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a b s t r a c t

The glycolytic phenotype is a dominant metabolic phenomenon in cancer and is reflected in becoming
aggressive. Certain hepatocellular carcinoma lack increased glycolysis and prefer to uptake acetate than
glucose for metabolism. Autophagy plays a role in preserving energies and nutrients when there is
limited external nutrient supply and maintains glucose level of blood though supporting gluconeogen-
esis in the liver. As the role of autophagy and gluconeogenesis in HCC following the glycolic activity was
not clear, we cultured HCC cells with different glycolytic levels in Hank's balanced salt solution (HBSS) to
induce autophagy and conducted the activity of gluconeogenesis. Both autophagy and gluconeogenesis
were induced in low glycolytic HCC cells (HepG2). In glycolytic Hep3B cells, only autophagy without
gluconeogenesis was induced upon starvation. When autophagy was blocked, the level of glucose-6-
phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) was reduced in HepG2 cells
and not in Hep3B. Altogether, we investigated contribution of hepatic gluconeogenesis to the metabolic
phenotype of HCC cells and the role of autophagy as a potential mechanism regulating gluconeogenesis
in low glycolytic HCC.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Hepatocellular carcinoma (HCC) is an incurable type of cancer
with limited treatment options in advanced stages. Although recent
developments in the underlying pathogenesis of HCC have intro-
duced new molecular targets and novel therapeutic agents, patient
survival in cases of advanced disease has not improved [1,2].

The glycolytic phenotype is a dominant metabolic phenomenon
in cancer. Glycolytic tumors with increased 18F-FDG uptake use
glucose as a nutrient source for proliferation, whereas low glyco-
lytic tumors show increased 11C-acetate uptake accompanying lipid
synthesis [3]. This intriguing pattern of nutrient preference has
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been well correlated to histological grades of HCCs, with glycolytic
cancers having a higher histological grade [4]. Despite the extensive
use of cancer metabolism to grade the biological aggressiveness of
HCCs and predict patient prognosis [5,6], underlying molecular
mechanisms of the low glycolytic phenotype of HCCs are not well
studied.

In high-grade HCCs and most malignant tumors, increased
glucose is transported into the cytoplasm via glucose transporters
and is phosphorylated by hexokinase, forming G-6-phosphate.
Glucose-6-phosphate enters the glycolytic pathway in the cells. In
contrast, the amount of uptake glucose decreases, likely due to high
glucose-6-phosphatase (G6Pase) activity in low-grade HCCs [7,8].
Since one of the most important functions of the liver is the pro-
duction of glucose to maintain blood glucose levels during fasting,
high G6Pase activity was attributed to the preservation of the
normal metabolic functions of the liver, such as gluconeogenesis in
low-grade HCCs [9]. However, it has not yet been proved whether
gluconeogenesis is one of the mechanisms for some low-grade
HCCs using acetate as main metabolic source.

Substrates must be supplied to ensure the production of new
glucose in the process of hepatic gluconeogenesis. Autophagy is a
process of metabolic compensation in cells under fasting or unfa-
vorable cell conditions [10]. The process forms specialized cyto-
plasmic vesicles called autophagosomes that encircle the damaged
intracellular organelles and macromolecules. Those autophago-
somes eventually fuse with lysosomes for the degradation of
enclosed contents, thus recycling the sugars, fatty acids, and amino
acids into the cytoplasm [11]. In liver, autophagy has been reported
to be an important mechanism for supplying amino acid substrates
from autophagic proteolysis for gluconeogenesis to maintain blood
glucose levels in a fasting animal model [12,13].

