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Abstract
Cellular compartmentalization of biochemical processes in eukaryotic cells is critical for many
functions including shuttling of reducing equivalents across membranes. Although coordination of
metabolic flux between different organelles is vital for cell physiology, its impact on tumor cell
survival is not well understood. By using an integrative approach, we have dissected the role of
the key metabolic enzymes Malate dehydrogenases (MDH1 and MDH2) to the survival of Nonsmall Cell Lung Carcinomas. Here, we report that while both the MDH1 (cytosolic) and the
MDH2 (mitochondrial) enzymes display elevated levels in patients compared to normal
counterparts, only high expression of MDH1 is associated with poor prognosis. We further show
that the MDH1 enzymatic activity is significantly higher in NSCLC cells than that of MDH2.
Accordingly, genetic depletion of MDH1 leads to significantly higher toxicity than depletion of
MDH2. These findings provide molecular insights into the metabolic characteristics of the malate
isoenzymes and mark MDH1 as a potential therapeutic target in these tumors.
Key words: Malate dehydrogenase, Cancer Metabolism, Lung Cancer

Introduction
Eukaryotic cells compartmentalize biochemical
processes to distinct organelles that depend on
metabolic cycles to shuttle reducing equivalents across
biological membranes. Most of the compartmentalized
reactions are redox (reduction/oxidation) reactions
that require nucleotide-based cofactors to support
various cellular processes including the production of
ATP, biosynthesis and signal transduction [1, 2]. To
obtain an efficient ATP production in mitochondria,
the cytosolic NADH needs to be transferred into the
mitochondrial matrix to access the electron transport
chain [3]. One such important system is the malate
dehydrogenases
(MDH)
that
catalyzes
the
interconversion of oxaloacetate and malate utilizing
NAD+/NADH coenzyme system. Two main forms of
malate dehydrogenases have been identified in several
organisms. While the mitochondrial MDH2 participates in the tricarboxylic acid (TCA) cycle, it

cooperates with its cytosolic isoenzyme MDH1 to
contribute to the malate/aspartate shuttle [4]. This
metabolic cycle transfers NADH into the
mitochondria, allowing cytosolic reducing equivalents
to be delivered to the electron transport chain [5, 6].
The malate dehydrogenases are catalyzing an
energetically unfavorable (non-spontaneous) reaction
as the ΔG0 is larger than 0 [7-9]. MDH1 and MDH2 are
encoded by distinct genes and differ in their specificity
for the NAD+/NADH. Both MDH isoenzymes exist in
physiological conditions as dimers with identical
subunits [8, 10].
Early investigations diverged in their conclusion
indicating that the malate dehydrogenases display
either elevated activity in breast and lung tumors [1113], or lower activity in cancerous tissues [14-16], thus
the contribution of MDH1 and MDH2 to cancer cell
survival has not been elucidated. Moreover, it has
http://www.jcancer.org
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been reported that mutations in the MDH gene have
been observed in pathological conditions. A germline
mutation in the MDH2 was recently reported in
paraganglioma to cause a 6-12 fold decrease in its
expression level [17]. MDH1 has also been shown to be
highly expressed in muscle metastases from pancreatic
adenocarcinomas [18]. While mutations in the MDH1
have been reported in lung cancer, it is not known if
these mutations affect its enzymatic activity [19].
In this study, we have analyzed multiple cohorts
of primary non-small cell lung adenocarcinomas (>300
patients), which revealed an upregulation of MDH1
and MDH2 as validated on both the level of gene and
protein expression in tumor biopsies. However, we
found that only MDH1 expression and not MDH2, is
associated with poor prognosis of NSCLC patients.
Our enzymatic, genetic and metabolomics studies
uncover that MDH1 displays significantly higher
activity compared to MDH2. Accordingly, we show
that genetic depletion of MDH1 is selectively toxic to
the cells compared to MDH2 depletion. Thus, our
study reveals the contribution of MDH1 and MDH2 to
cancer cell survival and mark MDH1 as a potential
therapeutic target in Non-small Cell Lung
Carcinomas.

