
A nucleocytoplasmic malate dehydrogenase regulates
p53 transcriptional activity in response to metabolic
stress
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Metabolic enzymes have been shown to function as transcriptional regulators. p53, a tumor-suppressive transcription factor,
was recently found to regulate energy metabolism. These combined facts raise the possibility that metabolic enzymes may
directly regulate p53 function. Here, we discover that nucleocytoplasmic malate dehydrogenase-1 (MDH1) physically associates
with p53. Upon glucose deprivation, MDH1 stabilizes and transactivates p53 by binding to p53-responsive elements in the
promoter of downstream genes. Knockdown of MDH1 significantly reduces binding of acetylated-p53 and transcription-active
histone codes to the promoter upon glucose depletion. MDH1 regulates p53-dependent cell-cycle arrest and apoptosis in
response to glucose deprivation, suggesting that MDH1 functions as a transcriptional regulator for a p53-dependent metabolic
checkpoint. Our findings provide insight into how metabolism is directly linked to gene expression for controlling cellular events
in response to metabolic stress.
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Two fundamental processes—energy metabolism and gene
regulation—in living organisms are considered indirectly
linked to each other due to their different functional locations.
Recent findings that some metabolic enzymes function
as transcriptional regulators have implicated direct
coupling of energy metabolism with gene regulation.1–3

For instance, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) serves as a co-activator to regulate the expression
of histone H2B.4 Nuclear GAPDH also activates p300/CBP
and induces apoptotic genes.5 In addition, Arg5/6, a yeast
metabolic enzyme involved in arginine biosynthesis, regulates
the transcription of nuclear and mitochondrial target genes,6

and plant hexokinase 1 forms a nuclear glucose signaling
complex core that directly modulates specific target gene
transcription.7

Glucose is the central molecule for energy metabolism in
glycolysis and in the tricarboxylic acid (TCA) cycle and
mitochondrial respiration. Interestingly, cancer cells have
long been known to have altered glucose metabolism by
preferentially acquiring energy from glycolysis rather than
from mitochondrial respiration.8 This metabolic shift to aerobic
glycolysis in cancer cells is commonly referred to as the
Warburg effect.9,10 Recently, pyruvate kinase M2 isoform was
found to be important for aerobic glycolysis and cancer
metabolism.11 But the molecular mechanism underlying the
Warburg effect is still unclear. Because tumor formation is
basically caused by dysregulation of gene expression by a

genetic or epigenetic alteration, the Warburg effect may be
caused by dysregulated transcription.

p53 is the best-known transcription factor that controls
cell-cycle arrest and cell death in response to a wide range of
stresses.12,13 However, the tumor-suppressive function of
p53 has been mainly studied under conditions of DNA
damage with g-irradiation, UV and free radicals. Intriguingly,
recent findings that p53 regulates glucose metabolism have
invoked vigorous interest in the direct linkage between
metabolism and p53-related cancer.14–17 According to these
findings, p53 in normal cells leads to upregulation of
mitochondrial function and downregulation of glycolysis,
suggesting that p53 mutation results in the metabolic switch
to the Warburg effect found in cancer cells.

In addition, p53 has been suggested to be involved in
metabolic diseases, such as aging, and diabetes.13,18–20

Intriguingly, p53 downregulates the isoforms of glucose
transporter (GLUT) genes.17,21 Indeed, knockout of GLUT4,
the insulin-sensitive glucose transporter, leads to retarded
growth and decreased longevity in mice.22

On the basis of previous findings that p53 regulates energy
metabolism and that metabolic enzymes serve as transcrip-
tional regulators, we reasoned that some glucose metabolic
enzymes may directly bind to p53 to reflect the metabolic state
in gene transcription. In this study, we identify nucleocyto-
plasmic malate dehydrogenase-1 (MDH1) as a p53-binding
metabolic enzyme by immunoprecipitation assay, and we
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demonstrate a mechanism whereby glucose depletion acti-
vates p53 transcription factor through MDH1. MDH1 serves
as a transcriptional co-activator of p53 by moving to the
nucleus and binding to the promoter of p53-downstream
genes, and ultimately regulating p53-mediated cell-cycle
arrest and cell death in response to glucose deprivation. Our
results show that MDH1 signals glucose depletion by directly
binding to p53 and activating p53-mediated cell-cycle arrest
and apoptosis, and suggest that dysregulation of the meta-
bolic enzyme MDH1 in p53 activation may lead to tumor
formation and growth.

