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K-rasG12V transformation leads to mitochondrial 
dysfunction and a metabolic switch from oxidative 
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Increased aerobic glycolysis and oxidative stress are important features of cancer cell metabolism, but the under-
lying biochemical and molecular mechanisms remain elusive. Using a tetracycline inducible model, we show that 
activation of K-rasG12V causes mitochondrial dysfunction, leading to decreased respiration, elevated glycolysis, and 
increased generation of reactive oxygen species. The K-RAS protein is associated with mitochondria, and induces a 
rapid suppression of respiratory chain complex-I and a decrease in mitochondrial transmembrane potential by af-
fecting the cyclosporin-sensitive permeability transition pore. Furthermore, pre-induction of K-rasG12V expression in 
vitro to allow metabolic adaptation to high glycolytic metabolism enhances the ability of the transformed cells to form 
tumor in vivo. Our study suggests that induction of mitochondrial dysfunction is an important mechanism by which 
K-rasG12V causes metabolic changes and ROS stress in cancer cells, and promotes tumor development.
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Introduction

The difference between cancer cells and normal cells 
in their energy metabolism and redox states is an im-
portant research area that has gained increasing atten-
tion in recent years. Oxidative phosphorylation in the 
mitochondria and glycolysis in the cytosol are two major 
metabolic pathways that generate ATP in mammalian 
cells. Under physiological conditions, most normal cells 
use the more energy-efficient oxidative phosphorylation 
as the main route to generate ATP. In contrast, many can-

cer cells seem to actively use the glycolytic pathway for 
ATP generation, even in the presence of oxygen. Such 
increase of aerobic glycolysis in cancer cells is known 
as the Warburg effect [1]. In addition to its role in pro-
ducing ATP, the glycolytic pathway may also provide 
important metabolic intermediates to be used for making 
biomass (nucleic acids, proteins, lipids) needed for cell 
growth and proliferation [2]. The increase in glucose 
uptake and utilization represents an important metabolic 
feature of cancer cells, and is clinically relevant since the 
majority of human cancers exhibit a significant increase 
in glucose uptake in vivo, which can be readily detected 
by fluorodeoxyglucose-positron emission tomography 
(FDG-PET), an imaging method used in cancer diagno-
sis [3, 4]. Despite these long-standing observations, the 
exact molecular mechanisms responsible for the Warburg 
effect still remain unclear.

Several molecules, including HIF-1α, c-Myc, and Akt, 
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have been suggested to play important roles in promot-
ing glycolysis and thus may be involved in “metabolic 
reprogramming” in the cancer cells [5, 6]. Recent stud-
ies suggest that oncogenic transformation by the K-ras 
oncogene may also significantly alter cellular metabo-
lism, including suppression of mitochondrial respiration 
[7] and increased generation of reactive oxygen species 
[8]. However, the mechanisms by which Ras induces 
mitochondrial dysfunction and its effect on energy me-
tabolism and redox status remain poorly understood [9-
11]. Since aberrant activation of K-ras by mutations such 
as K-rasG12V is frequently observed in human cancers, 
especially in pancreatic cancer where the vast majority 
of the malignant cells exhibit constitutive activation of 
K-ras [12, 13], it is important to evaluate the detailed 
metabolic changes induced by aberrant K-ras activa-
tion and the underlying biochemical and molecular 
mechanisms. A recent study showed that transformation 
of mouse fibroblasts by K-ras led to a decrease in mi-
tochondrial complex I activity through a yet unknown 
mechanism [14]. In the current study, we established a 
doxycycline-inducible K-rasG12V expression cell system, 
which enables control of K-rasG12V expression in human 
embryonic kidney cells (HEK293) under defined experi-
mental conditions to allow a precise time-course study of 
the K-ras-induced metabolic changes in correlation with 
the changes in other cellular and molecular events. The 
use of this experimental system enabled us to identify a 
key molecular player that seems essential to maintain the 
metabolic changes in K-ras-transformed cells.