Materials and Methods
Cell Culture
All tumor cell lines (NCI-H1838, NCI-H1563,
NCI-H1437, NCI-H1792, NCI-H838, NCI-H2087, NCIH522, and A549) included in the study were grown
in RPMI-1640 medium (Sigma Aldrich, St Louis, MO,
USA) supplemented with 10% (v/v) heat‐inactivated
FBS, 100 U/ml penicillin, 100 U/ml streptomycin and
2% (w/v) glutamine. The normal lung cells (Wi-38,
MRC and IMR-90) were grown in DMEM
supplemented with 10% (v/v) heat‐inactivated fetal
bovine serum (FBS), 100 U/ml penicillin, 100 U/ml
streptomycin, 2% (w/v) glutamine and 1% nonessential amino acids. The cells were grown in a
humidified 5% CO2 atmosphere at 37°C to allow
exponential cell growth.

Immunohistochemical Analysis of Primary
NSCLCs
Staining’s for MDH1 and MDH2 were performed
using the Autostainer 480 (Thermo Fisher Scientific,
Waltham, MA, USA). Tissue slides were incubated
with Ultra V block (TA-125-UB, Thermo Fisher
Scientific, Waltham, MA, USA) for 5 min, and
thereafter incubated with Anti-MDH1 and MDH2,
respectively (The Human Protein Atlas ID: HPA027296 (MDH1) and HPA019716 (MDH2) diluted 1:1300
for 30 min. The slides were then incubated with
labeled horseradish peroxidase-polymer for 30 min,
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followed by 3,3′-Diaminobenzidine (DAB) solution for
5 min. Slides were counterstained in Mayers
hematoxylin for 5 min using the Autostainer XL
(Leica), and then rinsed in lithium carbonate water for
1 min. The slides were dehydrated in graded ethanol
and coverlipped (PERTEX, Histolab) using an
automated glass coverslipper (CV5030, Leica) and
scanned using the automated scanning system Aperio
XT (Aperio Technologies, Leica, Wetzlar, Germany).
Tissue Microarrays were purchased from Biomax and
contained 33 normal adjacent cores and 32 tumor
cores.

Metabolomics
The isotopomer analysis was performed as
previously described [30]. Tumor cell lines (NCIH1838, NCI-H1563, NCI-H1437 and NCI-H1792) were
seed in 60-mm culture dishes and grown until 70-80%
confluency at 37ºC in RPMI medium (US Biologicals,
Salem, MA, USA) containing 10% dialyzed FBS
supplemented with 4mM glutamine. When tracing
glucose carbons, 10 mM U-13C-glucose (Cambridge
Isotope Laboratories, Andover, MA, USA) was
supplemented to the media for 8 hr. After the
indicated time point, the medium was rapidly
removed and cells were washed three times in cold
1xPBS, and polar metabolites was extracted in 0.8 mL
of Chloroform/Methanol/Water (1:3:1) at 4ºC. The
plates were place on a rocker for 1 hr at 4ºC. 5 µL of
media
samples
were
mixed
with
Chloroform/Methanol/Water (1:3:1) and vortexed for
5 min at 4ºC. The lysates were cleared of cellular debris
by centrifugation for 3 min at 13 000x g at 4ºC. All the
cell lines were analyzed in biological replicates where
n=3. The samples were subjected to Hydrophilic
interaction liquid chromatography (HILIC) carried out
on a Dionex UltiMate 3000 RSLC system (Thermo
Fisher Scientific, Hemel Hempstead, UK) using a ZICpHILIC column (150 mm × 4.6 mm, 5 μm column,
Merck Sequant). The column was maintained at 30°C
and the samples were eluted with a linear gradient
(Solution A: 20 mM ammonium carbonate in water,
and solution B acetonitrile, over 26 min at a flow rate
of 0.3 ml/min. 80% B (0 min), 20% B (15 min), 5% B (15
min), 5% B (17 min), 80% B (17 min) and 80 % B (24
min). A Thermo Orbitrap Exactive (Thermo Fisher
Scientific, Waltham, MA, USA) was operated in
polarity switching mode (m/z range 70–1400,) with
spray voltage at 4.5 kV and -3.5 kV the capillary
temperature at 275ºC. The sheath gas flow was set to
40 units, the auxiliary gas flow to 5 units and the sweep
flow was set 1 unit. The MS data acquisition was
performed in a range of 70-1400 m/z with the
resolution set at 50 000. Mass calibration was
performed for each polarity immediately prior to each
http://www.jcancer.org
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analysis. The calibration mass range was extended to
cover small metabolites by inclusion of low-mass
contaminants with the standard Thermo Calmix
masses (< m/z 1400), C2H6NO2 for positive ion
electrospray ionization (PIESI) mode (m/z 76.0393)
and C3H503 for negative ion electrospray ionization
(NIESI) mode (m/z 89.0244). Enhancement of
calibration stability, lock-mass correction was
additionally applied to each analytical run. (Thermo
Scientific. raw LC-MS files were converted to mzXML
format using proteowizard. The resultant mzXML files
were processed using XCMS to pick peaks with
mzMatch to filter, match, and annotate the peaks
[31,32,33].