Results

MDH1 associates with p53. To address whether glycolysis
and TCA cycle enzymes directly regulate the transcriptional
activation of p53, we first cloned the human glucose
metabolic enzymes into mammalian expression vectors
(Supplementary Figure 1a, b; Supplementary Table 1) and
screened for p53-binding metabolic enzymes through
transient transfection of HA-p53 and Myc-tagged metabolic
enzymes into human embryonic kidney 293 (HEK293) cells
followed by immunoprecipitation assays. Interestingly,
HA-p53 bound to Myc-tagged MDH1 but to malic enzyme-1
(ME1) (Figure 1a and b). A mammalian GST-fused p53
specifically bound to the C-terminal region of MDH1
(Figure 1c). To determine the binding region of MDH1 on
p53, three different mutants of HA-p53 (DN, DDBD, DC) were
transiently transfected into HEK293 cells followed by GST
pull-down assay. GST-fused C-terminal domain of MDH1
could not associate with the DNA-binding domain (DBD)-
deleted p53 mutant (DDBD; Figure 1d). When we tested
whether recombinant GST-fused C-terminal domain of
MDH1 bound to [35S]-labeled truncated mutants of p53
produced by in vitro translation, we found that purified
recombinant GST-fused C-terminal domain of MDH1 could
bind to [35S]-labeled in vitro-translated DBD-p53 (Figure 1e),
indicating that the metabolic enzyme MDH1 specifically
associates with p53.

We next investigated their endogenous interaction under
glucose-deprived conditions. When we performed the im-
munoprecipitation from cell lysates of either glucose-starved
or glucose-rich primary human lung fibroblast (L-132) cells,
we found that immunoprecipitates of anti-MDH1 contained
more p53 upon glucose withdrawal (Figure 1f), possibly
indicating that MDH1 preferentially binds to p53 under
glucose-deprived conditions. However, it may be because
both p53 and MDH1 are more stabilized under glucose-
starved conditions. To verify the preferential binding of p53 to
MDH1, we transiently transfected HEK293 cells with HA-p53
and Myc-MDH1. After 24 h incubation, we depleted glucose
from the media, harvested glucose-starved cells at the
indicated time interval and tested the interaction between
p53 and MDH1. Interestingly, Myc-MDH1 and HA-p53
associated more strongly under glucose-deprived conditions
(Figure 1g).

Stabilization and nuclear localization of p53 by
MDH1. We found that MDH1 binds to p53 and its protein

amount is accumulated at approximately 1.5-fold higher by
glucose deprivation (24 h) (Figure 1f; Supplementary Figure
2a). We thus examined that increased MDH1 affects p53
degradation by ubiquitin–proteasome pathway. To examine
the effect of MDH1 on p53 stabilization, we infected primary
human diploid fibroblast (HDF) cells with either adenoviral
MDH1 (Ad-MDH1) or lentiviral shMDH1, and detected p53
ubiquitination after treatment with proteasome inhibitor,
MG132. We first confirmed that infected MDH1 was
increased at approximately 1.5-fold higher (Figure 2a;
Supplementary Figure 2b). Overexpression of MDH1 led to
a significant decrease in p53 ubiquitination (Figure 2a). In
contrast, shRNA-mediated knockdown of MDH1 increased
p53 ubiquitination (Figure 2b).

We then examined the possibility that MDH1 blocks the
nuclear export of p53 by Mdm2. When we transfected p53-
deficient H1299 cells with p53, Mdm2 and/or Myc-MDH1, we
observed that p53 was entirely located in the nucleus when
expressed alone, but translocated into the cytoplasm when
coexpressed with Mdm2 (Figure 2c). As expected, p53
redistributed to the nucleus when MDH1 was expressed with
Mdm2, indicating that MDH1 blocks the Mdm2-mediated
nuclear export of p53.

