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The metabolism of glutamine and glucose is recognized as a promising therapeutic target for the
treatment of cancer; however, targeted molecules that mediate glutamine and glucose metabo-
lism in cancer cells have not been addressed. Here, we show that restricting the supply of gluta-
mine in hepatoma cells, including HepG2 and Hep3B cells, markedly increased the expression
of retinoic acid-related orphan receptor alpha (RORx). Up-regulation of RORx in glutamine-
deficient hepatoma cells resulted from an increase in the level of cellular reactive oxygen species
and in the nicotinamide adenine dinucleotide phosphate/nicotinamide adenine dinucleotide
phosphate reduced (NADP*/NADPH) ratio, which was consistent with a reduction in the gluta-
thione/glutathione disulfide (GSH/GSSG) ratio. Adenovirus (Ad)-mediated overexpression of
RORa (Ad-ROR2) or treatment with the RORa activator, SR1078, reduced aerobic glycolysis
and down-regulated biosynthetic pathways in hepatoma cells. Ad-RORa and SR1078 reduced
the expression of pyruvate dehydrogenase kinase 2 (PDK2) and inhibited the phosphorylation
of pyruvate dehydrogenase and subsequently shifted pyruvate to complete oxidation. The
RORa-mediated decrease in PDK2 levels was caused by up-regulation of p21, rather than p53.
Furthermore, ROR« inhibited hepatoma growth both in vitro and in a xenograft model iz vivo.
We also found that suppression of PDK2 inhibited hepatoma growth in a xenograft model.
These findings mimic the altered glucose utilization and hepatoma growth caused by glutamine
deprivation. Finally, tumor tissue from 187 hepatocellular carcinoma patients expressed lower
levels of RORa than adjacent nontumor tissue, supporting a potential beneficial effect of RORx
activation in the treatment of liver cancer. Conclusion: RORx mediates reprogramming of glu-
cose metabolism in hepatoma cells in response to glutamine deficiency. The relationships estab-
lished here between glutamine metabolism, RORa expression and signaling, and aerobic
glycolysis have implications for therapeutic targeting of liver cancer metabolism. (HEpATOLOGY
2015;61:953-964)

iver cancer is one of the most common and fatal adults and hepatoblastoma (HB) in children.” Curative
malignancies." The most prevalent types of liver therapies are effective only if HCC is diagnosed in its early
cancer are hepatocellular carcinoma (HCC) in  stages; however, most patients present with intermediate or
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advanced disease.” Although many oncogenes and mutated
tumor-suppressor genes have been identified and targeted
in potential therapeutic strategies, sorafenib, a multikinase
inhibitor, is the only drug approved for patients with
advanced HCC.* However, this drug is beneficial in only
approximately 30% of patients and acquired resistance
often develops within 6 months.” On the other hand,
although combination chemotherapy for HB showed a
higher response rate than HCC, a considerable percentage
of patients with HB did not respond to chemotherapy.®
Alternative approaches, such as developing new drugs for
modulating cancer metabolism, are therefore required to
overcome these barriers and enhance therapeutic efficacy.

Recently, there has been increasing evidence suggest-
ing that the reprogramming of tumor metabolism
using novel therapeutic targets could be an effective
anticancer strategy.” As is the case for other types of
proliferating cancer cells, glutamine and glucose are
essential nutrients for HCC growth and survival.® A
high rate of aerobic glycolysis, known as the Warburg
effect, is a hallmark of cancer cell glucose metabolism.
The aerobic glycolytic pathway generates adenosine tri-
phosphate (ATP) and produces metabolic intermedi-
ates required for cancer cell proliferation.” Glutamine
replenishes a truncated tricarboxylic acid (TCA) cycle
and provides essential intermediates for intracellular
nucleotide and nonessential amino acid biosynthesis."”
Although proliferating cancer cells elicit a pronounced
Warburg effect, their TCA cycle remains intact and
becomes more dependent on glutamine metabolism.''
Glutamine also plays a critical role in alleviating levels
of reactive oxygen species (ROS) as it donates carbon
and nitrogen for the production of glutathione (GSH),
a major intracellular antioxidant, and is a substrate for
the production of reducing equivalents, such as nico-
tinamide adenine dinucleotide phosphate reduced
(NADPH)."?

