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Cancer cells rely mainly on glycolysis rather than mitochondrial respiration for energy production, which
is called the Warburg effect. p53 mutations are observed in about half of cancer cases, and p53 controls
the cell cycle and cell death in response to cellular stressors. p53 has been emphasized as a metabolic
regulator involved in glucose, glutamine, and purine metabolism. Here, we demonstrated metabolic

Keywords: changes in cancer that occurred through p53. We found that p53-inducible microRNA-34a (miR-34a)
p5,3R 34 repressed glycolytic enzymes (hexokinase 1, hexokinase 2, glucose-6-phosphate isomerase), and
Mmik=>4a pyruvate dehydrogenase kinase 1. Treatment with an anti-miR-34a inhibitor relieved the decreased
Glycolysis . . . . . ey

HK expression in these enzymes following DNA damage. miR-34a-mediated inhibition of these enzymes
GPI resulted in repressed glycolysis and enhanced mitochondrial respiration. The results suggest that p53
PDK1 has a miR-34a-dependent integrated mechanism to regulate glucose metabolism.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

One of the major distinguishing features between normal and
cancer cells is altered glucose metabolism. Most cancer cells de-
pend on aerobic glycolysis for energy production rather than pyru-
vate oxidation [1-3]. Although cytosolic glycolysis produces a
lower ATP yield than mitochondrial respiration, tumorigenic cells
show an accelerated rate of glycolysis and increased lactate pro-
duction compared to those of normal cells [4-6].

p53, a well-known tumor suppressive transcription factor, per-
forms diverse roles regulating the mammalian cell stress response
[7-9]. Indeed, inactivation of p53 is the most frequent alteration in
many types of human malignancies and has been reported in about
half of human cancers [10]. p53 has a well-established role in reg-
ulating the cell cycle, apoptosis, and senescence, but recent studies
have revealed a role for p53 in metabolism [11,12]. p53 has effects
on glycolysis (via TP53-induced glycolysis and apoptosis regulator;
TIGAR, phosphoglycerate mutase; PGAM), mitochondrial respira-
tion (synthesis of cytochrome c oxidase 2; SCO2), glutamine
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metabolism (glutaminase 2), and purine metabolism (inosine 5’-
monophosphate dehydrogenase) [13-17].

Furthermore, p53 transactivates several microRNAs, particu-
larly the miR-34 family targets broad spectrum genes involved in
the cell cycle, apoptosis, and DNA damage [18-22]. MicroRNAs
(miRNAs) are a family of noncoding RNAs (18-22 nucleotides) that
play important roles in physiological processes [23,24]. Mature
miRNAs regulate target gene expression by degrading mRNA or
disturbing protein translation [25]. A specific miRNA has multiple
targets, and one gene can be regulated by multiple miRNAs [26].
miRNAs modulate cell proliferation, cell death, differentiation,
apoptosis, and cell signaling pathways [27,28]. In addition, several
studies have shown that miRNAs have functions involved in energy
metabolism including glucose and lipid metabolism and amino
acid biogenesis [29,30]. For example, miR-122 affects hepatic cho-
lesterol and fatty acid metabolism by regulating genes in the cho-
lesterol biosynthesis pathway [31], and miR-143 controls
glycolysis by targeting hexokinase 2 [32,33].

Considering that a metabolic change, called the Warburg effect,
is key event to understand tumor progression and that p53 is in-
volved in glucose metabolic processes and malignancy, we hypoth-
esized that p53 has a novel regulatory mechanism for the Warburg
effect. Although p53 has been suggested as a glucose regulating
metabolic factor, the precise mechanism for direct regulation of
glycolysis and mitochondrial respiration by p53 has not been fully
elucidated. Thus, we investigated the mechanism for the p53-
dependent metabolic switch in cancer cells.
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In this study, we showed that p53-inducible microRNA, miR-
344, directly targets glycolytic enzymes and pyruvate dehydroge-
nase kinase 1 (PDK1), a mediator between glycolysis and mito-
chondrial oxidative phosphorylation, ultimately leading to the
regulation of glucose metabolism.

2. Materials and methods
2.1. Cells and virus infections

H1299 (p53 null) and HCT116 (wild-type p53) cells were ob-
tained from ATCC. Cells were cultured in DMEM (Welgene) con-
taining 10% (v/v) fetal bovine serum and 50 U/ml of streptomycin
and penicillin (Gibco). Ad-LacZ, Ad-p53 and Ad-miR-34a amplifica-
tion and treatment were performed as described previously
[17,34]. For lentiviral-mediated RNA interference, pLKO-p53 was
purchased from Open Biosystems. HCT116 cells were infected with
lentivirally expressed control (scr; scrambled) or sh-p53 (p53-
knockdown) using Polybrene (H9268; Sigma) for 48 h.

