cell viahiliny for
T24R cells

As the data above collectively suggest a posible link from glucose to
fatty acid synthesis through endogenous acetate from gleeose, we
decided to obtain further defall on the pathways. Theoretically, a
ghecose-derived two carbon unit can be incorpomted o fany aclds
elther via acetate or clitrmte, with the brmer mediated by ACSE2 and the
latter by ACLY (Flg. 4A) The ACLY-mediated pathway has been con-
sdered the major pathway in various cancers [25], whereas the ACSS2-
mediated pathway using glucose-derived endogenous acetate has been
very little explored. Therefore, weselectively inhibited either of the two
pathways wsing specific inhibitors, and measured the de novo Bity acid
synthesis with NMR as above

Inhibition of the ACSS2 pathway by 1-(2, 3-di(thlophen-2-vlqui-
izl in-6-y1)-3-{ 2-methoxye thyl urea decreased the de novo synthesis
of fatty acld by = &% in T24R celk, whereas no sgnificant changes
were observed in T245 cell (Fig. 48). In comparison, ACLY inhibiton
by BM5303141 led toa decrease in the de novo synthess in T245 cells
without significant efflects on T24R cell. Importantly, the same ACSS2
inhibivor lad 1o the growth inhibiton of the T24R cells under ¢iEplatin
resistance condition {Fig. 4C). As we did not add any acetate in the
media, these results confirm that the incorporation of glucose-derved
endogenows acetate (nto fatty acids via ACES2 s imponant in the cls
platin-resistance phenotype of T24R. We further obtalned consistent
data with siRNA approach. ACES2 dRNA treatment induced a sub-
stantial decrease in acelyl-CoA in T24R cells, whereas ACLY siRMA
treatment did not change the level (Supplementary Fig. $24). The daia
also dhow that ACSS] kas much smaller role in acetybCoA production
in T24R celk. Furthermore, ACLY siRNA indweced a larger decrease in
fatty acid synthesis in T248 than T24R celk (Supplementary Fig. S2B).

36, ACESZ expresion i increased in clsplofin-redstant pafent tasie

T obtain the relevance of the above results in clinical settings, we
tested the implication of ACSS2 with patient Hasues. We measured the
expresgdon of ACSE2 in bladder tumor tsves obtained from patients
who underwent a series of csplatin-based chemothemples. Bladder
emaor tssues obtained from BC patents with complete remision (CR)
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upon chemotherapies exhibited low levek of ACS52 while those from
patients with progressive disease (PD) had much higher levels of ACSS2
expression (Fig 5A and B). Representative THC images are also shown
inFlg. 5C. These results confirm the relevance of ACSE2 in the clsplatin
resbtance of bladder cancer. As ekplatin-resistant bladder cancers ame
often more ageressive, we abo performed an immunohBtochemBiry
{IHC) analysis wsing bladder cancer tssue microarrays (TMA) with
varying aggresivenes. The results showed that ACSER protein ex-
presdon level B signdficantly ssociated with the aggressivensss of
bladder cancers (Supplementary Fig. 53).