RNAi
100,000 cells per well were transfected in 1.8 ml
of growth medium in 6-well plates. Interferin
(Polyplus transfection, New York, NY, USA) was
mixed with 20 nM siRNA targeting MDH1 (ONTARGETplus Human MDH1 siRNA, J-009264-09 and
J00964-12) or MDH2 (ON-TARGETplus Human
MDH2 siRNA, J-008439-11 and J-008439-12), in a final
volume of 200 µl and added to the cells. Non-targeting
control (ON-TARGETplus non-targeting siRNA D001810-10) from Dharmacon (Lafayette, CO, USA) was
used.
The
knockdown
was
analyzed
by
immunoblotting 24 hr post transfection.

Western Blot
Immunoblotting was performed as described
before [34]. Protein lysates prepared using Complete
Lysis-M buffer (Roche Diagnostics, Risch-Rotkreutz,
Switzerland) supplemented with protease inhibitors
(Roche Diagnostics, Risch-Rotkreutz, Switzerland)
were mixed with Laemmeli’s loading buffer, boiled
and separated on 15% SDS–PAGE at 40 mA followed
by transfer to nitrocellulose membranes for 90 min at
120 V. Membranes were blocked for 1h with 5% non‐
fat milk in TBS at room temperature and subsequently
probed with the following antibodies: anti-MDH1
(ab76616, Abcam), anti-MDH2 (clone # 11908, Cell
Signaling, Danvers, MA, USA) and anti-Actin (Sigma
Aldrich, St Louis, MO, USA). The primary antibodies
were diluted in TBS containing 1% BSA, and 0.1%
NaN3. Horseradish peroxidase‐conjugated secondary
antibodies (Pierce) were diluted in 2.5% blocking
buffer. Clarity™ Western ECL (BioRad, Hercules, CA,
USA) was used for revealing the blots.

Malate Dehydrogenase Activity Assay
For the mitochondrial MDH2 activity assay, cells
were permeabilized using 0.005% digitonin and
supernatant containing the cytosolic fraction and
MDH1, and the pellet with crude mitochondria were
lysed using a douncer on ice in 100μl using ice cold
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MDH assay buffer. The following reaction mix was
used per reaction: 36 μl MDH Assay Buffer 2 μl MDH
Enzyme Mix, 10 μl MDH Developer, 2 μl MDH
Substrate. 2 μl MDH was used as positive control and
the background control mix contained the whole
reaction mix without substrate. Absorbance at 450 nm
was measured using a Biomax machine (Promega),
from 10 min up to 30 min. The activity was normalized
to protein concentration.

NAD+/NADH assay
The experiment was performed according to
manufacturer’s description (NAD+/NADH Assay Kit,
Abcam, ab176723). 7 x106 cells were scraped in ice cold
PBS and centrifuged for 5 min at room temperature.
5x106 cells were subsequently resuspended in 100 μl
lysis buffer and incubated for 15 min at room
temperature. 25 μl of NADH extraction buffer or
NAD+ extraction buffer was added to each sample and
then incubated for 15 min. 75 μl NADH reaction
mixture was added into each well and the reaction was
incubated for 30 min while protected from light.
Fluorescence was measured for up to 120 min on a
Biomax microplate reader (Promega) at Ex/Em
540/590.