2.2. Western blot and antibodies

Whole cell lysates were obtained with lysis buffer (20 mM Tris-
HCI (pH 7.4), 150 mM NaCl, 0.5% (v/v) NP-40), and were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes (Atto) [35], and probed
with specific antibodies. The antibodies used in this study were
as follows: mouse monoclonal anti-HK1 (ab55144; Abcam), rabbit
monoclonal anti-HK2 (#2867; Cell Signaling Technology), rabbit
polyclonal anti-GPI (ab68643; Abcam), rabbit polyclonal anti-
PDK1 (KAP-PK112; Stressgen Bioreagents), mouse monoclonal
anti-p21 (sc-6246; Santa Cruz Biotechnology), mouse monoclonal
anti-p53 (sc-126; Santa Cruz Biotechnology), and mouse monoclo-
nal anti-B-actin (A5441; Sigma).

2.3. Quantitative real-time PCR (q-PCR)

Total RNA was isolated using QIAzol lysis reagent (Qiagen) and
was reverse-transcribed with reverse transcriptase (AMV-XL re-
verse transcriptase, Takara) using random hexamers (Takara).
mRNA levels were quantified by qRT-PCR using DyNAmo HS qPCR
master mix (Thermo Scientific) and monitored with the iQ5 Real-
Time PCR Detection System (Bio-Rad). Gene expression was de-
fined by the threshold cycle (Ct), and relative expression levels
were calculated using the 2-Ct method. The primers for real-time
PCR were described in Supplementary Table 1. To measure endog-
enous miR-34a, the Tagman microRNA assay kit was purchased
from Applied Bioscience.

2.4. Hexokinase and glucose-6-phosphate isomerase activity
measurement

HK and GPI enzymatic activity was measured using glucose-6-
phosphate dehydrogenase (G6PDH)-coupled spectrophotometric
assay. For the HK activity assay, cells were lysed with lysis buffer
(45 mM Tris-Cl pH 8.2, 50 mM KH,PO,4, 10 mM glucose, 0.5 mM
EDTA, 0.2% Triton X-100), and 50 pL of the lysates were added to
150 pL assay buffer (40.6 mM Tris-Cl pH 8.5, 10.27 mM MgCl,,
2.27 mM glucose, 0.4 mM NADP, 8.93 mM ATP, 1.33 mM NaPOy,,
60 mM KCI, 0.5 mM EDTA, 1U/ml G6PDH), and then the OD at
/=340 nm was measured for 15 min. For GPI activity assay, cells
were lysed with lysis buffer (50 mM sodium phosphate pH 7.0,
0.1% (v/v) Triton X-100) and 10 puL of the lysates were added to
90 pL assay buffer (100 mM Tris-Cl pH 8.0, 10 mM MgCl,, 1 mM

fructose-6-phosphate, 0.3 mM NADP, 1U/ml G6PDH), and then
the OD at / =340 nm was measured as in HK activity assay.

2.5. Luciferase assay

The 3’ UTR fragment of the metabolic genes was amplified by
PCR from human cDNA (positions 217-558 of HK1 3’ UTR, posi-
tions 715-1102 of the HK2 3’ UTR, positions 12-264 of GPI 3’
UTR, positions 146-540 of PDK1 3’ UTR) and was inserted into
pGL3UC luciferase reporter vector. The mutant of the miR-34a re-
sponse element within the 3’ UTR of the indicated genes was gen-
erated by site-directed mutagenesis. H1299 cells were transfected
with 5 ng of Renilla luciferase vector and 500 ng of pGL3UC lucifer-
ase vector including either the wild-type (WT) or mutant of the
miR-34a response element (MT) using Lipofectamine (Invitrogen)
according to the manufacturer’s instructions. At 4 h post-transfec-
tion, cells were infected with adenovirally expressed miR-34a or
LacZ. Luciferase activity was measured with the dual luciferase re-
porter assay system (Promega) 72 h after adenovirus infection and
was normalized to Renilla luciferase activity using TECAN Infinite
M200 luminometer (Tecan).

2.6. Treatment of miR-34a inhibitor

Anti-miR-34a inhibitor (anti-miR-34a) and control inhibitor
were purchased from PANAGENE INC. Prior to adriamycin
(0.4 pg/ml) treatment, HCT116 cells were treated with 0.5 uM
anti-miR-34a for 24 h.