As Mdm2 is a well-known ubiquitin ligase of p53, we
examined whether MDH1 physically interrupts the p53-Mdm2
interaction (Supplementary Figure 3). To test the direct effect
of MDH1 on the p53-Mdm2 interaction, we transiently
transfected each of plasmid (HA-p53, Mdm2, Myc-MDH1)
into HEK293 cells, respectively. Each of cell lysate was mixed
with different combinations as indicated, immunoprecipitated
with anti-HA antibody recognizing p53 and then immuno-
blotted with anti-Mdm2 antibody. An increasing amount of
MDH1 did not interrupt the p53-Mdm2 interaction (Supple-
mentary Figure 3a). In fact, we showed that MDH1 binds to the
DBD of p53 (Figure 1d), whereas Mdm2 is known to bind to
N-terminal region of p53. It is known that histone acetyl-
transferases (p300/CBP) compete with Mdm2 for binding to
N-terminal region,23 we investigated the interaction of MDH1
with p300 by transient transfection (Supplementary Figure
3b). As expected, endogenous MDH1 could bind to p300,
suggesting the possibility that MDH1 indirectly interrupt the
p53-Mdm2 interaction. Meantime, as the interaction between
MDH1 and p53 is strengthened under glucose-deprived
conditions (Figure 1f and g), we investigated the localization
of both p53 and MDH1 upon glucose withdrawal. MDH1 was
dispersed in both cytoplasm and nucleus in glucose-rich
media. However, MDH1 translocated to the nucleus and
colocalized with p53 in glucose-free media (Figure 2d).
Meantime we investigated whether translocation of MDH1 is
caused by the enhancement of binding with p53. MDH1 in
p53-deficient H1299 cells could translocate into nucleus
under glucose-deprived conditions (Supplementary Figure
4), indicating that translocation of MDH1 into nucleus is not
caused by binding with p53.

Transactivation of p53 by MDH1. When H1299 cells were
transfected with Myc-MDH1, HA-p53 and pG13-luciferase
reporter gene vectors, increasing amounts of MDH1 up-
regulated the p53-driven luciferase activities (Supplementary
Figure 5). We then investigated MDH1-mediated p53
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transactivation using three p53-downstream luciferase reporter
genes (Bax-, p21-, Noxa-luciferase) (Figure 3a). MDH1
increased the luciferase activities in p53-downstream
luciferase reporter genes, but not in p53-responsive element
(RE)-mutated and -deleted forms of the Noxa-luciferase reporter
gene (Figure 3a). To examine whether MDH1 binds to the
p53-RE in the promoters of downstream genes, we performed
chromatin immunoprecipitation (ChIP) assays (Figure 3b).
Endogenous binding of p53 to its promoters (p21, Bax) was

further increased in glucose-deprived media. Intriguingly,
endogenous MDH1 significantly bound to the p53-RE in the
promoters of both Bax and p21 upon glucose deprivation
(Figure 3b), but there was little or no difference in p53 knockout
mouse embryonic fibroblasts (MEF) (p53�/�) (Figure 3b).
To further investigate whether p53 mediates MDH1 binding to
the promoters of p53-downstream genes, we performed the
ChIP assay using anti-MDH1 antibody with either wild-type
MEF (p53þ /þ ) or p53 knockout MEF (p53�/�) under
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glucose-deprived conditions (Figure 3c). The binding of MDH1
to p53-downstream gene’s promoters was significantly reduced
in MEF (p53�/�) cells, indicating that MDH1 binds to the p53-RE
in the promoters through its association with p53. We next
examined the effect of MDH1 knockdown on the change of
epigenetic codes around p53-RE in HDF cells under glucose-
deprived conditions (Figure 3d). Intriguingly, p53 still bound to
the Bax promoter, but acetylated-p53 was not detected in
MDH1-knockdown HDF cells, even upon glucose removal.
Moreover, both H3-AcK9 and H3-TriMK4 in MDH1-knockdown
HDF cells were barely detected, but H3-TriMK9 was highly
detected under glucose-deprived conditions (Figure 3d).

