Cytosolic acetyl-CoA synthetase affected tumor cell
survival under hypoxia: the possible function in
tumor acetyl-CoA/acetate metabolism
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Understanding tumor-specific metabolism under hypoxia is important
to find novel targets for antitumor drug design. Here we found that
tumor cells expressed higher levels of cytosolic acetyl-CoA synthetase
(ACSS2) under hypoxia than normoxia. Knockdown of ACSS2 by
RNA interference (RNAI) in tumor cells enhanced tumor cell death
under long-term hypoxia in vitro. Our data also demonstrated that
the ACSS2 suppression slowed tumor growth in vivo. These findings
showed that ACSS2 plays a significant role in tumor cell survival
under hypoxia and that ACSS2 would be a potential target for
tumor treatment. Furthermore, we found that tumor cells excreted
acetate and the quantity increased under hypoxia: the pattern of
acetate excretion followed the expression pattern of ACSS2.
Additionally, the ACSS2 knockdown led to a corresponding reduction
in the acetate excretion in tumor cells. These results mean that
ACSS2 can conduct the reverse reaction from acetyl-CoA to acetate
in tumor cells, which indicates that ACSS2 is a bi-directional enzyme
in tumor cells and that ACSS2 might play a buffering role in tumor
acetyl-CoA/acetate metabolism. (Cancer Sci 2009; 100: 821-827)

Tumor hypoxic regions have been recognized to be connected
with poor outcome during tumor treatment, such as radio-
therapy and chemotherapy.! In radiotherapy, oxygen enhances
the damage to tumor tissue resulting from exposure to ionizing
radiation, whereas the lack of oxygen reduces the damage. In the
case of chemotherapy, hypoxia-induced changes in tumor cells
make some antitumor drugs ineffective. Therefore, understanding
the characteristics of tumor cells under hypoxia is of significant
importance to find beneficial targets for tumor treatment.
Metabolic change is one of the important aspects in the
elucidation of tumor hypoxia. In a tumor mass, hypoxic regions
inevitably occur because blood vessel supply cannot keep up
with the high rate of tumor cell proliferation. In order to adapt
to such mass environment, tumor cells are considered to have
specific metabolic characteristics known as the Warburg effect.®
This refers to a general metabolic change in tumor cells that
causes glycolysis to be used to generate energy in the place of
mitochondrial respiration, not only under hypoxia but also
normoxia.®'? However, the metabolic status and related gene
expression under hypoxia in tumor cells is not fully understood.
Acetyl-CoA synthetase (ACSS) (EC 6.2.1.1: adenosine triphos-
phate [ATP)] + acetate + coenzyme A [CoA] <> adenosine mono-
phosphate [AMP] + diphosphate + acetyl-coenzyme A [CoA]) is a
well-conserved universal enzyme from bacteria to humans." Tt
has been reported that the activity of ACSS can be controlled
by acetylation on lysine residues and that this regulatory mech-
anism is also conserved from bacteria to humans."*'¥ Mammals
have two types of ACSS: mitochondrial ACSS1 and cytosolic
ACSS2."™ The enzyme ACSS is generally perceived to play a
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role in the incorporation of acetate into acetyl-CoA, via the forward
reaction, which is then used in the synthesis of fatty acids and
amino acids, as well as in the tricarboxylic acid (TCA) cycle in
vivo.!*1 On the other hand, the enzymatic reversibility of
ACSS has been reported previously from several sources, such
as mammals, yeast, plants, and bacteria.'®?? Moreover, in yeast
and a fungus Aspergillus nidulans, it has been demonstrated that
the ‘cytosolic’ ACSS can mediate the reverse reaction from
acetyl-CoA to acetate under the conditions of insufficient oxy-
gen supply and would play an important role in their anaerobic
survival.®*?® Based on these facts, we speculated that ACSS
expressed in tumor cytosol (ACSS2) might be also important in
tumor cell survival under hypoxia.