2.7. Lactate production measurement

Secreted lactate was measured in media using a Lactate assay
kit (BioVision) according to the manufacturer’s instructions.

2.8. Oxygen consumption rate and ATP production measurement

1 x 10° cells were harvested by trypsinization and then resus-
pended in 200 pL of culture medium. The oxygen consumption rate
of the cells was monitored continuously for 15 min using a Clark-
type oxygen electrode (Instech Laboratories). To measure cellular
ATP production, 3 x 10° cells were collected and resuspended in
500 pL of ATP assay buffer (100 mM Tris-Cl pH 7.75, 4 mM EDTA)
and boiled for 2 min. After centrifugation at 1000g for 5 min, 25 pL
of the supernatant was analyzed using the ATP Bioluminescence
Assay Kit CLS II (Roche) and luminometer (TECAN).

3. Results and discussion
3.1. p53 downregulates glucose metabolic enzymes

To examine the role of p53 associated with the Warburg effect,
we first measured the mRNA level of genes involved in the glyco-
lytic and biosynthetic pathways branching off of glycolysis. Suc-
cessful p53-mediated transactivation was confirmed by increased
mRNA of well-known p53 target genes related to metabolism (ribo-
nucleotide reductase; RR and TIGAR) following adenoviral expres-
sion of p53 in p53-null H1299 cells. Among the glycolytic
enzymes, the mRNAs of hexokinase 1 (HK1), hexokinase 2 (HK2), glu-
cose-6-phosphate isomerase (GPI), aldolase C (ALDC), phosphoglycer-
ate mutase 1 (PGAM1), and lactate dehydrogenase A (LDHA)
specifically decreased in association with p53 overexpression com-
pared to that of other glucose metabolic enzymes (Fig. 1A and
Fig. S1A). In addition, mRNA levels of phosphoglucomutase (PGM),
phosphoglycerate dehydrogenase (PHGDH), and pyruvate dehydroge-
nase 1 (PDK1) decreased by p53. PGM is an enzyme necessary for
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Fig. 1. p53 downregulates the expression of glucose metabolic enzymes. (A) p53 null H1299 cells were infected with adenovirally expressed LacZ (control) or p53 for 24 h and
mRNA level of indicated genes was quantified by qRT-PCR. (B) H1299 cells were infected as in (A), and protein levels were analyzed by immunoblotting using the indicated
antibodies. (C) HCT116 (wild-type p53) cells were infected with lentivirally expressed control (scr; scrambled) or sh-p53 (p53-knockdown) for 24 h, and then treated with
DMSO (control) or adriamycin (ADR, 0.4 pg/ml, Sigma) for 24 h. Indicated mRNA expression was quantified by qRT-PCR as in (A). (D) HCT116 cells were infected and treated
as in (C), and total protein extracts were analyzed by immunoblotting using the indicated antibodies.

glycogen biosynthesis [36], and PHGDH is the first enzyme in the
serine biosynthesis pathway branching from glycolysis [37]. PDK
is a negative regulator of pyruvate dehydrogenase and decreases
oxidation of pyruvate in mitochondria [38]. Consistent with this re-
sult, HK1, HK2, GPI, and PDK1 protein levels decreased with p53
expression (Fig. 1B). Next, to investigate whether endogenous p53
can regulate the expression of these enzymes, we confirmed the
mRNA levels of HK1, HK2, GPI, and PDK1 in a wild-type p53-harbor-
ing HCT116 cell line, with or without adriamycin treatment. As
adriamycin treatment transactivated p53, it reduced both mRNA
and protein levels of HK1, HK2, GPI and PDK1 (Fig. 1C and D). How-
ever, when HCT116 cells were infected with lentivirus encoding
shRNA specific for p53 (sh-p53), no decrease in expression levels
of these enzymes was observed following adriamycin treatment.
These data demonstrate that transactivated p53 regulates HKI1,
HK2, and GPI expression, which are the first and second steps in
the glycolytic process, and that PDK1 is an important enzyme con-
necting glycolysis with mitochondrial oxidative phosphorylation.