The rationale for therapies directed against gluta-
mine metabolism in cancer comes, at least in part,
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from the observation that glutamine deprivation inhib-
its cancer cell growth.13 Nevertheless, the efficacy and
toxicity of pharmacological inhibitors of glutamine
metabolism largely unknown in
patients. However, systemic blocking of glutamine
metabolism may cause serious side effects because glu-
tamine consumption occurs largely in the gut and kid-

remain cancer

ney. During acidosis, the kidneys substantially increase
consumption of glutamine to maintain the acid-base
balance.'® Therefore, it would be valuable to develop a
strategy that mimics glutamine depletion in tumor tis-
sue without negatively affecting glutamine metabolism
in normal tissue.

A growing body of evidence suggests that several
orphan nuclear receptors are amplified in, and prog-
nostic for, some human cancers,”> and that some are
involved in regulation of nutrient metabolism.'®
Cancer-associated orphan nuclear receptors that alter
glucose metabolism in response to glutamine depriva-
tion could provide selective targets for cancer therapy.
The retinoic acid receptor-related orphan receptor
alpha (ROR®) is a potent regulator of normal physio-
logical functions, such as lipid and steroid metabo-
lism."” A recent study demonstrated that RORa could
functionally interact with potent oncogenic systems,
such as the Wnt- and protein kinase C—signaling path-
ways and tumor-suppressor p53 stabilization,'®"” indi-
cating its involvement in the regulation of cell growth
and tumorigenesis. However, whether RORa regulates
glucose and glutamine metabolism in hepatoma cells
and the mechanisms responsible for glutamine
deprivation-mediated inhibition of hepatoma cell
growth remain largely unknown. The aim of this study
was to determine whether RORa mediates the altera-
tion of glucose metabolism and reduction in growth
observed in hepatoma cells in response to glutamine
depletion and whether modulation of ROR«x activity
has potential as a therapeutic strategy for liver cancer,

including HCC and HB.
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Materials and Methods

Patients and Specimens. For details on patients
and specimens, see the Materials and Methods section
of the Supporting Information.

Cells. Hepatoma cell lines (HepG2, Hep3B, and
Huh7 cells) were maintained in RPMI 1640 medium
containing 10 mM of D-glucose and 2 mM of L-gluta-
mine supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin. THLE-2 cells,
a human normal liver cell line, was maintained in
BEBM supplemented with the BEGM Bullet Kit and
10% FBS according to American Type Culture Collec-
tion guidelines. For glutamine deprivation experi-
ments, cells were incubated in glutamine-free RPMI
supplemented with 10% dialyzed FBS. Cell number
was calculated using a hemocytometer.

For details on western blotting analysis, glucose
uptake measurements, and quantitative
transcriptase  polymerase chain reaction (qRT-PCR),
see the Materials and Methods section of the Support-
ing Information.

Pyruvate Dehydrogenase Activity Measurement.
The activity of pyruvate dehydrogenase (PDH) in cell
extracts was measured and calculated using a PDH
Activity Assay Kit (Novagen; Merck KGaA, Darm-
stadt, Germany), according to the manufacturer’s
instructions.

GSH Concentration Measurement. For details on
GSH concentration measurement, see the Materials
and Methods section of the Supporting Information.

NADP*/NADPH Measurement. The intracellu-
lar NADP*/NADPH ratio in HepG2 and Hep3B
cells after 24 hours cultured in glutamine-free RPMI
was assayed using a NADP"/NADPH Quantification
Colorimetric Kit (Biovision, Milpitas, CA), accord-
ing to the manufacturer’s instructions, and normal-
ized to the control.

Other Methods. TFor details on measurement of
intracellular ROS, chemicals, overexpression of RORux
and knockdown of RORa and PDK2, ATP measure-
ment, measurement of luciferase activity,
experiments, and immunohistochemical (IHC) staining
and scoring, see the Materials and Methods section of
the Supporting Information.

Ethics Statement. This study was approved by the
institutional review board (IRB) of Kyunpook National
University Hospital (IRB no.: KNUMCBIO_12-1007)
and Keimyung University Dongsan Hospital (IRB no.:
11-256).

Statistical Analyses. Statistical analyses were per-
formed using the Student # test. Data are presented as

reverse-

animal
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the mean * standard error of the mean (SEM). Clini-
cal data management and statistical analyses were per-
formed using SPSS software (version 18.0; SPSS, Inc.,
Chicago, IL). The association between protein expres-
sion was evaluated using Pearson’s 32 test; < 0.05
was considered significant.