TRAST spectroscopy
TRAST measurements were performed on a
home-built, epi-illuminated, microscope, the basic
configuration and operation principles of which has
been described elsewhere [20]. Cytosolic fractions
were isolated from cells are described previously [21],
in brief cells were permeabilized using 0.005%
digitonin in PBS, incubated on ice for 5min and
centrifuged. Supernatants containing the cytosolic
fraction were used for the TRAST experiments. In
short, a continuous-wave, solid state laser (Cobolt
Zouk, 20 mW, 355 nm) was used for excitation,
modulated in time by an acousto-optic modulator
(MQ110-A1-UV, AA Opto-Electronics, Orsay). The
laser beam was focused into the sample by a water
immersion objective (40x, NA 1.2, Zeiss, C-Apochromat), resulting in a beam radius of 1.3 μm (1/e2), and
an average excitation irradiance of 140 kW / cm2 in the
focal plane. Fluorescence from the sample was
collected through the same objective and separated
from the excitation light by a dichroic beamsplitter
(Di02-R405, Semrock) and a band-pass emission filter
(BrightLine FF01-403/95, Semrock) in front of the EMCCD camera (Andor, Luca). Control of the excitation
pulses as well as synchronisation with the detection
was handled by a digital I/O card (PCI-6602, National
Instruments).
Data analysis: As previously described [20], the
redox kinetics of NADH were determined from socalled TRAST curves, showing how the detected timehttp://www.jcancer.org
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averaged NADH fluorescence varied with the
excitation pulse-train characteristics (pulse duration)].
In the cellular lysates, 355 nm irradiation resulted in
fluorescence from both NADH and flavin compounds
in the samples. Most of the flavin fluorescence could
be spectrally removed by the emission filter (down to
a few percent of the NADH fluorescence signal), but
an additional linear un-mixing step was applied to
further isolate the NADH signal. In this step, the large
difference in triplet state kinetics (gray part in the
model, Figure 3C) between NADH and FAD was
exploited, which made it possible to separate the two
signals based on their μs-timescale behavior. The
effects of photo-oxidation are observed on a longer
timescale (approx. 100 μs to 1 ms) and are not affected
by this analysis. The resulting TRAST curve from
NADH was then analyzed as described in [20].

Results
Elevated expression levels of MDH1 and
MDH2 in primary NSCLCs
We first investigated the expression of MDH1
and
MDH2
in
patients
with
Nonsmall Cell Lung Carcinoma (NSCLC) and normal
healthy cases. Microarray gene expression data in two
independent cohorts (GSE31210 and GSE33532)
comprising 40 healthy controls and 306 tumor samples
from Gene Expression Omnibus (GEO) database were
analyzed. Our analysis revealed that both MDH1 and
MDH2 were significantly elevated in NSCLC cancer
patients (Figure 1A-1E).
To further investigate whether the higher mRNA
expression levels of malate dehydrogenases in NSCLC
also translates into an elevated enzymatic activity, the
total malate dehydrogenase activity, including MDH1
and MDH2, was measured in a panel including 3
normal lung (IMR-90, MRC and Wi-38) and 8 NSCLC
(NCI-H1838, NCI-H1563, NCI-H1437, NCI-H1792,
NCI-H838, NCI-H2087, NCI-H522, and A549) cell
lines. The results revealed that the activity in tumor
cells was significantly higher compared to normal
lung cell lines (Figure 2A), strongly suggesting that
beyond elevated expression levels, the malate
dehydrogenases might also have enhanced enzyme
activities during tumorigenesis of NSCLCs. These data
provided a rationale to further explore the role of
malate dehydrogenases to the survival of Non-small
Cell Lung Carcinomas. We analyzed if the expression
of MDH1 and MDH2 had any clinical relevance and
was associated with poor prognosis in NSCLCs.
Although the expression levels of MDH1 and MDH2
were both elevated, our Kaplan-Meier analyses
revealed that only MDH1 expression was associated
with poor prognosis in NSCLCs (Figure 2B and
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Supplemental Figure S1A). These data suggest that
while malate dehydrogenases are generally elevated
in NSCLCs [17, 18], they show diversity in the
prognostic value in patients.