3.2. miR-34a inhibits glucose metabolic enzymes

The consequence of activating p53 following DNA damage is
the induction of various target genes and non-coding RNAs such
as miRNAs or long intergenic non-coding RNAs [18,39]. In partic-
ular, transcriptional repression of specific genes by p53 can be
elucidated by p53-target miRNAs, such as miR-34a. Thus, we
speculated that p53-inducble miR-34a may regulate transcrip-
tional repression of metabolic enzymes reduced by p53
(Fig. 1). HK1, HK2, GPI, and PDK1 transcription was repressed
when H1299 cells were infected with the adenovirally expressed
form of miR-34a (Fig. 2A), which led to a decrease in protein lev-
els (Fig. 2B). However, the reduced expression of PGAM1 by p53
activation in Fig. 1A could not be confirmed by adenoviral infec-
tion of miR-34a. Moreover, a decrease in hexokinase and GPI cel-
lular activity was observed in miR-34a infected cells compared
to that in control cells (Fig. 2C).
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Fig. 2. miR-34a downregulates the expression and activity of glucose metabolic enzymes. (A) H1299 cells were infected with adenovirus expressing miR-34a or LacZ for 72 h,
and mRNA levels of indicated genes were quantified by qRT-PCR. (B) Cell lysates were immunoblotted with the indicated antibodies under the same conditions. (C) H1299
cells were infected as in (A), and HK and GPI enzymatic activity was measured using glucose-6-phosphate dehydrogenase (G6PDH)-coupled spectrophotometric assay.
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the miR-34a response element (MT) within the 3’ UTR of the indicated genes). Alignment of the hsa-miR-34a sequence and the 3’ UTR of indicated mRNAs is described in
Supplementary Fig. 2. At 4 h post-transfection, cells were infected with adenovirally expressed miR-34a or LacZ. Luciferase activity was measured with the dual luciferase
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0.5 M miR-34a inhibitor (anti-miR-34a) or a negative control inhibitor (Control) for 24 h. mRNA expression of the indicated genes was quantified by qRT-PCR. miR-34a level
was measured using the Tagman microRNA assay. Total protein extracts were analyzed by immunoblotting using the indicated antibodies under the same conditions as (B).
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3.3. miR-34a directly regulates HK1, HK2, GPI, and PDK1 expression

We searched for a miR-34a target sequence within the 3’
untranslated region (UTR) of these enzymes using computer anal-
ysis to verify that miR-34a can directly target HK1, HK2, GPI, and
PDK1 mRNAs. Intriguingly, we found a putative miR-34a target site
in the 3’'UTRs of the HK1, HK2, GPI, and PDK1 mRNAs. We con-
structed a luciferase reporter vector containing the putative miR-
34a binding site in the 3’'UTRs to test whether miR-34a repressed
these enzymes through the targeting sequence. We concluded that
miR-34a directly targets the 3'UTR of HK1, HK2, GPI, and PDK1
through a point-mutation in the miR-34a target site within the
3'UTR region of these enzymes (Fig. 3A and Fig. S2).

A c 11
K]
©
o
23 2
= =
© 2 ©
o & 051 o
x e x
ol
&)
©
0 -
LaczZ p53
S 11
) E o
>3 2
58 s
0] 0.5 1 0]
x e 14
)
o
©
LacZ miR-34a
C 5]
5 " 5
= = 1.5 19
[OJNeN [OREeN
> e 11 > £
T 3 53 17
[9] ]
XS 05- s
o O 0.5 1
N N
(@] (e}
0 - 0 -
LacZ p53 scr
1.5 1
c c
k<] L 4
25 11 23
T8 T3
a5 ©a .
o & 0.5 1 o & 05
< <
0- 0 -
LacZ  p53 scr
E O DMSO
c
c 151 B ADR 5
o =1
SE 23
g3 '] 83
X6 xS
S 051 a
~ =
(@) <
Control  Anti-miR-34a

229

A specific miR-34a inhibitor (anti-miR-34a) was used for anti-
sense inhibition of miR-34a to investigate whether decreased
HK1, HK2, GPI, and PDK1 expression is a direct effect of miR-34a.
Decreased HK1, HK2, GPI, and PDK1 mRNA following DNA damage
was not observed in anti-miR-34a treated cells (Fig. 3B), and pro-
tein levels of these enzymes were consistent with those of mRNA
(Fig. 3C), indicating that miR-34a directly regulates HK1, HK2,
GPI, and PDK1.