Results

Induction of K-rasG12V  expression leads to mitochondrial 
dysfunction

To evaluate the potential role of oncogenic K-ras in 
causing “respiratory injury” as a metabolic symptom of 
the Warburg effect [15], we established a tetracycline-
inducible K-rasG12V expression cell system (designated 
as T-Rex/K-ras cells) to directly test if induction of K-
rasG12V expression might alter mitochondrial function. 
As shown in Figure 1A, addition of doxycycline to the 
culture medium induced a time-dependent expression of 
K-RAS protein in T-Rex/K-ras cells, detectable as early 
as 12 h. This oncogene expression caused a rapid de-
crease in mitochondrial transmembrane potential (∆Ψm), 
which was also detectable at 12 h (Figure 1B and 1C). 
Treatment of HEK293 cells harboring the control vec-
tor (T-Rex/vector only) with doxycycline under identical 
conditions did not cause any change in ∆Ψm (Figure 1B), 
suggesting that the alteration in mitochondrial function 
observed in K-rasG12V cells was due to the expression of 

the oncogene, not due to doxycycline per se. We then 
used transmission electron microscopy and fluorescence 
microscopy to analyze the potential changes in mitochon-
drial morphology and ultrastructure after K-rasG12V induc-
tion. Mitochondrial alterations such as swollen and pale 
matrix were observed 16 h after induction of K-rasG12V ex-
pression, and the cristae became disorganized in cells after 
long-term (over 1 month) continuous K-rasG12V induction 
(Supplementary information, Figure S1A). Staining cells 
with MitoTracker Red revealed no obvious change in 
mitochondrial mass. However, the normal mitochondrial 
network clusters seen in the normal cells were disrupted 
after 48 h of K-rasG12V induction, as evidenced by the ap-
pearance of aberrant dot-shaped mitochondria lacking 
the normal network connection (Supplementary informa-
tion, Figure S1B).

One striking change in mitochondrial function ob-
served in cells expressing K-rasG12V was the significant 
reduction in mitochondrial respiratory chain activity, as 
evidenced by a substantial decrease in oxygen consump-
tion (Figure 1D). Approximately a 50% decrease in mito-
chondrial respiration was detected at 12 h after K-rasG12V 
induction, and further suppression was observed at 24 h 
(Figure 1E). Polymerase chain reaction (PCR) analysis of 
mitochondrial DNA (mtDNA) in the K-rasG12V-expressing 
cells revealed no loss of mtDNA in all segments tested 
(D-loop, ND4, COII) (Figure 1F), suggesting that the 
mitochondrial alterations induced by K-rasG12V were not 
due to a loss of mitochondrial genetic materials. Interest-
ingly, despite these changes in mitochondrial function, 
no significant cell death was detected at 48 h, and a small 
portion of cells became apoptotic at 72 h, as detected by 
annexin-V/PI double staining and flow cytometry analy-
sis (Figure 1G).

Inhibition of mitochondrial respiratory chain complex-I 
by K-rasG12V

To further investigate the biochemical and molecular 
basis for K-rasG12V-induced mitochondrial dysfunction, 
we used specific inhibitors of mitochondrial respiratory 
complexes in conjunction with proper metabolic substrate 
supplement and oxygen consumption assay to determine 
which complex activity might be affected by K-rasG12V 
expression. The experimental rationale is illustrated in 
the top panel of Figure 2A. The overall oxygen con-
sumption at complex IV reflects the combined electron 
transport activities from both complex I→CoQ→III→IV 
and complex II→CoQ→III→IV. In the presence of the 
complex I-specific inhibitor rotenone [16, 17] and the 
complex II substrate succinate (digitonin was also added 
to make the biological membranes permeable to suc-
cinate), the oxygen consumption rate would represent 