We next investigated the effect of MDH1 knockdown on the
mRNA levels of p53-downstream genes by real-time PCR.
The treatment of siMDH1 in HDF cells was first confirmed to

reduce the mRNA level of MDH1 (Supplementary Figure 6).
When the mRNA levels of p53-downstream genes (p21, Bax,
Noxa) were measured in MDH1-knockdown HDF cells in
glucose-free media, the upregulation of their mRNA levels in
MDH1-knockdown cells was retarded in comparison with that
in normal cells (Figure 3e). Taken together, MDH1 partici-
pates in p53 transactivation during glucose deprivation as a
transcriptional co-activator.

Enzymatic activity of MDH1 is not required for apoptosis
upon glucose deprivation. To test whether MDH1 catalytic
activity affects p53-mediated cellular apoptosis, we
generated catalytically inactive mutant MDH1 (H187Y) by
site-directed mutagenesis based on previous reports that the
histidine residue of His-Asp pair is the critical base/acid
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catalyst in the active site of 2-hydroxy acid dehydro-
genases.24 However, as there is little information about
mutagenesis of human MDH1, we first measured the

enzymatic activities of Flag-MDH1 (WT) and Flag-MDH1
(H187Y), which were purified from transfected HEK293 cells
using an anti-Flag-M2-Agarose affinity column (Figure 4a).
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We confirmed that MDH1 (H187Y) lost almost all of its
enzymatic activity (Figure 4b). Intriguingly, MDH1 (H187Y)
bound to p53 (Figure 4c) and their interaction was more
strengthened under glucose-deprived conditions (Figure 4d).
In addition, MDH1 (H187Y) activated p53-driven luciferase
reporter gene (Figure 4e). Moreover, exogenous MDH1
(H187Y) also triggered the nuclear localization of p53
(Figure 4f), suggesting that the catalytic activity of MDH1 is
not required for the transactivation of p53.

To examine whether HDF cells with MDH1 (H187Y)
exhibited increased cell-cycle arrest or apoptosis, we infected
HDF cells with Ad-MDH1 (H187Y). As expected, MDH1
(H187Y) infection also induced G1-cell-cycle arrest (Figure 5a
and b). Similar to MDH1 (WT), infection with Ad-MDH1
(H187Y) ultimately led to rapid cell death under glucose-
deprived conditions (Figure 5c).

MDH1 affects cell cycle and apoptosis upon glucose
deprivation. Because p53 regulates cell cycle and
apoptosis, we investigated whether MDH1 affects cell-cycle
arrest and apoptosis through the activation of p53. First, we
observed that infection with Ad-MDH1 triggered both
phosphorylation (S15) and acetylation (K373/382) of p53
(Supplementary Figure 7a). In accordance with p53
modifications, p21 was upregulated in Ad-MDH1-infected
cells (Supplementary Figure 7a). In addition, exogenous
MDH1 bound to the p53-RE in the p21 promoter when cells
were infected with Ad-MDH1 (Supplementary Figure 7b).
Consistent with these data, infection with either

Ad-MDH1(WT) or Ad-MDH1 (H187Y) triggered G1-cell-
cycle arrest in primary HDF cells (Figure 5a and b).
Meanwhile, mitochondrial MDH2 (Ad-MDH2) did not affect
G1-cell-cycle arrest.

To further examine the function of MDH1 in apoptosis in
response to glucose depletion, we measured the sub-G1

population in HDF cells infected with Ad-MDH1 (WT),
Ad-MDH1 (H187Y), Ad-MDH2 and Ad-GFP. When glucose
was removed from the media, the apoptotic rate in Ad-MDH1-
infected HDF cells was increased more rapidly than that in Ad-
GFP- or Ad-MDH2-infected cells (Figure 5c). Similar to MDH1
(WT), infection with Ad-MDH1 (H187Y) ultimately led to rapid
cell death under glucose-deprived conditions (Figure 5c).
Conversely, knockdown of MDH1 in both HDF and HCT116
cells retarded apoptosis in glucose-free media (Supplemen-
tary Figure 8).