3.4. The p53-miR-34a pathway controls glucose metabolism

We wanted to observe whether the glycolytic enzyme and PDK1
expression changes lead to a substantive change in glucose
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Fig. 4. p53 regulates glucose metabolism by miR-34a. (A) H1299 cells were infected with the adenovirus expressing LacZ or p53 for 24 h, and secreted lactate was measured
in media, and secreted lactate was measured under the same conditions as Fig. 1C. (B) H1299 cells were infected with adenovirus expressing LacZ or miR-34a for 72 h, and
secreted lactate was measured in media. HCT116 cells were treated with 0.5 M of miR-34a inhibitor or a negative control inhibitor for 24 h, then DMSO or ADR was added
for 24 h, and secreted lactate was measured in media. (C) Under the same conditions as in (A), the oxygen consumption rate of the cells was monitored continuously for
15 min, and cellular ATP production was measured using the ATP Bioluminescence Assay Kit CLS II. (D) H1299 cells were infected with the adenovirally expressed LacZ or
miR-34a of 72 h, and oxygen consumption and ATP production were measured as in (C). (E) HCT116 cells were treated with the control inhibitor or miR-34a inhibitor. After
24 h, cells were treated with DMSO or ADR for 24 h, and oxygen consumption and ATP production were measured as in (C).
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metabolism by activating p53 or miR-34a. We first measured lac-
tate production, an end-product of glycolysis, by overexpressing
p53 or transactivating endogenous p53 following DNA damage.
Lactate production was decreased by p53 under both conditions,
whereas p53 knockdown moderated a reduction in lactate produc-
tion under DNA damaging conditions (Fig. 4A). As was the case
with p53 activation, miR-34a overexpression or induction of
endogenous miR-34a following adriamycin treatment decreased
lactate production (Fig. 4B). Treatment with the miR-34a specific
inhibitor attenuated the reduced lactate production by the DNA
damaging agent. These data suggest that that decreased expression
of HK1, HK2, and GPI by p53-inducible miR-34a led to a decreased
glycolysis rate.

Next, we examined mitochondrial respiration by measuring O,
consumption and ATP production under the same conditions as in
Fig. 4A. In contrast to the decrease in lactate production, O, con-
sumption and ATP production increased in p53-infected H1299
cells (Fig. 4C). The results of mitochondrial oxygen consumption
and ATP production in adriamycin-treated HCT116 cells was the
same as p53 overexpression. Mitochondrial respiration in sh-
p53-infected HCT116 cells increased less than that in control cells
(scrambled) following DNA damage. The effect of miR-34a on mito-
chondrial oxygen consumption and ATP production was consistent
with that of p53 (Fig. 4D). The increase in mitochondrial respira-
tion by miR-34a was confirmed using a miR-34a specific inhibitor
(Fig. 4E). Taken together, these data suggest that p53 regulates the
expression of glucose metabolic enzymes and substantive glucose
metabolism through p53-inducible microRNA, miR-34a.

We found that p53 regulated several glycolytic enzymes (HK1,
HK2, GPI, ALDC, and PGAM1), and enzymes in the biosynthetic
pathway branching from glycolysis (PGM1 and PHGDH). Of these,
we focused on the regulation of HK1, HK2, and GPI because the
mitochondrial hexokinases, HK1 and HK2, are highly elevated in
rapidly-growing malignant cells compared to that in normal cells
[40,41], and GPI is secreted as an autocrine tumor motility factor
[42,43]. Moreover PDK1 activity increases in hypoxic cancer cells,
and PDK1 inactivates pyruvate dehydrogenase by phosphorylation
[44]. PDK1 is important to connect cytosolic glycolysis and mito-
chondrial oxidative phosphorylation [6].

We found that all of these enzymes were regulated by p53 and
miR-34a. A single microRNA, miR-34a, regulated glycolysis and
mitochondrial respiration by targeting multiple genes, such as
HK1, HK2, GPI and PDK1. Furthermore, physiological changes fol-
lowing miR-34a transduction were confirmed by measuring lac-
tate production, oxygen consumption, and ATP production.
Altered metabolism in cancer might be interpreted through the
action of p53-miR-34a. Although several studies have investi-
gated miRNAs targeting glycolytic enzymes [32,45] and p53 reg-
ulating glucose metabolism by TIGAR, and SCO2 [13,15], the
molecular mechanism to understand the Warburg effect by p53
has not been fully elucidated. We propose a novel mechanism
whereby p53 regulates glucose metabolism via miR-34a. This
integrated miR-34a mechanism offers a promising new approach
and strategy for cancer therapy.

Acknowledgments

This work was supported by National Research Foundation of
Korea (NRF) grants funded by the Korea government (MSIP) [Na-
tional Creative Research Laboratory Program (2012R1A3
A2048767), the Mid-Career Research Program, the National Re-
search Foundation of Korea (NRF-2007-0056786 & NRF-2010-
0007643), and the World Class University Program of the MEST
and the NRF (R31-2008-000-10103-0)], and partly from the Na-
tional R&D Program for Cancer Control, Ministry of Health & Welfare
(0720460) to H.D.Y.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2013.06.043.

References

[1] RJ. Shaw, Glucose metabolism and cancer, Curr. Opin. Cell Biol. 18 (2006) 598-
608.