4. s cussion

By employing a live metabolomics and biechemical approach, we
show that gluecose-derived endogenous acetate contributes to fatty acid
synthesls in claplatineresitant cells. Fany acids are required compo-
nents in proliferating cell, just like DNA, and therefore, it may not be
surprising that ciplatinresistant cells can have an aliemative ma-
chinery 1o make fatty acids in the presence of the toxic drug. Sul, the
use of endogenous acetate in faity acld synthess may require more
explanation. The most well-established pathway for faity acid synihesis
utllizes citrate as an intermediate for acetybCoA, whether it is from
glicose or glutamine [29] Clirate formed in mitochondria & lysed in
ithe cytosol by ACLY to give oxalpaceiate and acety-CoA that can be
used for fatty acid synthesis. Another pathway for fatty acld synthesis
involves exogenous acetate and requires ACSE2 for generating acetyl-
CoA in the cytosol [16]. Although the invelvement of ACSS2 i the same
for both exogenous and endogenous acetate wsage for farmy acid
synihesis, we showed that "C incorpomtion into faity acids from
exopenous C-acetate i3 much lower in cisplatin-resistant cell.
Therefore, endopenons acatate seems 1o be the preferred source of the
two carbon unit needed for fatty acld synthesks for the cisplatin-re-
ststant cancer cells. Actually, the formation of endogenous acetate in
cancers & not unprecedented. It was fst documented about BD years
ago [30], but its roles in cancer metabolism has been litle considered.
For general faty acld synthesis, too, endogenous acetate was proposed
as an intermediate abowt 50 years ago [31], but it has been largely
neglected compared to clirale & the main intermediate [14, 29]. Now,
our data suggest a novel implication of endogenous acetate from gle-
ooge in the fatty acid syntheds in csplatin-resistant celle With curnently
available state-of-the-art analytieal techniques, more miles of en-
dogen ous acetate in cancer metabolism are expectad to be evealed.
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Our data suggest that the endogenous acetate & derived from ghe-
cose, most probably through pyruvate, and we showed that acetate can
be generated from pyruvate in mitochondria [32]. We also observed
decrease in acetate production when T24R celk are treated with
UKS099, an inhibitor of mitochonddal pyruvate carrder (MPC) (Sup-
plementary Fig. $4). The pyruvate uptake through MPC is lower in
some cancer cells, but still many cancers import pyruvate into mi-
tochondria. For example, glioblastoma generates about half of cellular
glutamate from glicose-driven TCA cycle that goes through pyruvate
[15]. In osteosarcoma cells, ghicose-derived citrate through pyruvate
accounted for —~60% of total citrate pool [33). Simultaneous
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Fig. 3. Fatty acid de novo synthesis
fram glucose and acetate.

(A) Schematic representation of NMR
signal splitting pateerns by “Cactyl
CoA far &tty add elongation and de
novo synthesis steps. Filled cirdes re.
present e isotopes whereas apen cir
cles represent unbbeled carboms. (B)
UC istope inmrporations in the
amega pasition of the fatty acid alkyl
chain with U.PCglicose. left and
Middle, NUS HSQC spectra for the
amega carban in ftty acid alky] chains
from T24S and T24R elks, respectively.
Right, The peak area of the doublet of
the omega carbon from the spectra. The
peak area was normalized by the
mumber of harveseed cells. (€) C iso-
tope incarporations as in (B) with
U Cacetate. T245 and T24R b
were cultured in the media containing
SmM nondabeled glicose supple:
mented with 20 mM PCglumse (B) ar
0SmM "'Cacetate (C) far 24k The
statstical analysis from fhree in-
dependent experiments was performed
wing the Studenfs t-est and the re.
sulting Pwvalues are indicated. The
error bars represent the standard de-
viation.

enhancement of Warburg effect and TCA cycle using glucose derived
pyruvate was ako observed in small cell lung cancer [34). Therefore,
despite pronounced Warburg effect that can reduce pyruvate uptake
into cancer mitochondra and reduced MPC functions in some cancer
cells, pyruvate can still contribute to acetate generation in mitochon-
dria. The higher oxygen consumption rate for T24R cells also supports
functional mitochondrial activity in T24R celk. (Supplementary Fig.
§5).

An interesting questlon may be raised as to how the increased fatty
acid synthesis affects the cisplatin chemosensitivity. There have been
several reports linking fatty acid synthesis and anticancer drug
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Fig. 4. The mnvalvement of ACSS2 in
the Bty acid de nowvo symthesis and
survival in T24R sl

{A) Schematic pathways for fatty add

GLY

f

l AC.Hl\"f‘:I -

LAC Acetate

ACSS2 ACOA ACLY

lacc
Fatty Acid

Acetate CIT

WT245

T24R
NS NS L

-
2]
L

Peak intensity (fold change)

—
QAR

synthesis from ghicoss. Pathways in-

— volving ACSS2 ar ACLY are described

The question mark on the side of ACH
indicates that the exact mechani=m of
scetate generation from pyruvate in
mitochandria & yet to be firmly estab-
lished (Addiional references  in

Information]. (B) The
effects of ACSS2 and ACLY inhibitars
on the de novo Gty ackd synthesis in
T245 {blue) and T24R {r=d) celk. The
de nove synthesis was sstimated as in
Fig. 3 and mormalized agminst that of
T248 without inhibitors. For inhibiiors,
wither ACS52 (156pM) or ACLY
{22 pM) inhibitars were added to the
culture media. Ses the method section
for the chemical names of the in-
hibitars. The statistical analysis wes
performed using Studenfs téest. Two
asterishs, P < 0.001; one asberisk,
P <005 NS not significant
F = 0.05. The error bars represent the
standard deviation. (C) The effect of
the ACSS 2 inhibitar an the cell survival
af T24R cells in the presence of cis-
patin. Upper: The T24R celk were
seeded in a Gwell plate 1 day before
experiment and cells were trested with
ACS52 inhibitar or vehide 1h before

HEqF
J

!
AKG
-

1.04 . = pe0 05 the addition of cisplatin (10 pM). Celk

é 100 em— were stained with crystal violet sohu-

tion 48 after the cisplatin trestment.