Results

Glutamine Is Required for Aerobic Glycolysis in
Hepatoma Cells. We first determined the levels of
glutaminase (GLS) 1, lactate dehydrogenase A
(LDHA), and PDH phosphorylation as representative
molecules crucial for glutamine and glucose metabo-
lism in six human HCC tumor tissues and compared
them with matched adjacent normal liver tissue. There
was an increase in the levels of GLSI protein, LDHA
protein, and PDH phosphorylation in tumor tissue
(Fig. 1A), which suggested a marked increase in gluta-
mine catabolism and aerobic glycolysis, required for
maintaining the TCA cycle and for biomass synthesis,
respectively. By contrast, the ROR« level in tumor tis-
sue was markedly reduced, compared to the normal
counterpart (Fig. 1A). Based on these data,
hypothesized that down-regulation of ROR« in hepa-
toma cells may contribute to altered glucose and gluta-
mine metabolism, enabling cancer cell growth.

To better understand the role of ROR« in the inter-
connected glutamine and glucose metabolic pathways
in hepatoma cells, including human HB cell line
HepG2 and HCC cell line Hep3B, we investigated the
effect of glutamine deprivation on aerobic glycolysis.
Glucose uptake by HepG2 cells and Hep3B cells dur-
ing glutamine deprivation was significantly reduced,
compared to the control, and this reduction in glucose
uptake was reversed after glutamine resupplementation
(Fig. 1B). Next, we examined changes in the M2 iso-
form of pyruvate kinase (PKM2), which produces
pyruvate from phosphoenolpyruvate (PEP), and in lev-
els of LDHA, which metabolizes pyruvate to lactate.
The results showed that glutamine deprivation attenu-
ated the levels of phosphorylated PKM2 and of
LDHA, and glutamine resupplementation caused the
recovery of both, indicating that, under glutamine
deprivation conditions, the conversion of PEP to pyru-
vate is increased, but the conversion of pyruvate to lac-
tate is decreased (Fig. 1C). Because of this finding, we
investigated whether glutamine starvation attenuated
the expression of genes involved in biosynthetic path-

we

ways that are required for cancer cell proliferation.
Depriving hepatoma cells of glutamine down-regulated
the messenger RNA (mRNA) expression levels of
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Fig. 1. Glutamine is required for aerobic glycolysis in hepatoma cells. (A) Protein levels of GLS1, LDHA, and ROR« and phosphorylation of
PDHela in human HCC. Human HCC tissue (T) and corresponding adjacent nontumor liver tissue (N) from 6 patients was analyzed by western
blotting. Relative quantification of proteins by western blotting analysis. GLS1, LDHA, and RORx were normalized relative to the level of actin,
and p-PDHelo was normalized relative to the level of PDHelo. The level of the indicated protein in nontumor tissues was normalized with the
level in the tumor tissues and is shown as a bar chart of the ratio. (B) Glucose uptake in hepatoma cells cultured in complete medium (includ-
ing 10 mM of glucose and 2 mM of glutamine) or glutamine-free medium for 48 hours, or glutamine-free medium for 48 hours followed by com-
plete medium for 24 hours. (C) Western blotting analysis of phosphorylated PKM2 and LDHA protein levels in hepatoma cells treated as in (B).
(D) gRT-PCR analysis of relative expression of G6PD, PHGDH, and GPD1 mRNA in HepG2 cells cultured in the presence or absence of glutamine
for 48 hours. (E) Western blotting analysis of PDK isoform protein levels and phosphorylation of PHDela in HepG2 cells treated as in (B). (F)
Relative PDH activity in hepatoma cells treated as in (B). Results represent the means (£ SEM) of three independent experiments performed in
triplicate. Error bars represent the SEM. *P < 0.05; **P < 0.01. Abbreviations: GIn (+), in the presence of glutamine; GIn (—), in the absence

of glutamine.

glucose-6-phosphate dehydrogenase (G6PD; of the
hexosamine pathway), phosphoglycerate dehydrogenase
(PHGDH; of the serine synthesis pathway), and
glycerol-3-phosphate dehydrogenase 1 (GPD1; of the
glycerol-3-phosphate synthesis pathway; Fig. 1D and
Supporting Fig. 1A).