p53 is involved in MDH1-mediated apoptosis under
glucose-deprived conditions. To examine the function of
p53 in MDH1-mediated apoptosis upon glucose deprivation,
we infected p53-deficient H1299 cells with adenoviral forms
of either p53 (Ad-p53) or Ad-LacZ, and measured the
apoptotic cells in the sub-G1 population under glucose-
deprived conditions. Interestingly, Ad-p53-infected H1299
cells were more sensitive to apoptosis upon glucose
withdrawal (Figure 6a; Supplementary Figure 9). We next
knocked down p53 by infecting HDF cells with the lentiviral
form of shp53 and then observed the apoptotic cells under
glucose-deprived conditions. As expected, p53 knockdown
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retarded the apoptotic rate in HDF cells upon glucose
deprivation (Figure 6b; Supplementary Figure 10). The data
indicated that p53 functions as a transcriptional regulator for
apoptosis in response to glucose depletion. In addition, when
p53-knockdown HDF cells were infected with the adenoviral
form of Ad-MDH1, mRNA levels of p53-downstream genes
(p21, Bax) did not increase further, even in glucose-free
media (Figure 6c). To further confirm whether MDH1-
mediated apoptosis occurs through p53, we infected MEF
(p53þ /þ ) and MEF (p53�/�) cells with Ad-MDH1 (Figure 6d).
In Ad-MDH1-MEF (p53þ /þ ) cells, the number of apop-
totic cells gradually increased upon glucose withdrawal
(Figure 6e). Meanwhile, Ad-MDH1-MEF (p53�/�) cells were
relatively insensitive to apoptosis in glucose-free media
(Figure 6e).

We next performed colony formation assays to determine
whether MDH1 was able to induce apoptosis in a p53-
dependent manner. H1299 and U2OS cells were transfected
with mammalian expression vectors for MDH1 or p53, and
these transfected cells were selected with G418. Over-
expression of MDH1 did not trigger apoptosis in p53-deficient
H1299 cells, whereas overexpression of p53 resulted in
significant apoptosis in H1299 cells (Figure 6f; Supplementary
Figure 11). Conversely, overexpression of MDH1 reduced the
colony formation in p53-wild-type U2OS cells, suggesting that
MDH1 triggered p53-dependent apoptosis.

Discussion

p53 is a well-documented transcription factor that controls
cell-cycle arrest, DNA repair and cell death and that ultimately
contributes to the maintenance of genomic stability. These
functions of p53 are thus defined as ‘the guardian of the
genome’.12,13 Recently, a novel function of p53 was dis-
covered that regulates the ATP-generating pathways, that is,
glycolysis and mitochondrial respiration, in glucose metabo-
lism;25–27 this function was referred to as ‘the guardian of
metabolism’. p53 downregulates glycolysis by inducing
TIGAR, which causes a decline in Fru-2,6-P2 levels.15 p53
regulates glucose metabolism through an IKK-NF-kB
pathway.17 In addition, p53 loss leads to increased PGM
expression and enhanced glycolysis.14 Meanwhile, p53
guards mitochondrial respiration by maintaining the expres-
sion of SCOII, a component of the mitochondrial cytochrome
oxidase complex.16 Consequently, in cancer cells, dysregu-
lated p53 leads to the metabolic shift to aerobic glycolysis.

In this study, we demonstrate a mechanism whereby the
metabolic enzyme MDH1 enhances the stabilization and
transactivation of p53 in response to glucose depletion. The
significance of this finding lies in the newly defined function of
MDH1 in the activation of p53 as a transcriptional co-activator.

MDH1 belongs to a family of 2-hydroxy acid dehydro-
genases.28 Interestingly, the 2-hydroxy acid dehydrogenases
participate in gene regulation. Lactate dehydrogenase (LDH)
has DNA-binding activity in the nucleus.29 LDH together with
GAPDH is also part of the OCA-S complex for S-phase
specific H2B transcription.4 C-terminal binding protein (CtBP),
a reminiscent form of 2-hydroxy acid dehydrogenase, is a
transcriptional corepressor that recruits histone deacetylases
and demethylases.30 However, its catalytic ability is not

required for transcriptional repression.31,32 Like CtBP, the
inactive mutant of MDH1 is able to trigger apoptosis in
response to glucose depletion, indicating that the catalytic
activity of MDH1 is not involved in connecting with transcrip-
tion during glucose depletion. Nonetheless, we will not
exclude any possibility that metabolic changes by over-
expression of MDH1 or its mutant may affect cell cycle and
apoptosis in response to metabolic stress.