Here, we found that ACSS2 gene expression increased under
hypoxia in tumor cells and that ACSS2 inhibition strengthened
tumor cell death under hypoxia in vitro and reduced tumor
growth in vivo. In addition, our study revealed that tumor cells
showed acetate excretion, especially under hypoxia, which was
mediated by ACSS2. Thus, this study demonstrated the signi-
ficant role of ACSS2 in tumor cell survival under hypoxia and
the possible function of ACSS2 in tumor metabolism.

Materials and methods

Cell lines and growth. The following four tumor cell lines
were used in this study: LL/2 (LLC; CRL-1642, American Type
Culture Collection, ATCC, Manassas, VA, USA) mouse Lewis
lung carcinoma; B16 (RCB1283; Riken Cell Bank, Tsukuba,
Japan) mouse melanoma; Colon-26 (Colon; TKG 0518, Cell
Resource Center for Biomedical Research, Tohoku University,
Sendai, Japan) mouse colon carcinoma; and C1271 (CRL-1616;
ATCC) mouse mammary carcinoma. Tumor cell lines were chosen
that had different growth rates and were derived from different
tissues (see Supporting Information, Fig. S1). Before experiments,
we confirmed metabolic characteristics of high glycolysis and
low electron transport activity in mitochondrial respiration under
normoxia, in these tumor cell lines used in this study
(Figs S2,3). As reference, the mouse fibroblast cell line BALB/
3T3 clone A31 (3T3; CCL-163, ATCC) was used for gene
expression analysis and measurement of metabolites. The cells
were incubated in a humidified atmosphere of 5% CO, in air
(normoxia) at 37°C. Dulbecco’s modified Eagle’s medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum and antibiotics was used as the cell growth
medium. Exponentially growing cells were used. Hypoxia
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(12% O,, 93.8% N,, 5% CO,) was achieved with a Personal
Multi Gas Incubator (Astec, Fukuoka, Japan). The cells were
trypsinized to detach them from the plates and were counted by
the trypan blue dye-exclusion method.

Analysis of gene expression. Total RNA was isolated from
aliquots of 1-6 x 10° cells with a Micro-to-Midi total RNA
purification system (Invitrogen). Quantitative reverse transcription
— polymerase chain reaction (QRT-PCR) was performed with
Tagman One-Step RT-PCR Master Mix reagents and Tagman
gene expression assays (Applied Biosystems, Foster City, CA)
using an ABI PRISM 7000 sequence detection system (Applied
Biosystems). The Tagman PCR assays were carried out in total
reaction volumes of 25 UL containing 12.5 uL. 2 x Master Mix,
0.625 pL. 40 x MultiScribe and RNase inhibitor mix, 1.25 uL.
20 x Tagman gene-expression assay and 0.5 pg purified total
RNA as templates. The following Tagman gene-expression assays
were used: acetyl-CoA hydrolase (ACH), Mm00499641; ACSSI1,
Mm00475647; ACSS2, Mm00480101; and B-actin, Mm00607939
(Applied Biosystems). PCR was carried out for 30 min at 48°C
and 10 min at 95°C, followed by 40 cycles at 95°C for 15 s and
at 60°C for 60 s. Target mRNA was quantified by the comparative
C, method using B-actin expression as the endogenous control.?”

RNA interference (RNAI) experiments. To inhibit ACSS2 expres-
sion, tumor cells were transduced with lentiviral particles (Mission
lentiviral transduction particles; SHVRS-NM 019811; Sigma,
Poole, UK) carrying expression cassettes encoding single-hairpin
RNAs (shRNAs) that generate small-interfering RNAs (siRNAs).
Non-targeting shRNA (SHCO002V, Sigma) was used as a negative
control.®%3D Cells (1.6 x 10*) were plated in 100 uL growth
medium per well on 96-well plates and incubated overnight. The
medium was then changed to growth medium containing hexadi-
methrine bromide (Sigma) at a final concentration of 8 pg/mL
to enhance the transduction efficiency. Lentiviral particles
(5 uL) were added and the plates were incubated overnight.
Thereafter, we selected stable transductants expressing the shRNAs
with puromycin. Levels of mRNA expression of ACSS2 were
examined by qRT-PCR to check the efficiency of knockdown by
RNA..