Pyruvate dehydrogenase kinase (PDK) is a critical
regulator of the balance between pyruvate oxidation
and lactate production. PDKs phosphorylate the gate-
keeping mitochondrial enzyme PDHela complex and
inhibit its activity. Therefore, we tested whether gluta-
mine deprivation or inhibition of glutaminolysis influ-
enced PDK expression in hepatoma cells. The results
showed that the abundance and activity of PDKI1-3
proteins were reduced by glutamine deprivation (Fig.

1E and Supporting Fig. 1B). Conversely, resupplemen-
tation with glutamine reversed the reduction in the
levels of PDK1-3 and phospho-PDHelo (Fig. 1E),
and recovered PDH activity (Fig. 1F). The relative
quantities of PDK3 and 4 transcripts in HepG2 cells
were very low, compared to those of PDKI1 and 2
(Supporting Fig. 1C), suggesting that PDK1 and 2
have major roles in the modulation of PDHela activ-
ity in the absence of glutamine. To examine whether
chemical inhibitors of glutamine metabolism induce
similar changes, we treated HepG2 cells with the glu-
taminase inhibitor, bis-2-(5-phenylacetamido-1,2,4-
thiadiazol-2-yl)ethyl sulfide (BPTES), or with amino-
oxyacetate (AOA), a chemical inhibitor of glutamate-
dependent transaminases. Consistent with the results
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after glutamine deprivation, PDK1-3 levels and phos-
phorylation of PDHelo were attenuated by treatment
with these inhibitors (Supporting Fig. 1D). These
results indicate that glutamine deprivation in hepa-
toma cells promotes a shift of glucose metabolism
toward oxidative phosphorylation (OXPHOS), rather
than aerobic glycolysis or biosynthesis.

RORu Expression Is Induced in Hepatoma Cells
Upon Glutamine Deprivation. Previous studies
have demonstrated that RORa is crucial for the stabili-
zation of p53,18 which is known to reduce PDK2 pro-
tein levels.”” Thus, we speculated that ROR« controls
altered glucose metabolism by up-regulation of p53.
To explore this possibility, we assessed whether ROR«
expression is up-regulated by glutamine deprivation.
Indeed, glutamine deprivation of hepatoma cells led to
an increase in the expression of RORe, which was
returned to basal levels by resupplementation with glu-
tamine (Fig. 2A). We also found that chemical inhibi-
tors of glutaminolysis (BPTES and AOA) increased
the abundance of RORax (Supporting Fig. 2A,B). Glu-
tamine supports redox homeostasis through NADPH-
dependent GSH and thioredoxin systems; thus, we
examined whether cellular ROS levels are increased by
glutamine deprivation and whether such an increase
leads to induction of RORa expression. Glutamine
depletion increased the level of cellular ROS and the
NADP/NADPH ratio in hepatoma cells, which was
consistent with a reduced level of GSH/GSSG ratio
(Fig. 2B-D). We also found that the level of
thioredoxin-interacting protein (TXNIP), an endoge-
thioredoxin inhibitor, in the
absence of glutamine (Fig. 2E). Moreover, antioxidants
N-acetylcysteine and GSH  prevented glutamine
depletion-induced RORo expression (Fig. 2F).

Overexpression of RORwa Alters Glucose Utiliza-
tion in Hepatoma Cells by Down-Regulation of
PDK2. We next investigated whether RORax activa-
tion mimics glutamine deprivation-induced alteration
of glucose metabolism. Adenovirus (Ad)-mediated
overexpression of RORo in hepatoma cells decreased
glucose uptake (Fig. 3A and Supporting Fig. 3A), and
the expression of G6PD, PHGDH, and GPDI1 was
also attenuated upon RORo overexpression (Fig. 3B
and Supporting Fig. 3B). Furthermore, RORa overex-
pression decreased the abundance of PDK2 protein
and phosphorylation of PDHelo in a dose-dependent
manner (Fig. 3C) and subsequently increased PDH
activity (Fig. 3D). However, RORa overexpression had
little effect on PDKI1, 3, and 4. Next, using small
interfering  RNA  (siRNA) knockdown, we tested
whether the inhibition of PDK2 expression upon glu-

nous was increased
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tamine deprivation was RORo dependent. Suppression
of PDK2 and phospho-PDHelo in HepG2 cells upon
glutamine deprivation was markedly reversed by inhi-
bition of endogenous ROR« induction (Fig. 3E). The
effects of RORa on glucose metabolism in HepG2
cells were further examined with a chemical activator
and a chemical inhibitor of RORo. In concordance
with our previous data, we found that the RORx acti-
vator, SR1078, decreased glucose uptake and attenu-
ated PDK2 protein levels (Supporting Fig. 3C,D). By
contrast, the RORo inhibitor, SR3335, significantly
recovered PDK2 protein levels and PDHelo phospho-
rylation (Supporting Fig. 3E).