MDH1 (NADþ -dependent malate dehydrogenase, EC
1.1.1.37) catalyzes the reversible conversion of malate to
oxaloacetate in cytoplasm. The primary functions of MDH1 in
metabolism are to transport NADH equivalents and metabo-
lites across the mitochondrial membrane and to control the
size of the TCA cycle pool.33,34 Due to the importance of these
functions, MDH1 appears to be a critical checkpoint for energy
balance between mitochondria and cytoplasm. However, its
catalytic activity, namely, the ability of conversion of malate to
oxaloacetate, is unlikely to be involved in p53 activation under
glucose-starved conditions. Nonetheless, we cannot exclude
other possibilities: kinases (AMPK and Akt/PKB) that regulate
the mode of p53 upon glucose withdrawal35–37 may induce a
specific interaction between MDH1 and p53, or conforma-
tional changes in MDH1 caused by a change in the ratio of
[NADþ ]/[NADH] may induce the MDH1-p53 interaction,
similar to CtBP regulation of p300-mediated transcriptional
activation by monomer–dimer transition in an NADH-depen-
dent manner.32 In addition, PARP-1 modifies the poly(ADP-
ribosyl)ation at the p53-DBD using NADþ as substrate, which
leads to accumulation of p53 in nucleus.38 Because MDH1
binds to the p53-DBD, it will be interesting to investigate
whether poly(ADP-ribosyl)ation affects the association
between MDH1 and p53 upon glucose depletion.

Our findings in this study provide evidence that MDH1
directly regulates the p53-dependent apoptosis upon glucose
deprivation and suggest that cross talk between energy
metabolism and p53 transactivation is involved in maintaining
cellular metabolic state and further determining cell death.
Hence, further studies examining the importance of MDH1 in
p53 transactivation will advance our understanding of meta-
bolic enzymes as transcriptional regulators in p53-related
diseases.

Materials and Methods
Cells. Primary HDF cells were isolated from the foreskin of a 7-year-old boy,
obtained during an operation with parents’ consent at Seoul National University
Hospital. HDF cells were regularly trypsinized and the number of population
doublings (PD) was monitored for further experiments. These HDF cells were
obtained from Dr. Jin Ho Chung (Seoul National University College of Medicine,
Korea). MEF (p53þ /þ ) and MEF (p53�/�) were obtained from Dr. Han-Woong Lee
(Yonsei University, Korea). Primary human lung fibroblast (L-132) cells, HEK293,
H1299, U2OS and HCT116 cells were purchased from ATCC. Cells were cultured in
DMEM containing 10% (v/v) fetal bovine serum and 50 U/ml of streptomycin and
penicillin.

DNA and transfection. Mammalian expression vectors for full-length or
deletion mutants of p53 were described previously.39 The expression vectors for
full-length or truncated MDH1 mutants were obtained by inserting PCR fragments
into pcDNA3.1-Myc (Invitrogen) and pGEX-4T-1 (Amersham). p53-driven luciferase
reporter genes were described previously.39 The point mutant used in this study was
made using a QuickChange site-directed mutagenesis kit (Stratagene). More
detailed information about the DNAs used in this study is available on request. DNA
transfections were carried out using Lipofectamine reagent according to the
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manufacturer’s instructions (Invitrogen). For adenoviral vectors for Myc-MDH1 and
Myc-MDH2, PCR was carried out using pcDNA3.1-MDH1-Myc and pcDNA3.1-
MDH2-Myc as templates, and PCR products were inserted into adenoviral vectors
as described previously.40