= 80 Lower: Bar graph for the cell vishility

D 0 dbtained from photometric analysis of

0.5 [:] ithe upper samples. Abbreviation: GLL,

5 a0 ghome; GLY, glycine; ALA, almine

T PYR, pymuvars [AC, lacets; ACodA,

o« acetyhCod; OAA, cmlwertate; SUC,

o sucanae; AKG aketoghitarats; CIT,

0.0+ citrate; ACH, acetyl CoA hydrlase; ©5,

ACSS2 inhibitor — . + N il . Cisplatin —  —  + ¢ citrate synthame; ACSS2, acetyl Cad

ACLY inhibitor — - - _ " 5 Acss2 . _ smthetase 2; ACLY, ATP citrate lyme;
inhibitor ADC, scety]-Cod. carhoxy bese.

registance. First, de nove fatly acid synthesls may lead io plasma
membrane remodeling by changing farty acid and lipld compositon.
This can lead to altered drug uptake and intracellular drig concentra-
ton, affecting the chemosensitivity [35 36] Second, it has been re-
ported that increased de novo fatty acld synthesis lowers the portions of
unsaturated farty aclds in plaama membmane [36]. Lowered levels of
unsaturated farty acids kave been implicated in reduced efMcacy of ant-
cancer drisgs, as unsaterated fanty acids are important soumes of re-
active oxygen free radieals [36]. In addition, the production of reactive
oxygen species (ROS) is an importan t mechan Bm for the cytotoxdelty of
many antieancer drugs, including clsplatin. Third, increased faity acid
synthesis by FASN overexpression may protect cancer celk from
apoptods. The increased FASN reducing the expressdon of blosyn thesis
of pre-apopiotic lipld molecules has been suggested as a new me
chanism of chemoresistance [37]. As the above mechanizms are not
mtually exclugve, the incressed clspladn resitance wpon elevated
fatty acid synthesis from glucose-derved acetate may involve all the
above or a yet-io-be (dentified pathways

By implicating ACSS2 in chemosenstivity in cells and patent tis
sues, our results suggpest two key translational opportunites invelving
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ithe proteln. For one thing, as elevated levels of ACS52 were observed in
claplatin-restant patient thawes, which are ofien more invasive and
refractory, the ACESZ level may be wed to stratify patients who would
require more aggressive treatment from the beginndng. In addition, the
ACSEE level may be helpful in deciding whether or not clsplatin should
be administered to particular patients For the other, inhibitors of
ACSS2, along with other treatment modalities, may be wed to treat
claplatin-resitant bladder cancer patients Although the inhibitor wsed
in the current study may not be sultable in the clinieal settings, glven
the importance of ACSS2 in the mmorigeness of glioblastoma and
hepatorellular carcinoma [15, 18], more inhibitors are expecied. In
additlon, other enzymes on the faity acid synihetic pathway invelving
endogenous acetate, Le, acetyl-Cod thicesterase needed for acetate
transport across the mitochondrial membmne, may be novel targets for
clsplatin-resistant bladder cancer.
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Abstract Mozart’s mmsic has been suggested to
affect spatio-temporal reasomng of listeners, which
has been called “Mozart effect”. However. the effects
of Mazart’s music on human metabolism have not
been known. We dissected Mozart's music into its
compositional elements and studied ther effects on
metabelism of experimental animals. Mozart music
significantly reduced cortisol level induced by stress.
NME metabolomic smdy revealed different urine
metabelic profile according to the listening to
Mozart’s music. In addition, each element of music
exhibited different metabolic profile. Functional MRI
study alse showed enhanced brain activity upon
listening to Mozart's mmsic. Taken together, Mozart’s
music seems fo be related with bram activity, stress
hormene and whole body metabolism.

Kevwords Mozart effect, NME, stress, music
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