Cancer cells produce ATP from both aerobic glycol-
ysis and OXPHOS; thus, we investigated the relative
contribution of aerobic glycolysis and OXPHOS in
the production of ATP with regard to RORa. To
ascertain the proportion of ATP generated from
OXPHOS versus glycolysis, we limited OXPHOS ATP
synthesis by treatment with oligomycin, an inhibitor
of ATP synthase, in hepatoma cells overexpressing
RORa (Ad-RORo treated). We found that in Ad-
mock treated hepatoma cells, OXPHOS contributed
only marginally to ATP synthesis, with a higher
proportion of the intracellular ATP content being
provided by glycolysis, with a marked increase in
glycolytic ATP. By contrast, in Ad-RORa-treated hepa-
toma cells, a larger proportion of ATP came from
OXPHOS (Fig. 3F and Supporting Fig. 3F), indicat-
ing that RORo increases the contribution of ATP
from OXPHOS, rather than from glycolysis in hepa-
toma cells.

Inhibition of PDK2 Expression by RORx Is p21
Dependent. To explore the molecular mechanisms
responsible for PDK2 down-regulation, we investigated
the link between expression of PDK2 and RORw. It
has been reported that p53 and p21 are ROR target
genes.'®?! Tn accord with previous studies, overexpres-
sion of RORa or treatment with SR1078 in HepG2
cells markedly increased p53 and p21 protein levels,
but decreased phosphorylated retinoblastoma protein
(pRb) levels (Fig. 4A,B). Because RORu led to down-
regulation of PDK2 in p53-null Hep3B cells (Fig. 3C,
right panel), we further examined whether RORw reg-
ulates p21 in a p53-independent manner. The results
showed that overexpression of RORo up-regulates p21
protein level in Hep3B cells, indicative of p53-
indepndent function of RORa (Supporting Fig. 4A).
Moreover, overexpression of RORo in another human
HCC cell line, Huh7, showed increased expression of
p21 and attenuation of PDK2 expression without
of p53 protein (Fig. 40,

alteration levels
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Fig. 2. RORa expression is induced after glutamine deprivation through ROS production. (A) qRT-PCR of RORx mRNA and protein levels by
western blotting analysis in hepatoma cells cultured in complete medium (including 10 mM of glucose and 2 mM of glutamine) or glutamine-
free medium for 24 hours, or glutamine-free medium for 24 hours followed by complete medium for 24 hours. (B) Measurement of the GSH/
GSSH ratio and (C) NADP*/NADPH ratio in hepatoma cells in the presence or absence of glutamine for 24 hours. Results were normalized to
those obtained in complete medium. (D) 2’,7’-dichlorodihydrofluorescein diacetate (DCF-DA) staining, as a measure of ROS, before and after glu-
tamine deprivation. HepG2 cells were glutamine starved for 24 hours and stained with DCF-DA. DCF fluorescence was visualized by fluorescence
microscopy. (E) Western blotting analysis of TXNIP protein levels in HepG2 cells in the presence or absence of glutamine for 24 hours. (F) qRT-
PCR of RORo: mRNA and protein levels by western blotting analysis in HepG2 cells. Cells were cultured in complete or glutamine-free medium
with or without treatment with NAC (8 mM) or GSH (8 mM) for 24 hours. Error bar represents the SEM. *P < 0.05; **P < 0.01. Abbreviations:
GIn (+), in the presence of glutamine; GIn (—), in the absence of glutamine. NAC, N-acetylcysteine.

demonstrating that RORa regulates p21 and PDK2
protein levels in hepatoma cells regardless of p53
expression. Interestingly, RORa overexpression in the
transformed human hepatocyte cell line, THLE-2, did
not change p21, PDK2, or phospho-PDHelo levels
(Supporting  Fig. 4B), suggesting that the role of
RORu in the reprogramming of glucose metabolism is
limited to hepatoma cells.