Cell survival under hypoxia. The RNAi tumor cells were plated
in 24-well plates at 5 x 10° per well in 1 mL of growth medium,
and incubated for 24 h at 37°C under normoxia. In this
experiment, we optimized the number of seeding cells to adjust
to long-term hypoxic incubation. After changing the medium,
the cells were transferred to hypoxic conditions. Fresh medium
preincubated under hypoxic conditions was provided daily. The
cells were counted by the trypan blue dye-exclusion method
every 24 h from the time when they were transferred to hypoxia
(day 0) for 7 days.

Allografts of RNAi tumor cells. All animal experiments and
procedures were conducted in compliance with the Animal
Treatment Regulations of the University of Fukui, Japan and
these regulations obey domestic and international guidelines and
laws. BALB/c Slc-nu/np male nude mice (6 weeks of age) were
obtained from Japan SLC (Shizuoka, Japan), and were maintained
in a pathogen-free environment throughout the experiments.
Before the experiments, the mice were acclimatized for at least
1 week. RNAIi tumor cells suspended in phosphate-buffered
saline (PBS) (at 8 x 10° for Colon and 1 x 107 for the other cell
lines) were injected subcutaneously into the flanks of the mice.
The tumor size was measured with precision callipers every 3
days over a period of 12 days. The tumor volume was calculated
using the method reported by Janik et al.®?

Measurement of metabolites. The cells were plated in 24-well
plates at a density of 5 10* in 1 mL growth medium per well
and were preincubated for 24 h at 37°C under normoxia. The
cells were incubated for a further 24 h in fresh growth medium
at 37°C under normoxia or hypoxia. The supernatants were
collected to measure metabolite levels, and the cell numbers
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Fig. 1. Gene-expression profiles of cytosolic acetyl-CoA synthetase
(ACSS2). Levels of messenger RNA (mRNA) for ACSS2 relative to B-actin
as the endogenous control are shown. The values were normalized to
ACSS2 expressed in 3T3 non-tumor fibroblast cells under normoxia.
Quantitative reverse transcription — polymerase chain reaction was
performed using RNA isolated from cells cultured under normoxia (N,
white bar) and hypoxia (H, black bar). ACSS2 expression under
normoxia was high in the tumor cells compared with the 3T3 cells
(P<0.01inLLC, P<0.001 in B16 and C1271, and P < 0.02 in Colon cells)
and increased in tumor cells under hypoxia (P < 0.0001 in LLC and B16,
P <0.001 in Colon, and P<0.02 in C1271 cells) but not in 3T3 cells
(P> 0.05).

were counted. Quantification of acetate and lactate was done by
enzymatic analysis using an F-kit (R-Biopharm AG, Darmstadt,
Germany) in accordance with the manufacturer’s instructions.
The growth medium itself did not contain acetate and lactate.

Statistical analysis. Data are expressed as the means and
standard deviations. P-values were calculated by the two-sided
t-test. P-values < 0.05 were considered statistically significant.
For cell studies, values from four independent experiments are
presented. For the animal studies, the number of animals in each
group is indicated by n.

Results

Hypoxia causes increase of cytosolic ACSS2 gene expression levels
in tumor cells. We found that the expression of transcripts encoding
cytosolic ACSS2 increased under hypoxia in the examined four
tumor cell lines (Fig. 1). The expression levels of ACSS2 was
1.8-, 2.0-, 3.3-, and 2.6-fold higher in LLC, B16, Colon, and
C1271 tumor cells, respectively, under hypoxia, compared with
normoxia. Under normoxia, LLC, B16, Colon, and C127I tumor
cells contained 1.5-, 1.9-, 2.4-, and 2.2-fold more ACSS2 trans-
cripts, respectively, than 3T3 fibroblast cells as 3T3 fibroblast
cells did not show significant increase of ACSS2 expression
under hypoxia. The expression of mitochondrial ACSS1 and ACH
(EC 3.1.2.1; acetyl-CoA + H,O <> CoA + acetate), another relating
enzyme to acetyl-CoA/acetate metabolism, was very low regard-
less of oxygen conditions (data not shown).