[2] A. Goel, S.P. Mathupala, P.L. Pedersen, Glucose metabolism in cancer. Evidence
that demethylation events play a role in activating type II hexokinase gene
expression, J. Biol. Chem. 278 (2003) 15333-15340.

[3] R.A. Cairns, LS. Harris, T.W. Mak, Regulation of cancer cell metabolism, Nat.
Rev. Cancer 11 (2011) 85-95.

[4] C.V. Dang, Links between metabolism and cancer, Genes Dev. 26 (2012) 877-
890.

[5] M.G. Vander Heiden, L.C. Cantley, C.B. Thompson, Understanding the Warburg
effect: the metabolic requirements of cell proliferation, Science 324 (2009)
1029-1033.

[6] RJ. DeBerardinis, J.J. Lum, G. Hatzivassiliou, C.B. Thompson, The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation, Cell
Metab. 7 (2008) 11-20.

[7] O.D. Maddocks, C.R. Berkers, S.M. Mason, L. Zheng, K. Blyth, E. Gottlieb, K.H.
Vousden, Serine starvation induces stress and p53-dependent metabolic
remodelling in cancer cells, Nature 493 (2013) 542-546.

[8] S.A. Amundson, T.G. Myers, A.J. Fornace Jr., Roles for p53 in growth arrest and
apoptosis: putting on the brakes after genotoxic stress, Oncogene 17 (1998)
3287-3299.

[9] J.S. Roe, H. Kim, S.M. Lee, S.T. Kim, E.J. Cho, H.D. Youn, P53 stabilization and
transactivation by a von Hippel-Lindau protein, Mol. Cell 22 (2006) 395-405.

[10] M.S. Greenblatt, W.P. Bennett, M. Hollstein, C.C. Harris, Mutations in the p53
tumor suppressor gene: clues to cancer etiology and molecular pathogenesis,
Cancer Res. 54 (1994) 4855-4878.

[11] O.D. Maddocks, K.H. Vousden, Metabolic regulation by p53, J. Mol. Med.
(Berlin) 89 (2011) 237-245.

[12] K.H. Vousden, K.M. Ryan, P53 and metabolism, Nat. Rev. Cancer 9 (2009) 691-
700.

[13] K. Bensaad, A. Tsuruta, M.A. Selak, M.N. Vidal, K. Nakano, R. Bartrons, E.
Gottlieb, K.H. Vousden, TIGAR, a p53-inducible regulator of glycolysis and
apoptosis, Cell 126 (2006) 107-120.

[14] P. Ruiz-Lozano, M.L. Hixon, M.W. Wagner, A.lL Flores, S. Ikawa, A.S. Baldwin Jr.,
K.R. Chien, A. Gualberto, P53 is a transcriptional activator of the muscle-
specific phosphoglycerate mutase gene and contributes in vivo to the control
of its cardiac expression, Cell Growth Differ. 10 (1999) 295-306.

[15] S. Matoba, J.G. Kang, W.D. Patino, A. Wragg, M. Boehm, O. Gavrilova, P.J.
Hurley, F. Bunz, P.M. Hwang, P53 regulates mitochondrial respiration, Science
312 (2006) 1650-1653.

[16] W. Hu, C. Zhang, R. Wu, Y. Sun, A. Levine, Z. Feng, Glutaminase 2, a novel p53
target gene regulating energy metabolism and antioxidant function, Proc. Natl.
Acad. Sci. USA 107 (2010) 7455-7460.

[17] H.R. Kim, ].S. Roe, J.E. Lee, LY. Hwang, E.J. Cho, H.D. Youn, A p53-inducible
microRNA-34a downregulates Ras signaling by targeting IMPDH, Biochem.
Biophys. Res. Commun. 418 (2012) 682-688.

[18] H. Hermeking, MicroRNAs in the p53 network: micromanagement of tumour
suppression, Nat. Rev. Cancer 12 (2012) 613-626.

[19] L. He, X. He, L.P. Lim, E. de Stanchina, Z. Xuan, Y. Liang, W. Xue, L. Zender, J.
Magnus, D. Ridzon, A.L. Jackson, P.S. Linsley, C. Chen, S.W. Lowe, M.A. Cleary,
G.J. Hannon, A microRNA component of the p53 tumour suppressor network,
Nature 447 (2007) 1130-1134.

[20] N. Raver-Shapira, E. Marciano, E. Meiri, Y. Spector, N. Rosenfeld, N. Moskovits,
Z. Bentwich, M. Oren, Transcriptional activation of miR-34a contributes to
p53-mediated apoptosis, Mol. Cell 26 (2007) 731-743.