After confirming the p53-independent effect of
RORa on the level of PDK2, we then examined
whether effect of RORx on the level of PDK2 is p21
dependent. Upon reduction of p21 by siRNA in
HepG2 and Huh7 cells, the effect of RORa on the
PDK2 protein level was abolished (Fig. 4D). Given
that p21 inhibits E2F transcriptional activity, and
E2F increases PDK2 transcription,” it was necessary
to examine whether RORa decreased E2F activity.
Overexpression of RORo attenuated the activity of

E2F on the PDK2 promoter (Fig. 4E). We further
examined whether down-regulation of PDK2 affects
p21 protein levels and E2F activity in p53-positive or
-negative cells. Indeed, we found that short hairpin
(sh)-PDK2 increased p21 protein levels and decreased
[E2F] X4 luciferase reporter, which contains four
E2F-binding sites,”> in both HeG2 and Hep3B cells
(Supporting Fig. 5A,B), suggesting that interaction of
PDK2 with p21- and E2F-binding activity are p53
independent. Collectively, these results indicate that
RORu-induced down-regulation of PDK2 levels is
resulted from inhibition of E2F activity through up-
regulation of p21.

RORoa.  Activation Inhibits Hepatoma  Cell
Growth. Glutamine is an essential nutrient for pro-
liferating cancer cells, and HCCs exhibit a high rate of
glutamine consumption.”” Thus, it is expected that
blocking glutamine catabolism in hepatoma cells might
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result in decreased proliferation. Glutamine depletion
or treatment with chemical inhibitors of glutamine
metabolism (BPTES or AOA) caused a significant
decrease in the number of proliferating hepatoma cells
in a tme- or dose-dependent manner, respectively
(Fig. 5A,B). Cell proliferation was also significantly
inhibited by RORa overexpression or SR1078 treat-
ment in both HepG2 and Hep3B cells (Fig. 5C,D).
Moreover, we found that inhibition of HepG2 cell
proliferation under glutamine-free conditions was par-
tially rescued by the addition of the RORwx inverse
agonist, SR3335 (Fig. 5E), indicating that RORa, at
least in part, mediates glutamine depletion-induced
inhibition of cell proliferation.

RORa Activation Inhibits Tumor Growth. To
investigate whether modulation of RORa and PDK2
could affect tumor growth in vivo, we injected Hep3B
cells overexpressing RORa subcutaneously (SC) into
nude mice. Tumors in mice injected with Hep3B cells
overexpressing RORo were significantly smaller than
those of control mice (mean tumor volume: 319.25 vs.

40.75 mm>; P< 0.05) and exhibited higher induction
of p21 and lower induction of PDK2 and phospho-
PDHelo than control mice (Fig. 6A,B). Furthermore,
mice injected with PDK2-knocked down Hep3B cells
developed remarkably smaller tumors than those of
control mice (mean tumor volume: 1159.67 vs.
388.33 mm>; P<0.05; Fig. 6C). Next, to examine
the effect of SR1078 on proliferation of established
tumors, we injected HepG2 cells SC into nude mice.
Once the tumors were palpable, mice were injected
daily intraperitoneally with either SR1078 or dimethyl
sulfoxide (DMSO). At day 12 postinoculation, tumors
in mice treated with SR1078 were significantly smaller
than those of controls (mean tumor volume: 226.43
vs. 73.50 mm’; P<0.01; Fig. 6D,E). Xenografted
tumor tissue in mice treated with SR1078 had reduced
levels of PDK2 and PDH phosphorylation, but
increased p21 levels (Fig. 6F), compared to tumor tis-
sue from control mice. Altogether, these data corrobo-
rate the effects of RORo on p21 and PDK2 observed

in vitro.



960  BYUN, CHOI, ET AL.

HEPATOLOGY, March 2015

A B C  Huh?
. E - - e s
. Ik — 21 - .-
e oore S s o-DRb - e o POK2
- R S S TotaipRD W & % p-PDHel

- OR: R - POt To
N ctin Ctrl  SR1078 - ROR:
— + +— "- Actin
Ad-  Ad- S T
mock  RORa TRy
mock ROR«a
HepG2 Huh7 hPDK2-Luc
5 i i s
R e S S e oDk £
o
- - - 2 S 6
w
—— S W ROR: 5,
: 2 4
S S S . ctin 2
Ctrl siRNA  + -+ = = = oy _ E 2
p21 siRNA  — + - + - + my + %
Ad-mock + + - a + + = o 2