Genetic Depletion of MDH1 displays toxicity
in Non-small Cell Lung Carcinomas
To study the protein expression of MDH1 and
MDH2 in primary NSCLC cases versus matched
normal cases, a tissue microarray analysis was
performed. Both MDH1 and MDH2 were significantly
elevated on the protein level in the tumor tissues
compared to corresponding normal cases (Figure 2C).
Western blot analysis of expression of MDH1 and
MDH2 in the cell line panel further confirmed similar
observations as in primary material (Figure 2D).
Combined, these observations show that the
differential expression of MDHs in tumor versus
normal translates to the cell lines.
To probe the functional relevance of the observed
elevated expression of the malate dehydrogenases to
NSCLC tumor cell survival, we undertook a genetic
approach to deplete MDH1 or MDH2 in the lung
cancer cell line panel by two independent siRNAs
targeting
the
dehydrogenases,
respectively.
Knockdown of MDH1 significantly induced cell death
and showed selective toxicity to the NSCLC compared
to the normal cell lines (Figure 2E). Contrastingly,
while, MDH2 depletion also caused selective toxicity
to tumor cells compared to normal lung cell lines, its
depletion had only a moderate effect (Figure 2E), and
was not as pronounced as compared to MDH1
suppression in NSCLC.

Differential Enzymatic Activity of MDH1 and
MDH2 in tumor cells
To evaluate the activity of the malate
dehydrogenases in intact cells, a targeted
metabolomics analysis was performed based on
uniformly 13C-labeled glucose in 4 cell lines (NCIH1838, NCI-H1563, NCI-H1792 and NCI-H1437)
(Figure 3A). MDHs interconvert malate and
oxaloacetate, which is metabolized to aspartate by
glutamic oxaloacetic transaminase (Figure 3A).
However, as oxaloacetate is rapidly degraded upon
extraction of polar metabolites, we analyzed the
fraction of 13C transferred from malate to aspartate (a
surrogate metabolite for oxaloacetate). The isotopomer
analysis showed that glucose is metabolized into the
reductive branch of the TCA cycle and 13C
incorporation was detected in Succinate, Fumarate,
Malate and Aspartate (Figure 3A). Our findings are in
line with recent findings showing that aspartate is
required for cell proliferation [22, 23]. However,
although rapidly proliferating cells have distinct
metabolic requirements compared to slowly
http://www.jcancer.org
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proliferating cells, the molecular network of metabolic
enzymes are essentially the same. This means that
proliferating cells must re-wire their metabolism in a
way that supports the biosynthetic needs to generate a
new cell.
The malate dehydrogenases are utilizing the
NAD/NADH as co-factors for their enzymatic
activities, thus the level or the ratio of NAD+ or its
reduced form might be at distinct levels in tumor cells
compared to normal cells. Hence, the level of