In this study, the contribution of hepatic gluconeogenesis to the
metabolic phenotype of HCC and the role of autophagy as a po-
tential mechanism regulating gluconeogenesis were studied in HCC
cell lines with different glycolytic phenotype.
2. Materials and methods

2.1. Cell lines and culture

Human HCC cell lines (HepG2 and Hep3B) were purchased from
the American Type Culture Collection (ATCC, Manassas, VA). The
cells were maintained in Dulbecco's modified Eagle medium
(Gibco, USA) containing penicillin-streptomycin (Gibco), and 10%
fetal bovine serum (Gibco) in a humidified atmosphere of 95% air
and 5% CO2 at 37 �C.
2.2. 18F-FDG and 11C-acetate uptake and cell growth

Cells were seeded on 6-well plates (1.5 � 105 cells per well)
overnight. Before the uptake experiments, the medium was
changed to a glucose-free medium (Gibco). Approximately 0.037
MBq of 18F-FDG and 0.37MBq of 11C-acetate were added to the cells
and incubated for 20 min. The cells were washed with phosphate-
buffered saline (PBS), and then lysis buffer (1% SDS and 60mM Tris-
HCl in distilled water) were added to eachwell. The lysed cells were
then harvested to measure the amount of radioactivity using a
gamma-counter (Perkin Elmer, USA). The measured radioactivity
was divided by the radioactivity added and normalized to protein
content using a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, USA). Cell growth rates were determined by
seeding 1.5 � 105 cells in 6-well plates in an appropriate medium
for 3 days. The cells were counted using 0.4% trypan blue stain
(BIORAD, United Kingdom).
2.3. Chemicals

HBSS for nutrient starvationwas purchased from GIBCO. CQ as a
late-phase inhibitor of autophagy was used at a final concentration
of 20 mM for 2 h. It was purchased from Sigma-Aldrich.

2.4. Western blot analysis

After chemical treatment, cells were washed with PBS and lysed
with 1% SDS lysis buffer with protease inhibitor (Roche, Germany).
Each sample were separated by SDS-PAGE, and transferred onto
PVDF membranes (Millipore, USA). Following incubation with pri-
mary antibodies against p62 (Santa-Cruz, sc28359, USA),
LC3B(2775), mTOR(2972), phospho-mTOR(2971), AMPK(2603),
phospho-AMPK(2535) (Cell Signaling, USA), and actin (Sigma-
Aldrich, A1978, USA), membranes were incubated with goat anti-
rabbit (SC2004) or anti-mouse (SC2004) IgG-horseradish peroxi-
dase (Santa Cruz) as the secondary antibody. Labeled specific pro-
tein bands were visualized using ECL Kit (Thermo, USA).

2.5. RNA extraction and quantitative polymerase chain reaction
(qPCR)

Total RNA from cells subjected to various experimental condi-
tions was isolated using an RNeasymini kit (Qiagen, Germany). One
microgram of total RNA was used to synthesize cDNA with a
QuantiTech reverse transcription kit (Qiagen, Germany) according
to the manufacturer's instructions. After then, samples were
analyzed for G6Pase or PEPCK by SYBR premix Ex Taq using a Takara
thermal cycler real-time system (Takara, Japan). Each cDNA was
amplified (95 �C for 5 s, 58 �C for 10 s, and 72 �C for 20 s, for 40
cycles) using specific primers [G6Pase: forward primer 50-TGTCA
CGAATCTACCTTGCTGCTC-30, reverse primer 50-TATAGATGCTGTGG
ATGTGGCTGAA-30; PEPCK: forward primer 50-GGCATTATCTTTG-
GAGGCCGTAG-30, reverse primer 50-GCCAGGTATTTGCCGAAGTTG-
TAG-30; and glyceraldehyde 3-phosphate dehydrogenase (GAPDH):
forward primer 50-GCACCGTCAAGGCTGAGAAC-30, reverse primer
50-TGGTGAAGACGCCAGTGGA-30].

2.6. Reverse transcriptase PCR (RT-PCR) analysis

Total RNA was prepared as described above. PCR involved 25
cycles of annealing, extension, and denaturation. The annealing
step consisted of 30 s at 52 �C for p62 and actin. The following
primers were used (p62: forward primer 50-CTGCCCA-
GACTACGACTTGTGT-30, reverse primer 50-TCAACTTCAATGCCCA-
GAGG-30; and actin: forward primer 50-ATCTGGCACCACACC
TTCTACAATGAGCTGCG-30, reverse primer 50-ACACCAGACATAGTA
GCAGAAATCAAG-30).