Ad-RORa  — -+ - - e s 0-

RORa = - +
E2F1 - + Xt

Fig. 4. Inhibition of PDK2 expression by RORx is p21-dependent. (A) Western blotting analysis of p53, p21, and p-pRb protein levels, in
HepG2 cells overexpressing RORx (+, 50 multiplicities of infection [MOI]; ++, 100 MOI). (B) Effect of SR1078 (10 uM) on p53, p21, and
p-pRb expression in HepG2 cells determined by western blotting analysis. (C) Western blotting analysis of p21, PDK2, and phospho-PDHela
protein levels in Huh7 overexpressing RORo (+, 50 MOI; ++, 100 MOI). (D) Western blotting analysis of the effect of siRNA-p21 on
RORo-induced reduction of PDK2 protein levels in HepG2 and Huh7 cells. (E) Effect of RORx on E2F1-stimulated human PDK2 promoter activity.
Cells were cotransfected with the human PDK2 promoter and E2F expression vector. Luciferase activity was assayed and normalized to a transfection

control. Error bar represents the SEM. *P < 0.05; **P < 0.01.

Less RORa Is Expressed in Tumor Tissue of 187
Patients With HCC. Finally, we analyzed the expres-
sion of RORa in tumors from a cohort of HCC
patients after liver resection and compared its expres-
sion with adjacent nontumor tissue obtained from the
same patients. The basal characteristics of patients are
presented in Table 1. IHC analysis of a panel of 187
pairs of HCC and adjacent nontumor tissue samples
revealed that whereas 144 cases (77.0%) of nontumor
samples were RORo positive, only 52 cases (28.9%) of
tumor lesions were positive (Fig. 7A,B, left panel).
Although not statistically significant, patients with loss
of tumor RORa expression tended to have tumor
node metastasis (TNM) stage III disease (2= 0.071;
Fig. 7B, right panel). To correlate the expression of
p21 and PDK2 with RORx in tumor tissues, we meas-
ured the immunoreactivity of p21 and PDK2 and
compared it with RORo expression. Importantly,
RORua-positive tumor tissues were prone to have
higher p21 immunoreactivity (negative, 18.5%; 1+,
79.6%; 2+, 1.9% vs. negative, 88.6%; 1+, 11.4%;
2+, 0%; P£<0.001) and lower PDK2 activity (nega-

tive, 7.4%; 1+, 63%; 2+, 25.9%; 3+, 3.7% vs. nega-
tive, 3.8%; 1+, 36.4%; 2+, 52.3%; 3+, 7.6%;
P=0.003) than RORo-negative tumor tissues (Fig.
7C). Statistical analysis showed that RORo-positive
tumor tissues had a strong positive association with
p21 expression and an inverse negative association
with PDK2 actvity (Fig. 7D; P<0.001 and
P =10.003, respectively). However, we found no statis-
tical significance for the association between ROR«
expression and p53 expression (data not shown).

Discussion

The present study demonstrates that RORo repro-
grams glucose metabolism in glutamine-deficient hepa-
toma cells. Inhibiting the supply of glutamine markedly
increased the expression of RORa in hepatoma cells,
and then RORa reduced the expression of PDK2 and
shifted pyruvate toward oxidative phosphorylation,
rather than glycolysis and biosynthesis (Fig. 8). Further-
more, we found that RORx inhibited hepatoma growth
both in vitro and in a xenograft model in vivo.
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Table 1. Clinical Characteristics of
Patients With Resected HCC

Variables No. of Patients
All cases 187
Gender (male/female) 156/31
Mean age 55.68 = 10.38
HCC cause

Alcohol 14

HBV 134

HCV 14

HBV-+HCV 5

Other causes 20
TNM stage

-l 109

Il} 78

HBV, hepatitis B virus; HCV, hepatitis C virus.

Cancer cells exhibit a metabolic phenotype different
from that of normal cells; they show increased aerobic
glycolysis and rely on glutamine to support their
growth and proliferation.24 Accordingly, the metabo-
lism of glutamine and glucose is recognized as a prom-
ising therapeutic target for the cancer treatment.
However, little is known about the metabolic relation-
ship between glucose and glutamine in liver cancer. In
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the present study, we found that glutamine depletion
reduced glucose uptake, PKM2 phosphorylation, and
expression of LDHA. Expression of genes involved in
biosynthetic pzlthways,25 including G6PD, PHGDH,
and GPDI, was also down-regulated upon glutamine
deprivation. In addition, when glutamine was depleted,
hepatoma cells showed decreased PDK abundance and
PDH phosphorylation, both of which are critical regu-
lators of pyruvate oxidation. Treatment with chemical
inhibitors of glutamine metabolism (BPTES and
AOA) caused a significant reduction in the number of
proliferating hepatoma cells. These results indicate that
glutamine deprivation inhibits the proliferation of hepa-
toma cells by shifting glucose metabolism toward
OXPHOS, rather than aerobic glycolysis or biosynthesis.