[21] T.C. Chang, E.A. Wentzel, O.A. Kent, K. Ramachandran, M. Mullendore, K.H. Lee,
G. Feldmann, M. Yamakuchi, M. Ferlito, C.J. Lowenstein, D.E. Arking, M.A. Beer,
A. Maitra, ].T. Mendell, Transactivation of miR-34a by p53 broadly influences
gene expression and promotes apoptosis, Mol. Cell 26 (2007) 745-752.

[22] M. Kaller, S.T. Liffers, S. Oeljeklaus, K. Kuhlmann, S. Roh, R. Hoffmann, B.
Warscheid, H. Hermeking, Genome-wide characterization of miR-34a induced
changes in protein and mRNA expression by a combined pulsed SILAC and
microarray analysis, Mol. Cell. Proteomics 10 (2011). M111 010462.

[23] V.N. Kim, MicroRNA biogenesis: coordinated cropping and dicing, Nat. Rev.
Mol. Cell Biol. 6 (2005) 376-385.

[24] D.P. Bartel, MicroRNAs: genomics, biogenesis, mechanism, and function, Cell
116 (2004) 281-297.

[25] T.W. Nilsen, Mechanisms of microRNA-mediated gene regulation in animal
cells, Trends Genet. 23 (2007) 243-249.

[26] P. Gao, L. Sun, X. He, Y. Cao, H. Zhang, MicroRNAs and the Warburg effect: new
players in an old arena, Curr. Gene Ther. 12 (2012) 285-291.

[27] R.Yi, M.N. Poy, M. Stoffel, E. Fuchs, A skin microRNA promotes differentiation
by repressing ‘stemness’, Nature 452 (2008) 225-229.

[28] M. Inui, G. Martello, S. Piccolo, MicroRNA control of signal transduction, Nat.
Rev. Mol. Cell Biol. 11 (2010) 252-263.

[29] V. Rottiers, A.M. Naar, MicroRNAs in metabolism and metabolic disorders, Nat.
Rev. Mol. Cell Biol. 13 (2012) 239-250.


http://dx.doi.org/10.1016/j.bbrc.2013.06.043
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0005
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0010
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0015
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0020
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0025
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0030
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0035
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0040
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0045
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0050
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0055
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0060
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0065
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0070
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0075
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0080
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0085
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0090
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0095
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0100
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0105
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0110
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0115
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0120
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0125
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0130
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0135
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0140
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0145
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0145

H.-R. Kim et al./Biochemical and Biophysical Research Communications 437 (2013) 225-231 231

[30] B. Chen, H. Li, X. Zeng, P. Yang, X. Liu, X. Zhao, S. Liang, Roles of microRNA on
cancer cell metabolism, J. Transl. Med. 10 (2012) 228.

[31] C. Coulouarn, V.M. Factor, ].B. Andersen, M.E. Durkin, S.S. Thorgeirsson, Loss of
miR-122 expression in liver cancer correlates with suppression of the hepatic
phenotype and gain of metastatic properties, Oncogene 28 (2009) 3526-3536.

[32] A. Peschiaroli, A. Giacobbe, A. Formosa, E.K. Markert, L. Bongiorno-Borbone, A.J.
Levine, E. Candi, A. D’Alessandro, L. Zolla, A. Finazzi Agro, G. Melino, MiR-143
regulates hexokinase 2 expression in cancer cells, Oncogene 32 (2013) 797-
802.

[33] R. Fang, T. Xiao, Z. Fang, Y. Sun, F. Li, Y. Gao, Y. Feng, L. Li, Y. Wang, X. Liu, H.
Chen, X.Y. Liu, H. Ji, MicroRNA-143 (miR-143) regulates cancer glycolysis via
targeting hexokinase 2 gene, J. Biol. Chem. 287 (2012) 23227-23235.

[34] S.M. Lee, J.H. Kim, EJ. Cho, H.D. Youn, A nucleocytoplasmic malate
dehydrogenase regulates p53 transcriptional activity in response to
metabolic stress, Cell Death Differ. 16 (2009) 738-748.

[35] J.S. Roe, H.R. Kim, LY. Hwang, N.C. Ha, S.T. Kim, EJ. Cho, H.D. Youn,
Phosphorylation of von Hippel-Lindau protein by checkpoint kinase 2
regulates p53 transactivation, Cell Cycle 10 (2011) 3920-3928.

[36] P.J. Roach, A.A. Depaoli-Roach, T.D. Hurley, V.S. Tagliabracci, Glycogen and its
metabolism: some new developments and old themes, Biochem. ]. 441 (2012)
763-787.