ACSS2 knockdown by shRNA affects tumor cell survival under
hypoxia in vitro. To examine the significance of ACSS2 in tumor
cells under hypoxia, we performed cell-culture studies using
ACSS2-RNAI and control-RNAi tumor cells established in this
study. In the ACSS2-RNAi tumor cells, the expression of
ACSS2 decreased compared with control-RNAi tumor cells in
all the tumor cell lines examined (Fig. 2). It was found that the
ACSS2-RNAI tumor cells exhibited considerably lower survival
than the control-RNAi tumor cells under long-term hypoxia in
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Fig. 2. Suppression of messenger RNA (mRNA) for cytosolic acetyl-CoA
synthetase (ACSS2) by RNA interference (RNAI) in tumor cells. Asterisks
indicate statistical significance (*P <0.01; **P <0.005; ***P < 0.001).
ACSS2 mRNA expressions detected by quantitative reverse transcription
— polymerase chain reaction analysis in ACSS2-RNAi tumor cells (white
bar) and control-RNAi tumor cells (black bar) are shown. These data
were expressed as relative values, compared with control-RNAi tumor
cells (%).
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Fig. 3. Cytosolic acetyl-CoA synthetase (ACSS2) promotes tumor cell
survival under hypoxia in vitro. Cell survival under long-term hypoxic
incubation in vitro in control-RNA interference (RNAi) tumor cells (solid
line) and ACSS2-RNAi tumor cells (dotted line). Asterisks indicate
statistical significance (*P < 0.01; **P < 0.001).

vitro (Fig. 3). The number of cells was not significantly different
on day 1 after hypoxic treatment. After 2 days of hypoxia, the
number of ACSS2-RNAi tumor cells, but not control-RNA1
tumor cells, decreased dramatically in all the tumor cell lines
examined. The ACSS2-RNAI tumor cells examined were almost
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Fig. 4. Cytosolic acetyl-CoA synthetase (ACSS2) enhances tumor
growth in vivo. Growth of tumors derived from control-RNA
interference (RNAI) tumor cells (solid line) and ACSS2-RNAi tumor cells
(dotted line) in vivo; LLC, Colon, and C1271 (n = 6), and B16 cells (n = 5).
Asterisks indicate statistical significance (*P<0.03; **P<0.02;
***P < 0.01).

dead after 3 days of hypoxia, whereas the control-RNAi tumor
cells survived. Incidentally, ACSS2-RNAi and control-RNAi
tumor cells showed no significant difference in growth under
normoxia (data not shown).

ACSS2 knockdown inhibits tumor growth in vivo. Next, we in-
vestigated the effect of ACSS2 knock down in tumor growth in vivo
with the RNAi tumor cells (Fig. 4). The results demonstrated
that all the ACSS2-RNAi tumors grew more slowly than the
control-RNAi tumors. At 12 days after injection, the volumes of
the tumors derived from the ACSS2-RNAi tumor cells were 2.9-,
5.6-, 2.9-, and 4.6-fold smaller than those from the control-RNAi
tumor cells for LLC, B16, Colon, and C127I cells, respectively.