Although therapies targeting glutamine metabolism
effectively inhibit cancer cell proliferation,” the efficacy
and toxicity of pharmacological inhibitors of glutamine
metabolism in cancer patients remain largely unknown.
Therefore, it is necessary to develop a novel strategy
that the metabolic changes observed in
glutamine-depleted tumor tissue without disrupting glu-
tamine metabolism in normal tissue. Here, we also
showed that glutamine deprivation markedly increased
the expression of RORo in hepatoma cells. It is known
that glutamine contributes to redox balance through the
NADPH-dependent GSH and thioredoxin  systems®®;
indeed, the present study showed that glutamine deple-
tion increased the levels of cellular ROS and the
NADP"/NADPH ratio, whereas it reduced the GSH/
GSSG ratio. Moreover, antioxidants prevented gluta-
mine depletion-induced RORa expression, indicating
that glutamine deprivation-induced ROS generation
specifically promotes induction of RORa. Interestingly,
overexpression of ROR« in hepatoma cells altered glu-
cose metabolism, which was observed during glutamine
starvation; this phenomenon was manifested through
attenuated glucose uptake, the expression of three
enzymes essential for biosynthetic pathways, and
enhanced PDH activity. However, although ROR«
overexpression was associated with a reduction in PDK2
protein level, it had littdle effect on expression of PDKI
or PDK3, indicating that RORa-induced reduction in
PDK2 level could modulate PDH activity and mimic
glutamine deprivation-induced reprogramming of glucose
metabolism without affecting the expression of other
PDKs. Moreover, we found that PDK2 knockdown with
shRNA inhibited hepatoma growth, supporting the
notion that RORa-induced PDK2 inhibition alone can
induce the metabolic change that effectively suppresses
hepatomoa cell growth. Indeed, we found that, in accord
with inhibition of hepatoma growth by glutamine depri-

mimics
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vation, activation of ROR« inhibited hepatoma prolifera-
tion. Additionally, we were able to confirm the antitumor
effect of ROR« activation in a xenograft model in vivo.

RORu has recently been identified as a positive regu-
lator of p53 by increasing its transcriptional activity and
protein stability."® p53 is also known to activate PDH
through p21-dependent transcriptional repression of
PDK2.*° In the present study, we obtained similar
results to those of previous studies showing that ROR«
increased p53 and p21 protein levels. However, the
results form p53-null Hep3B cells and HepG2 and
Huh7 cells transfected with siRNA against p21 showed
that RORo-mediated reduction in PDK2 levels resulted
from up-regulation of p21, rather than p53. Collectively,
these results indicate that RORx mediates the metabolic
switch from aerobic glycolysis to OXPHOS by decreas-
ing PDK2 levels through up-regulation of p21.

Importantly, this study showed that tumors from 187
patients with HCC expressed less RORo than adjacent
nontumor tissue, suggesting that RORo activation could
be a promising therapeutic target for HCC. Patents
whose tumors lost RORa expression tended to have a
higher tumor stage, although this was not statistically
significant. Given that the study cohort consisted of
patients who had undergone curative tumor resection,
our study is limited to relatively early-stage HCC.
Expression of RORo may be significantly associated
with tumor stage; therefore, advanced-stage disease war-
rants future investigation. The clinical data support the
in vitro and xenograft findings showing that ROR«
expression hampers glucose utilization and reduces
HCC proliferation; thus, compounds that activate
RORux have potential for the treatment of HCC.

In conclusion, the data presented herein show that glu-
tamine depletion in hepatoma cells promotes glucose oxi-
dation to maintain the energy required for survival, but
halts the biosynthetic pathways required for cell growth.
RORo mediates this reprogramming of glucose metabo-
lism in hepatoma in response to glutamine deficiency.
Given that a pharmacological activator of RORx could
potentially act synergistically with inhibitors of glutamine
metabolism in liver cancer, these findings have implica-
tions for future therapeutic approaches to liver cancer.
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