2.7. Inhibition of autophagy by transfection of shRNAs

Beclin1, LC3B, and scrambled control shRNAs were purchased
from Santa Cruz. Scrambled control shRNA was used as a negative
control. Transfection of LC3B, Beclin 1, or scrambled control shRNAs
into the cells was performed using the Neon Transfection System
(Invitrogen, USA). Briefly, the cultured cells were trypsinized and
suspended in PBS. Approximately 5� 106 cells were centrifuged for
10 min and washed with PBS. The pellet was suspended in 10 mL
Transfection Resuspension Buffer R and mixed with shRNA-
containing cells and the shRNA mixture in the Neon Tube con-
taining 3 mL Neon Electrolytic Buffer E in the Neon Pipette Station.
Cells were pulsed once with a voltage of 1400 and a width of 20.
After the pulse, cells were quickly transferred into a culture plate
containing culture medium.
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2.8. Statistical analysis

Each experiment was carried out in triplicate, and quantitative
data were expressed as the mean ± S.D. Statistical analysis was
conducted using the Sigma plot analysis program.

3. Results

3.1. Characterization of glycolysis and gluconeogensis in HCC cell
lines

Since human HCC tumors showed the different uptake of
glucose and acetate [5], we first characterized the metabolic pat-
terns of 2 different HCC cell lines (HepG2 and Hep3B). As shown in
Fig.1A and B, HCC cell lines showed different uptake patterns of 18F-
FDG and 11C-acetate. Hep3B cells displayed the most 18F-FDG up-
take but relatively low 11C-acetate uptake, whereas HepG2 cells
showed the lowest 18F-FDG uptake and the highest 11C-acetate
uptake (Fig. 1A). As we expected, similar to human tumors, Hep3B
cells with the highest glycolytic activity showed more proliferation
compare with HepG2 cells with the lowest glycolytic activity
(Fig. 1B). The glycolytic phenotype appears to be related to favor-
able growth in cancer cells.

3.2. Starvation induces autophagy and gluconeogenesis in low
glycolytic HepG2 cells but not in glycolytic Hep3B cells

To determine the relation between autophagy and gluconeo-
genesis in glycolytic or low glycolytic HCC cell lines, first, we
established starvation-induced autophagy condition with incuba-
tion in HBSS. Both HCC cell lines showed typical responses to
starvation, including decreased mammalian target of rapamycin
(mTOR) and phosphor-mTOR, and activated adenosine
monophosphate-activated protein kinase (AMPK) by incubation in
HBSS (Fig. 2A and B). In addition, there were changes in the
amounts of microtubule-associated protein light chain 3A and B
(LC3A/B), along with a decrease in autophagic substrate, p62, over
the period of starvation, indicating the activation of autophagy in
both HepG2 and Hep3B cells (Fig. 2C). The level of autophagy
substrate p62 was decreased as intense as autophagic flux was
increased that is typical phenomena in cell and used as method to
detect level of autophagic flux. To ensure that the reduction of p62
was not due to the decreased transcription of p62 gene and was by
increased autophagic flux, we evaluated the level of p62/SQSTM1
(sequestosome1) gene expression. As shown in Fig. 2D, the p62
gene was increased in HepG2 cells but unchanged in Hep3B cells.
We observed that autophagy was well activated by starvation using
HBSS.
Fig. 1. Patterns of metabolic radiotracer uptake and growth rates in HCC cell lines. (A) Th
cells displayed dominant 18F-FDG but low 11C-acetate uptake. In contrast, HepG2 cells showe
FDG-uptake showed more rapid cell growth rates. Data are represented as means ± SD. ***
Next, we checked the expression level of gluconeogenesis
related gene G6pase and PEPCK that are widely known as rate-
limiting enzymes in gluconeogenesis. We focused on the expres-
sion changes of G6pase and PEPCK in HepG2 and Hep3B cells under
starvation-induced autophagy condition. As shown in Fig. 2F, the
expression of G6Pase was significantly elevated, up to 11 folds, in
HepG2 cells. In contrast, Hep3B cells showed extremely low levels
of G6Pase in normal condition (Fig. 2E) as well as in starvation
(Fig. 2G). Likewise, PEPCK expression levels continuously increased
over the starvation period in HepG2 cells but were only mildly
increased in Hep3B cells (Fig. 3G). These results were evident that
autophagy was induced in HepG2 and Hep3B cells upon starvation
but regulation of gluconeogenic gene expression was well pre-
served in low glycolytic HepG2 cells but not in glycolytic Hep3B
cells.