Hypoxia enhances acetate excretion by tumor cells. Figure 5
showed quantification of acetate and lactate released into the
culture media from cells. It was found that the pattern of acetate
excretion resembled the pattern of ACSS2 expression (Fig. Sa;
compare with Fig. 1). That is, the excretion of acetate by tumor
cells was increased under hypoxia along with up-regulation of
ACSS2 expression. The values of acetate excretion under
hypoxia were 1.3-fold, 1.9-, 1.7-, and 1.6-fold larger in LLC,
B16, Colon, and C127I cells, respectively, than under normoxia.
Under normoxia, tumor cells produced larger amounts of acetate
than the 3T3 fibroblast cells (Fig. 5a). 3T3 fibroblast cells did
not show any increase of acetate excretion under hypoxia. Also,
lactate excretion under hypoxia by tumor cells was largely
increased 8.1-fold, 2.7-, 3.5-, and 3.7-fold in LLC, B16, Colon,
and C127I cells, respectively, compared with normoxia, while
3T3 fibroblast cells showed only 1.9-fold increase under
hypoxia (Fig. 5b).

Knockdown of ACSS2 expression by shRNA in tumor cells leads
to a corresponding reduction of acetate excretion. To verify the
involvement of ACSS2 in tumor acetate production, we quantified
acetate release from ACSS2-RNAi and control-RNAi tumor cells
established in the present study. Acetate excretion was measured
in the RNAI cells cultured under normoxia and hypoxia (Fig. 6a,b).
There was a reduction of acetate excretion in ACSS2-RNAi tumor
cells, compared with control-RNAi tumor cells, corresponding to
the decrease of ACSS2 expression, under normoxia and hypoxia,
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Fig. 6. Knockdown of cytosolic acetyl-CoA synthetase (ACSS2) expression leads to a corresponding reduction of acetate excretion in tumor cells. Reduction
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respectively (Fig. 6; compare with Fig. 2). This tendency was similar ~ Hence, understanding of the properties of tumor cells under
in all the tumor cell lines examined (LLC, B16, Colon, and C127I).  hypoxia, including specific gene expression and metabolic

status, is of significant importance to develop novel antitumor
Discussion strategies targeting tumor hypoxia. Here we found that gene

expression of cytosolic ACSS (ACSS2) in tumor cells was
Tumor hypoxia has been known to be an obstacle for traditional — increased under hypoxia compared with normoxia and that
tumor treatment, such as radiotherapy and chemotherapy.!®  ACSS2 knockdown results in shortage of tumor cell survival
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under long-term hypoxia in vitro. This means that ACSS2 plays
an important role in tumor cell survival under hypoxia and that
ACSS2 would be a potential target to discover novel strategies
against tumor hypoxia.

In addition, we revealed that ACSS2 knockdown inhibited
tumor growth in vivo, which indicates that ACSS2 is also signi-
ficant in tumor growth. So far, it is shown that tumor hypoxia
frequently occurs in tumor mass and the tumor hypoxia is
considered to be caused by deficiency in blood vessel supply
and shifting during active proliferation of tumor mass.**=% To
understand the role of ACSS2 in tumor growth in vivo, further
studies on the exact relationships between ACSS2 expression
and hypoxic regions shifting within tumors would be necessary.

The present study revealed that tumor cells excreted acetate
and the quantity was increased under hypoxia, compared with
normoxia, that is, the pattern of acetate excretion followed the
pattern of ACSS2 expression. Also, the ACSS2 knockdown in
tumor cells led to a corresponding reduction of the acetate
excretion by tumor cells. These evidences indicate that ACSS2
is responsible for the acetate production via the reverse reaction
in tumor cells; namely, ACSS2 could be a bi-directional enzyme
in tumor cells (Fig. S4).

So far, it is generally accepted that ACSS mediates the forward
reaction to incorporate acetate into acetyl-CoA.''” On the
other hand, under anaerobic conditions or respiratory deficiency,
it is known that cytosolic ACSS expressed in yeast and fungus
Aspergillus nidulans displays considerably higher affinity to
acetyl-CoA than acetate and mediates reverse reaction leading to
acetate production.®-2® This suggested that the reverse reaction
of cytosolic ACSS plays a role in reducing intracellular acetyl-CoA
concentration and generating ATP to survive under anaerobic
conditions in these organisms.