NAD/NADH ratio was measured in the cell line
panel. The results show that no statistically significant
variation was observed among the tumor cell lines and
also not compared to normal cells (Figure 3B). To
further provide an independent correlate to these
findings, we interrogated the redox environment
regulating the balance between NADH and NAD+,
based on the intrinsic fluorescence of NADH, using
(Transient State) TRAST spectroscopy [24-26]. In the
TRAST measurements, the relative populations and
switching
kinetics
between NADH and
NAD+ was monitored
via its fluorescence,
generated upon laser
pulse-train excitation, in
cellular lysates from the
different cell lines (see
methods and materials
below). In the lysates, no
differences in the relative
fractions of NADH and
could
be
NAD+
observed, also not in the
exchange rates between
the two redox forms
(Figure 3C and 3D).
Therefore, no major
differences in their redox
environments
influencing
the
NADH/NAD+ balance
and switching kinetics
are to be expected. In
contrast,
a
clear
difference between the
lysate samples and a
sample with NADH in
aqueous solution could
be observed, with the
effective photo-oxidation
rate of NADH (koff) a
factor of two lower in the
lysate samples. With
reference to the kinetic
model of Figure 3C, the
observed difference can
be attributed to a higher,
redox-buffered,
Figure 1. Elevated expression of MDH1 and MDH2 in primary NSCLCs. (A) Transcript abundance (probe intensity)
reduction
rate (kred) of
of the indicated genes in primary NSCLCs from the GSE31210 dataset. (B) Linear regression analysis was performed using
photo-oxidized NADH
GraphPad Prism to determine the relationship between the gene expression levels of MDH1 and MDH2 in the GSE31210 dataset.
(C) Heat map representation of the relative mRNA levels of the MDH1 and MDH2 from the GSE33532 cohort. (D) Transcript
back
to
(•NADH+)
abundance (probe intensity) of the indicated genes in primary NSCLCs from the GSE33532 dataset. (E) Heat map representation
of the relative mRNA levels of the MDH1 and MDH2 genes from GSE33532 dataset. Differential expression was determined
NADH in the lysates
using Mann-Whitney U test combined with the false discovery rate (FDR) correction. Microarray gene expression data of two
than for NADH in
cohorts (GSE31210 and GSE33532) from Gene Expression Omnibus (GEO) database were analyzed. Differential expression was
determined using Mann-Whitney U test combined with the false discovery rate (FDR) correction.
aqueous solution.
http://www.jcancer.org
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Figure 2. MDH1 has functional and prognostic value in NSCLCs. (A) Total cellular malate dehydrogenase activity measured in 11 cell lines. The blue bar is cumulative
data from the 3 normal cells and the red bar is cumulative from 8 tumor cell lines. Activity was normalized per mg protein. (B) Kaplan-Meier Analysis of MDH1 expression
and overall survival in 226 NSCLC patients. (C) Tissue-Microarray analysis (TMA) of the MDH1 and MDH2 protein expression level in 33 NSCLCs and 33 normal adjacent
lung tissues. Representative images are shown. (D) Expression level of the malate dehydrogenases in a cell line panel consisting of NSCLCs and normal lung cells. (E) Effect of
genetic depletion on cell viability in the cell line panel, by two independent siRNAs, targeting MDH1 and MDH2, respectively. Cell death is presented as fold over control
siRNA. Error bars, ±SEM. *p<0.01, **p<0.001, ***p<0.0001; two-tailed student’s t-test. ns= non-significant.
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Figure 3. Differential Enzymatic Activity in cells is not driven by distinct co-factor levels. (A) 13C isotopomer analysis of uniformly labeled glucose. Schematic
overview of the metabolic pathway. 13C-enrichment of glucose-derived 13C- Succinate 13C-Fumarate, 13C-Malate, and 13C-Aspartate. (B) Analysis of the NAD+ and NADH ratio
in the cell line panel. (C) Model for the redox kinetics of NADH [28, 29] used to analyze the TRAST data. I: Following excitation of ground state NADH to an excited singlet
state (NADH*) with rate k01, fluorescence can be generated upon return to the ground state (k10), intersystem crossing (kisc) can take place to a more long-lived triplet state
(TNADH), or an electron can be ejected (kox) forming a radical cation •NADH+. •NADH+ can either recombine with an electron and return to the NADH ground state (kred)
or undergo deprotonation followed by a second oxidation (kox2) to form NAD+. TNADH relaxes back to the ground state with the rate kt. The oxidized form, NAD+, is not
excitable at 355 nm and. recovery of NAD+ to NADH in the detection volume (kon) is therefore likely to take place mainly by diffusion rather than by a photo-physical transition.
II: As a further simplification, the model can be reduced to interconversion between the fluorescent NADH and the non-fluorescent NAD+ with the effective transition rates
koff and kon. (D) TRAST curves showing average fluorescence intensity as a function of excitation pulse width. Solution measurements using cytosols from tumor cell lines (red
circle), normal lung cells (blue square) and a reference of NADH in PBS (green triangle). Inset: The effective photo-oxidation rate, koff, in each sample, extracted from the
TRAST curves, as previously described [20, 25], using the model in Figure 3C.