Immunoprecipitation and immunoblotting. Cells were lysed with lysis
buffer (20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.5% (v/v) NP-40, 1� protease
inhibitor cocktail (Roche)), and cell lysates were incubated with the appropriate
antibody in the presence of protein A/G beads (Santa Cruz Biotechnology).
Immunoprecipitates were boiled with SDS sample buffer, loaded into SDS-PAGE
gels, transferred to nitrocellulose membranes and probed with suitable antibodies.
The following antibodies were used in this study: anti-b-actin mAb and anti-Flag
mAbs were purchased from Sigma; anti-HA and anti-Myc mAbs from Covance; anti-
p53 (DO-1) mAb, anti-ubiquitin (P401), anti-p21 (sc-6246), anti-Bax (sc-493) and
anti-GST (B-14) from Santa Cruz Biotechnology; anti-acetyl-p53 (K373/382, 06-
758) from Upstate; anti-p53 pAb (no. 9282) and anti-phospho-p53 (S15, no. 9284)
from Cell Signaling Technology. Affinity-purified rabbit anti-MDH1 polyclonal
antibody was generated against human MDH1 (amino acids 321–334,
TEEKESAFEFLSSA) (LabFrontier Co., Ltd, Seoul, Korea).

Real-time PCR. Total RNAs were extracted with TriZols reagent (Invitrogen)
and reverse transcribed (AMV Reverse Transcriptase XL, Takara, Japan). mRNA
levels were quantified by real-time PCR with SYBRs Green qPCR Kit (Finnzymes,
F-410L) in the iQ5 Real-Time PCR Detection System (Bio-Rad). Results were
normalized to total input DNA using the 2�DDCT calculation method.41 The primers
for real-time PCR were as follows:

Human p21 (forward: 50-GCAGACCAGCATGACAGATTT-30, reverse: 50-GGAT
TAGGGCTTCCTCTTGGA-30), human Bax (forward: 50-TCTACTTTGCCAGCAAA
CTGGTGC-30, reverse: 50-TGTCCAGCCCATGATGGTTCTGAT-30), human Noxa
(forward: 50-ACTGTTCGTGTTCAGCTC-30, reverse: 50-GTAGCACACTCGACTT
CC-30), human b-actin (forward: 50-ACGTTGCTATCCAGGCTGTGCTAT-30,
reverse: 50-TTAATGTCACGCACGATTTCCCGC-30).

RNA interference. A mixture of two sets of siMDH1s that was used to knock-
down MDH1 (siMDH1-1: 50-GAAAGGAAGUUGGUGUUUA-30; siMDH1-2: 50-GGA
UCUUACUGCAAAGGAA-30) was synthesized by Samchully Pharmaceuticals
(Seoul, Korea). As a control, siGFP was used as previously described.39 Primary
HDF cells were treated with 100 nM of siMDH1 using Oligofectamine reagent
(Invitrogen). For viral-mediated RNA interference of MDH1, a mixture of lentiviral
vectors containing MDH1-targeting sequences (pLKO.1-shMDH1 (RHS3979-
9595927 and RHS3979-9595931)) was used. For knockdown of p53, pLKO.
1-shp53 (RHS3979-9572439 and RHS3979-9572440) was used. As a control,
pLKO.1-scrambled was also used. These lentiviral vectors were purchased from
Open Biosystems.

Detection of cell cycle and apoptosis. The cells were infected with viral
particles and further incubated for 30 h (for adenoviral infection) or 72 h (for lentiviral
infection). The infected cells were then cultured in DMEM with or without glucose
(25 mM). For FACS analyses of cell cycle and apoptosis, cells were fixed in 50%
(v/v) ethanol and stained with 1 ml of a solution containing RNase A (50mg/ml) and
propidium iodide (50 mg/ml). At least 10 000 cells were collected and analyzed with
the Coulter Epics XLt flow cytometer (Beckman-Coulter, USA). Percentages of
cells in G1 or sub-G1 were calculated with Multicycle for Windows software
(Beckman-Coulter).