There was a similarity between these anaerobic organisms
and tumor cells: they produced acetate under insufficient oxygen
supply by the mediation of cytosolic ACSS. However, ATP
generation by ACSS2 reaction might not be so substantial in
tumor cells, since the amount of acetate production was small
compared with that of lactate production: the ratios of lactate
production to acetate production were 23.6 in LLC, 13.4 in B16,
15.9 in Colon, and 12.2 in C1271, respectively, under hypoxia
(Fig. 5a,b).

Meanwhile, acetyl-CoA metabolism by ACSS2 might be
important in tumor cells, because acetyl-CoA is known to be a
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Supporting Information
Additional Supporting Information may be found in the online version of this article:

Fig. S1. Cell growth. Cell numbers are shown every 24 h during the growth of tumor cells (LLC, B16, Colon, and C127I) and non-tumor fibroblast
cells (3T3).

Fig. S2. °*H-deoxyglucose (DG) uptake. Data are shown as *H-DG uptake per h per 10* cells in tumor cells (LLC, B16, Colon, and C1271I) and non-
tumor fibroblast cells (3T3) under normoxia. The tumor cells took up *H-DG 1.9-fold to 2.3-fold faster than the 3T3 cells (P < 0.001).

Fig. S3. Mitochondrial electron transport activity, assayed by reduction of Alamar Blue dye. Data represent percentages of reduced Alamar Blue dye
in tumor cells (LLC, B16, Colon, and C127I) and non-tumor fibroblast cells (3T3) under normoxia. The tumor cells reduced Alamar Blue dye less
efficiently than the 3T3 cells (P < 0.001).

Fig. S4. Diagram illustrating proposed tumor metabolic pathway in this study. Glycolysis is a universal metabolic pathway by which glucose is broken
down to pyruvate (blue line). Pyruvate is changed to acetyl-CoA, which is transfered into mitochondria, by the mediation of pyruvate dehydrogenase
(PDH) (orange line) or converted to lactate in the cytosol by lactate fermentation (pink line). Mitochondrial citrate provided by truncated tricarboxylic
acid cycle in tumor cells is exported to the cytosol and changed to acetyl-CoA for lipid synthesis via adenosine triphosphate (ATP) citrate lyase (ACL)
(green line)."” Cytosolic acetyl-CoA synthetase (ACSS2) mediates interconversion between acetyl-CoA and acetate to keep metabolic balances in
tumor cells (red line). Respiration deficiency or hypoxia causes activation of glycolysis-related enzymes, ACL, and ACSS2 (For details, see main text).

Supporting text

Cell growth

Cells (3 x 10%) were seeded in 1 mL growth medium in 24-well plates. The numbers of cells were counted every 24 h for 3 days.

*H-deoxyglucose (DG) uptake

Cells (1 x 10°) were seeded in 24-well plates in growth medium and incubated for 24 h. The medium was then changed to 500 UL of fresh growth
medium containing 74 kBq of *H-DG (GE Healthcare, Pollards, UK). *H-DG uptake is an indicator of glucose utilization.® After 1 h of incubation,
the cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lyzed in 500 uL of 0.2 N NaOH at room temperature for 2 h, then the
lysates were mixed with aqueous counting scintillant (ACS)II (GE Healthcare). Radioactivity was measured with a liquid scintillation counter
(LSC5100, Aloka, Tokyo, Japan). The number of cells treated in the same way before cell lysis was also counted.

Alamar Blue assay

The Alamar Blue dye (Serotec, Sapporo, Japan) was used to estimate the mitochondrial oxidation—reduction potential of electron transport. Cells
(1 x 10°) were incubated for 4 h at 37°C in 1 mL serum-free RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) containing 10% Alamar Blue dye.
Medium alone was prepared in the same manner and used as a blank. The absorbances at 570 and 600 nm were used to calculate the percentages of
reduced Alamar Blue dye.
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