Our results indicate that both MDH1 and MDH2
are elevated in malignant tissue compared to their
normal counterparts, although MDH1 is the enzyme
that shows functional and prognostic value. To probe
the mechanism behind this observation, we isolated
mitochondria from the cytosol, to separate the

enzymes, where MDH1 ends up in the cytosolic
fraction and MDH2 in the mitochondrial fraction.
Remarkably, analysis of the respective enzyme’s
kinetic properties revealed that the MDH1 exerts
approximately 4-fold higher enzymatic activity
compared to MDH2 (Figure 4A and 4B).
http://www.jcancer.org
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Altogether, these results show that although both
enzymes are elevated in malignant tissue both on the
RNA and protein level, the cytosolic MDH1 isoform
accounts for a significantly higher proportion of the
total cellular activity and have therefore prognostic
relevance for NSCLCs.

compared to matched normal controls indicated that
during the transformation process, cancer cells have
engaged a dependence on these enzymes. Surprisingly, when we interrogated the clinical relevance of
the MDHs, MDH1 appears to be the dominant form as
higher expression was associated with poor prognosis.
This suggests that the cytosolic MDH1 might have
Discussion
additional tumorigenic functions that MDH2 is
lacking. One potential explanation to this observation
The malate dehydrogenase isozymes are critical
might be the availability of their co-factors, NAD+ for
enzymes for central metabolic processes. However,
MDH2 and NADH for MDH1. However, analysis of
their respective role to tumor cell survival has not been
the levels of the cofactors argues strongly against this
elucidated. Early investigations indicated that the total
hypothesis as both normal lung cells as well as tumor
cellular malate dehydrogenase activities can be either
cells display similar levels and ratio of NAD+/NADH.
elevated or decreased in cancerous tissues [11-16]. In
Although MDH1 and MDH2 metabolic functions
this study we examined the relative contribution of the
are thought to be connected in the malateMDH1 and MDH2 to tumor cell survival. Cancer cells
aspartate shuttle, our data suggests that MDH1 might
have distinct metabolic requirements compared to
have additional functions supporting tumor cell
normal healthy cells [27].
survival. In line with this, genetic depletion of the
Accordingly, our finding that MDH1 and MDH2
MDHs revealed that MDH1 depletion caused
expression levels are elevated in primary tumors
significantly higher toxicity to
tumor cells compared to
MDH2 depletion.
In
addition,
our
metabolomics
analysis
revealed that the reductive
branch of the TCA cycle
appears more critical for the
lung cancer cells as nutrientderived carbons from 13Cglucose was detected in
Fumarate, Succinate, Malate
and Aspartate. One potential
mechanism for the differential
importance of MDH1 and
MDH2 to tumor cell survival
is that aspartate generated in
the mitochondria by MDH2,
once exported into the cytosol
can contribute to protein
biosynthesis. Aspartate is also
required for the de novo purine
and pyrimidine biosynthesis.
Alternatively, as our data
shows,
MDH1
displays
higher enzymatic activity
than MDH2, may cause a
decrease of oxaloacetate (the
MDH1 substrate) in the
cytosol
favoring
malate
production.
Conversely,
Figure 4. MDH1 has significantly higher activity than MDH2 in tumor cells. (A) Enzyme kinetic analysis of
MDH1-null cells have been
MDH1 and MDH2 activities measured in 8 tumor cell lines for 30 min. (B) Cumulative from the tumor cell line panel
shown to display higher
(black bar) and cumulative data from the 3 normal cells (gray bar). Activity was normalized per mg protein. Error bars,
±SEM. ***p<0.0001; two-tailed student’s t-test. n=4-6.
Aspartate levels [22]. Since
MDH2 activity is low, it may
http://www.jcancer.org
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not be sufficient to produce oxaloacetate levels that
hence need to be replenished by other mechanisms
potentially in the cytosol. Combined, our findings
show a differential contribution of the MDHs to tumor
cell survival and highlights MDH1 as a potential drug
target to eliminate tumor cells.

Supplementary Material
Supplementary figure S1.
http://www.jcancer.org/v08p2088s1.pdf
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