3.3. Inhibition of autophagy decreases gluconeogenesis in low
glycolytic HepG2 cells

The contribution of autophagy to gluconeogenesis was evalu-
ated using an autophagy blocker, chloroquine (CQ). This lysosomal
blocker inhibits protein degradation in the autolysosome after
fusion of autophagosme and lysosome. HepG2 and Hep3B cells
were cultured in HBSS to activate starvation-induced gluconeo-
genesis and incubated with 20 mM of CQ for 2 h before the end of
each time point. Western blot analysis showed accumulation of
LC3B by CQ treatment, which ensured successful inhibition of
autophagy (Fig. 3A).

In HepG2 cells, CQ was able to block autophagy, which in turn
reduced starvation-induced gluconeogenesis. The levels of G6Pase
and PEPCK expression were significantly suppressed by CQ and
these suppression effects were continuously maintained until the
last time point of the experiment (Fig. 3B). However, in Hep3B cells,
incubation with HBSS over 24 h did not significantly induced the
expression of gluconeogenic genes and the levels of G6Pase and
PEPCK expression did not differ, even after inhibition of autophagy
by CQ. Neither induction of autophagy nor inhibition of autophagy
seemed to have any remarkable effect on the expression of gluco-
neogenic genes (Fig. 3B).

To confirm the role of gluconeogenesis inhibition by autophagy
blocking, we knock downed two autophagy-related genes using
short hairpin RNAs (shRNAs) of Beclin 1 and LC3B. In both HepG2
and Hep3B cells, the transfection of shRNAs resulted in significant
decrease in the levels of the respective protein (Fig. 4A). Autophagy
related gene knock downed cells were cultured in HBSS to induce
gluconeogenesis, and qRT-PCR was performed to measure the
expression levels of G6Pase and PEPCK. LC3B knockdown caused a
decrease in the HBSS induced expression of G6Pase and PEPCK in
e level of 18F-FDG and 11C-acetate uptake was measured using a gamma-counter. Hep3B
d the lowest 18F-FDG but the highest 11C-acetate uptake (B) Hep3B cells with higher 18F-
P < 0.001.



Fig. 2. Starvation induced autophagy and gluconeogenesis. HepG2 and Hep3B cells were incubated in HBSS to mimic starve culture condition for the indicated times. (A) The
levels of phosphorylated or normal AMPK and mTOR representing starvation conditions were detected using western blot analysis and (B) the changing level of both protein
activations were expressed as numerical values that calculated the intensity of panel A. (C) LC3B indicates the level of autophagy and p62 was used as an autophagy substrate. (D)
The mRNA levels of p62 were analyzed by RT-PCR. (E) G6Pase and PEPCK mRNA levels were measured as rate-limiting enzymes of gluconeogenesis. (F) G6pase mRNA and (G) PEPCK
mRNA levels were observed under HBSS treated culture condition in a time dependent manner. Data are expressed as the means ± standard deviation (SD). **P < 0.01, ***P < 0.001.
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HepG2 but not in Hep3B cells. The knockdown of Beclin 1 also
reduced the HBSS induced expression of G6Pase and PEPCK
compared to controls in HepG2 cells (Fig. 4B). As in the chemical
Fig. 3. Inhibition of autophagy significantly reduces expression of gluconeogenic gene
20 mM of CQ into the same HCC culture plate 2 h before the preparation of cell lysates. Auto
measured by qPCR in the same condition. The increased expression levels of G6Pase and PEP
expression levels of G6Pase and PEPCK were not remarkable in Hep3B cells. Data are expre
inhibition of autophagy by CQ, both G6Pase and PEPCK levels in
Hep3B cells were relatively unchanged after HBSS, regardless of
LC3B or Beclin 1 knockdown (Fig. 4B). In conclusion, starvationwith
s. (A) HBSS was added to HepG2 and Hep3B cells for the indicated times followed by
phagy was analyzed by western blot analysis. (B) G6pase and PEPCK mRNA levels were
CK were significantly reduced by CQ in HepG2 cells. However, these effects of CQ on the
ssed as the means ± standard deviation (SD). *P < 0.05, ***P < 0.001.