[37] R. Possemato, K.M. Marks, Y.D. Shaul, M.E. Pacold, D. Kim, K. Birsoy, S.
Sethumadhavan, HK. Woo, H.G. Jang, AK. Jha, W.W. Chen, F.G. Barrett, N.
Stransky, Z.Y. Tsun, G.S. Cowley, ]. Barretina, N.Y. Kalaany, P.P. Hsu, K. Ottina,
A.M. Chan, B. Yuan, L.A. Garraway, D.E. Root, M. Mino-Kenudson, E.F. Brachtel,
E.M. Driggers, D.M. Sabatini, Functional genomics reveal that the serine
synthesis pathway is essential in breast cancer, Nature 476 (2011) 346-350.

[38] T. Hitosugi, J. Fan, T.W. Chung, K. Lythgoe, X. Wang, ]. Xie, Q. Ge, T.L. Gu, R.D.
Polakiewicz, ].L. Roesel, G.Z. Chen, T.J. Boggon, S. Lonial, H. Fu, F.R. Khuri, S.
Kang, J. Chen, Tyrosine phosphorylation of mitochondrial pyruvate
dehydrogenase kinase 1 is important for cancer metabolism, Mol. Cell 44
(2011) 864-877.

[39] M. Huarte, M. Guttman, D. Feldser, M. Garber, M.]. Koziol, D. Kenzelmann-Broz,
A.M. Khalil, O. Zuk, I. Amit, M. Rabani, L.D. Attardi, A. Regev, E.S. Lander, T.
Jacks, J.L. Rinn, A large intergenic noncoding RNA induced by p53 mediates
global gene repression in the p53 response, Cell 142 (2010) 409-419.

[40] S. Oudard, F. Poirson, L. Miccoli, Y. Bourgeois, A. Vassault, M. Poisson, H.
Magdelenat, B. Dutrillaux, M.F. Poupon, Mitochondria-bound hexokinase as
target for therapy of malignant gliomas, Int. J. Cancer 62 (1995) 216-222.

[41] S.P. Mathupala, Y.H. Ko, P.L. Pedersen, Hexokinase-2 bound to mitochondria:
cancer’s stygian link to the “Warburg Effect” and a pivotal target for effective
therapy, Semin. Cancer Biol. 19 (2009) 17-24.

[42] LA. Liotta, R. Mandler, G. Murano, D.A. Katz, RK. Gordon, P.K. Chiang, E.
Schiffmann, Tumor cell autocrine motility factor, Proc. Natl. Acad. Sci. USA 83
(1986) 3302-3306.

[43] T. Funasaka, A. Raz, The role of autocrine motility factor in tumor and tumor
microenvironment, Cancer Metastasis Rev. 26 (2007) 725-735.

[44] J.W.Kim, L. Tchernyshyov, G.L. Semenza, C.V. Dang, HIF-1-mediated expression
of pyruvate dehydrogenase kinase: a metabolic switch required for cellular
adaptation to hypoxia, Cell Metab. 3 (2006) 177-185.

[45] H. Tang, M. Lee, O. Sharpe, L. Salamone, E.J. Noonan, C.D. Hoang, S. Levine, W.H.
Robinson, ].B. Shrager, Oxidative stress-responsive microRNA-320 regulates
glycolysis in diverse biological systems, FASEB ]. 26 (2012) 4710-4721.


http://refhub.elsevier.com/S0006-291X(13)01030-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0150
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0155
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0160
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0165
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0170
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0175
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0175
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0175
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0180
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0185
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0190
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0195
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0195
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0195
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0195
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0200
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0200
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0200
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0205
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0205
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0205
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0210
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0210
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0210
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0215
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0215
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0220
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0220
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0220
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0225
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0225
http://refhub.elsevier.com/S0006-291X(13)01030-9/h0225

	p53 regulates glucose metabolism by miR-34a
	1 Introduction
	2 Materials and methods
	2.1 Cells and virus infections
	2.2 Western blot and antibodies
	2.3 Quantitative real-time PCR (q-PCR)
	2.4 Hexokinase and glucose-6-phosphate isomerase activity measurement
	2.5 Luciferase assay
	2.6 Treatment of miR-34a inhibitor
	2.7 Lactate production measurement
	2.8 Oxygen consumption rate and ATP production measurement

	3 Results and discussion
	3.1 p53 downregulates glucose metabolic enzymes
	3.2 miR-34a inhibits glucose metabolic enzymes
	3.3 miR-34a directly regulates HK1, HK2, GPI, and PDK1 expression
	3.4 The p53-miR-34a pathway controls glucose metabolism

	Acknowledgments
	Appendix A Supplementary data
	References