Chromatin immunoprecipitation assay. Primary HDF or MEF cells
grown in glucose-rich media (25 mM) or glucose-starved (1 or 0 mM) for 16 h
were treated with formaldehyde. Lysates of nuclear chromatin (100–200mg) were
immunoprecipitated with anti-p53 (FL-393, Santa Cruz Biotechnology) pAb, anti-
MDH1 pAb, anti-acetyl-p53 (K373/382, 06-758, Upstate) pAb, anti-H3 (ab1791,
Abcam) pAb, anti-Ac-H3K9 (no. 9671, Cell Signaling) pAb, anti-Tri-MeH3K9
(ab8898, Abcam) pAb or anti-Tri-MeH3K4 (07-473, Upstate) pAb. As a control,
anti-rabbit IgG (Santa Cruz Biotechnology) was used. The primer sequences used
for PCR were as follows: Mouse p21 (forward: 50-CCTTTCTATCAGCCCCAGA
GGATA-30, reverse: 50-GGGACATCCTTAATTATCTGGGGT-30), mouse Bax (forward:
50-CTGTCCTTGAACTCAGAGAGATGG-30, reverse: 50-GGCTATCCTGGAACTCACTT
TTGA-30), human Bax (forward: 50-TAATCCCAGCGCTTTGGAAG-30, reverse: 50-TG
CAGAGACCTGGATCTAGCAA-30).

Ubiquitination assay. HDF cells were infected with Ad-MDH1 (for 30 h) or
lentiviral shMDH1 (for 72 h). Infected cells were treated with 10 mM of the
proteasomal inhibitor MG132 (Calbiochem) overnight. Cell lysates were
immunoprecipitated with anti-p53 polyclonal antibody (no. 9282, Cell Signaling)
and probed with anti-ubiquitin mAb (P401, Santa Cruz Biotechnology).

Immunofluorescent staining. To detect the localization of MDH1 after 6-h
glucose depletion, primary human lung fibroblast (L-132) cells (PD number 2) were
fixed with 4% (w/v) paraformaldehyde, permeabilized with 0.5% Triton X-100 and
blocked with 2% (w/v) bovine serum albumin in phosphate-buffered saline. The cells
were then stained with anti-MDH1 polyclonal antibody and Rhodamine Red-X-
conjugated anti-rabbit antibody (Jackson Immunoresearch) and with anti-p53
(DO.1) monoclonal antibody and FITC-conjugated anti-mouse antibody (Jackson
Immunoresearch). Immunofluorescence was examined using a Zeiss LSM 510
laser scanning microscope.

Colony formation assay. p53-wild-type U2OS and p53-null H1299 were
transfected with either empty vector (pcDNA3.1-Myc) or pcDNA3.1-MDH1-Myc
expression vector. After 36-h incubation, cells were trypsinized and replated at
1 : 1000 dilution in 60 mm culture dishes. After incubation for 24 h, cells were
selected with 1 mg/ml G418 (Calbiochem) for 2 weeks. The colonies were fixed with
methanol and the number of colonies was counted following 1% crystal violet
staining.

MDH1 purification. HEK293 cells were plated on 10 cm dishes and
transfected with pcDNA3-Flag or pcDNA3-Flag-MDH1 (WT or H187Y mutant).
After 48 h of incubation, cells were lysed with lysis buffer (25 mM Tris-HCl (pH 8.0),
150 mM NaCl, 0.5% (v/v) NP-40, 1 mM EDTA, 1 mM DTT, 1� protease inhibitor
cocktail, 1 mM PMSF), and soluble lysates (10 mg) were incubated with anti-Flag-
M2-agarose (A-2220, Sigma) for 1 h. Immunoprecipitates were washed five times
with lysis buffer and three times with 0.1 M potassium phosphate buffer (pH 7.4).
Flag-MDH1s were eluted with 300ml elution buffer (0.1 M potassium phosphate (pH
7.4), 0.1mg/ml 3� Flag peptide (F4799, Sigma)). The purity of these proteins was
confirmed by silver staining.

Measurement of MDH1 activity. The MDH1 activity is determined by
measuring the decrease in absorbance at 340 nm resulting from the oxidation of
NADH. A 100ml volume of enzyme was added to a 96-well plate containing 50ml of
reaction buffer (final concentration of 0.1 M potassium phosphate (pH 7.4), 6 mM
oxaloacetic acid, 3.75 mM NADH). Activity was measured by following the change in
spectrophotometer at 340 nm over a period for 10 min.
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