Fig. 4. Genetic inhibition of autophagy significantly affects gluconeogenic gene expression. (A) HepG2 and Hep3B cells were transfected with scrambled shRNA vector or
respective shRNA vectors (LC3B or Beclin 1). Western blot analysis showed decreased expression of each protein. (B) shRNA-transfected HCC cell lines were incubated with HBSS for
18 h followed by measurements of G6pase and PEPCK mRNA levels by qPCR. The increased G6Pase and PEPCK mRNA levels were significantly reduced in HepG2 cells. However,
these effects of LC3B or Beclin1 knockdown on the expression levels of G6Pase and PEPCK were not remarkable in Hep3B cells. Data are expressed as the means ± standard
deviation (SD). ***P < 0.001.
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HBSS induced autophagy in both low glycolytic HepG2 and glyco-
lytic cancer Hep3B cells but only low glycolytic HepG2 cells showed
increasing the levels of gluconeogenic gene expression that sup-
pressed by autophagy inhibition.

4. Discussion

Aerobic glycolysis in cancer cells regardless of oxygen avail-
ability was first described by Otto Warburg; this so-called Warburg
effect is considered one of the hallmarks of cancer [14]. With the
advent of modern imaging techniques such as PET, radiolabeling of
glucose with 18F has successfully imaged the altered metabolism of
cancer, revolutionizing conventional cancer diagnosis [15]. What is
even more important is that the degree of glycolysis on PET is
associated with biological aggressiveness and patient survival
outcome [16]. The more glycolytic the tumor is, the worse the
prognosis is.

In contrast to the Warburg effect, some malignant tumors show
without glycolysis [17,18]. Other than glucose analogues, alternative
nutrient sources such as amino acids or acetate have been used for
their cell metabolism [19]. HCC is one of the tumors in which
alternative patterns of metabolism between glucose and acetate are
vigorously studied.5 Uptake pattern of glucose is more dominant in
poorly differentiated HCCs than acetate for the detection in well
differentiated HCCs [5].

HepG2 cells were one of well differentiated cancer cell line
mentioned upon which is uptake acetated prefer than glucose and
the growth rate was lower than glycolytic Hep3B cells (Fig. 1). Our
study begun to understand why these cells use acetates instate of
glucoses as nutrient source to maintain cell growth, survival and
intracellular metabolism Although most cancer cells mainly use
glucose as nutrient source as it is comfortable tomake biomaterials,
low glycolytic HepG2 cells use acetate mainly.

We thought the reason of these phenomena as HepG2 may
conserve gluconeogenic characteristic which is represented func-
tion of liver. HepG2 cells were originated liver cancer that has
possibility of maintenance of gluconeogenic function. If that,
HepG2 cells tried to produce glucose rather than uptake glucose
under starved condition.

So we confirmed the expression level of gluconeogeic genes,
G6pase and PEPCK because both genes arewell known rate limiting
enzyme in gluconeogenesis. HepG2 and Hep3B cells were incu-
bated with HBSS to mimic starved condition and assessed the
change of gluconeogenesis. In HepG2 cells, both G6Pase and PEPCK
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showed remarkable increases in mRNA expression upon HBSS in-
cubation compared to controls, whereas they were low in controls
as well as in HBSS for Hep3B cells (Fig. 2). Gluconeogenesis waswell
preserved in low glycolytic HepG2 cells but not in glycolytic Hep3B
cells. When the concept of altered carbohydrate metabolism during
hepatic carcinogenesis to glycolysis is taken into consideration,
HepG2 cells appeared to be metabolically similar to the normal
liver by preserving gluconeogenesis upon starvation. G6Pase ac-
tivity, reflecting gluconeogenesis, was well preserved in normal
mouse liver but was almost completely absent in HCCs [20]. Tor-
izuka et al. also reported high G6Pase activity in low-grade HCCs
without increased FDG uptake [8].

Next, how HepG2 get biomaterials for cell growth and survival if
HepG2 cells cannot use glucose for the innate role of gluconeo-
genesis. As shown in Fig. 1A, HepG2 cells used acetate as a nutrient
source. Especially under starved culture condition with HBSS,
HepG2 could not be supported with enough nutrient source that
produce biomaterials for cell growth and survival. In this condition,
autophagic flux would be increased to support biomaterials
because autophagy has recycling role of cellular components;
damaged or unnecessary intracellular organelles those are break-
down to basic biomasses using lysosomal degradation. We
confirmed increasing autophagic flux in a time dependent manner
by HBSS starvation (Fig. 2C). In addition, to further confirm the
contribution of autophagy in gluconeogenesis, we inhibited auto-
phagy using CQ and knockdown of two autophagy-related genes
using shRNAs of Beclin1 and LC3B. CQ was able to block autophagy,
which in turn reduced gluconeogenesis in HepG2 cells (Fig. 3B). The
results were consistent with the knockdown of Beclin 1 and LC3B
causing a reduction in HBSS-induced expression of G6Pase and
PEPCK in HepG2 cells (Fig. 4B). However, In Hep3B cells, the low
levels of G6Pase and PEPCK expression did not differ, regardless of
the induction of autophagy or blocking of autophagy with the
chemical or genetic modification (Figs. 3G and 4B).

HBSS-induced autophagy was observed in both HepG2 and
Hep3B cells, but only gluconeogenesis was seen in HepG2 cells. The
role of autophagy in cancer can differ by the genetic composition or
altered tumor microenvironment [21]. Autophagy plays a role in
preserving energy and nutrients to ensure long-term survival when
there is limited external nutrient supply [22]. Upon the activation of
autophagy, cancer cells suppress proliferation and motility to
induce dormancy with recovery capabilities [23]. In this study,
HepG2 and Hep3B cells showed typical responses to starvation,
including decreased phospho-mTOR and activated phospho-AMPK
levels, resulting in autophagy induction. However, the same HBSS-
induced autophagy was accompanied by gluconeogenesis only in
HepG2 cells but not in Hep3B cells. Autophagy supplied metabo-
lites for gluconeogenesis in cancer cells seemed incompatible with
its well-known energy and nutrient saving function. In contrast to
the glycolytic phenotype of cancer cells, such as Hep3B cells, HepG2
cells had low glycolytic activity but preserved gluconeogenesis
upon fasting by aid of autophagy. The liver is known to recycle
amino acid substrates from autophagic proteolysis for gluconeo-
genesis to maintain blood glucose levels in fasting animals [12].
Therefore, the findings suggest that gluconeogenesis may
contribute to low glycolytic features in HepG2 cells and liver and
autophagy acts important role control gluconeogenesis.

In this study, we confirmed the alternative uptake pattern of
glucose for glycolysis and acetate in human hepatocellular carci-
noma cell lines. In contrast to typical glycolytic tumors, low
glycolytic tumors were still able to preserve hepatic gluconeo-
genesis with autophagy as a supporting mechanism. The meta-
bolic similarity of low glycolytic tumors to the liver is consistent
with known, less aggressive clinical characteristics of these
tumors.
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