www.cell-research.com | Cell Research

Yumin Hu et al.
401

npg

Figure 1 K-rasG12V activation caused mitochondrial dysfunction. (A) 20 ng/ml doxycycline induced ectopic K-ras expression in 
T-Rex/K-ras cells in a time-dependent manner. The same doxycycline treatment in T-Rex/Vector control cells caused no sig-
nificant changes. Protein expression of K-rasG12V was detected by immunoblotting with specific antibody for K-ras. β-Actin was 
used as a loading control. (B) Loss of mitochondrial transmembrane potential in T-Rex/K-ras after K-ras induction by doxy-
cycline for 24 h, measured by fluorescent probe Rho-123. The same concentration of doxycycline caused no effect on trans-
membrane potential in vector control cells. (C) K-ras activation caused a decrease of mitochondrial transmembrane potential 
in a time-dependent manner. Transmembrane potential levels of induced cells were normalized to the level of cells without in-
duction. (D) Oxygen consumption rate of T-Rex-293 cells with (Tet/on) and without (Tet/off) K-ras activation for 24 h. (E) K-ras 
activation inhibited oxygen consumption in a time-dependent manner. (F) K-ras activation did not affect mitochondrial DNA 
contents. (G) Effect of K-ras activation on cell viability measured by annexin V-PI assay. Data in C and E are shown as mean 
± SD. n = 3, *P < 0.05, **P < 0.01.
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the maximal activity of complex II→CoQ→III→IV. As 
shown in the lower panel of Figure 2A, the control cells 
(Tet/off) exhibited a high overall respiratory activity with 
an oxygen consumption rate of 14.5 nmol/ml/min. The 
presence of rotenone (100 nM) almost completely sup-
pressed this respiration (indicated by the flat segment of 
the respiratory curve between 6-12 min), suggesting that 
most of the electron transport activity was from complex 
I in the cells without K-rasG12V expression. Addition of 
the complex II substrate succinate to the rotenone-treated 
cells resulted in a resumption of oxygen consumption at 
the rate of 6.6 nmol/ml/min, which reflected the maximal 
activity of the complex II→CoQ→III→IV segment of 
the respiratory chain in the control cells. Strikingly, in 
cells with K-rasG12V expression (Tet/on, 48 h), the overall 
respiratory activity was 4.3 nmol/ml/min, approximately 
30% of the Tet/off cells (14.5 nmol/ml/min). Addition 
of rotenone to the Tet/on cells caused a slight further 
decrease in oxygen consumption as evidenced by the 
flattened curve segment (6-12 min). The supplement of 
the complex II substrate succinate led to a substantial 
increase in oxygen consumption rate to 7.5 nmol/ml/min, 
a level that was slightly higher than that of the Tet/off 
cells under the same assay conditions (6.6 nmol/ml/min). 
These data together suggest that the site of respiratory 
defect in the cells expressing K-rasG12V was at complex 
I, whereas the function of the respiratory chain segment 
between complex II and complex IV appeared normal or 
slightly upregulated. Repeated biochemical analyses in 
cells with K-rasG12V expression either for 24 h or for 48 h 
consistently revealed the same pattern of respiratory sup-
pression at complex I (Figure 2B).

We then used a panel of antibodies against the repre-
sentative components of each mitochondrial respiratory 
complex to examine if there was any change in the pro-
tein levels of the respiratory chain molecules. As shown 
in Figure 2C, the protein level of the 20-kD component 
of complex I (a nuclear DNA-encoded protein) was sig-
nificantly decreased at 24 h and remained low at 48 h, 
suggesting a destabilization of complex I. Because the 
20-kD protein was not decreased at 12 h while respira-
tory function was already suppressed at this early time, 
it is likely that the expression of K-rasG12V might first 
impact the respiratory function of complex I by its rapid 
translocation to the mitochondria inner membrane (see 
below) and cause a dysfunction of the electron transport 
chain associated with the inner membranes. The dysfunc-
tional complex I subsequently became destabilized. In-
terestingly, the expression of the 30-kD subunit of mito-
chondrial respiratory chain complex II (a nuclear DNA-
encoded protein) was upregulated (Figure 2C), suggest-
ing a possible cellular response to compensate for the 

loss of complex I activity. This was also consistent with 
the slight increase in complex II→IV activity observed 
in the functional analysis (Figure 2A). In addition, there 
was an activation of Akt, as demonstrated by the increase 
of phosphorylation at Ser473 after K-rasG12V induction 
(Figure 2C), consistent with our previous observations 
that mitochondrial dysfunction caused Akt activation to 
promote cell survival [18].

K-ras-induced mitochondrial dysfunction is associated 
with increased ROS generation and elevated glycolytic 
activity

Because mitochondrial respiratory chain is a site of 
reactive oxygen species (ROS) production and K-rasG12V 
causes respiratory dysfunction, we tested possible changes 
in ROS generation after K-rasG12V expression. As shown 
in Figure 2D, K-rasG12V induction by doxycycline (20 ng/
ml) caused a significant increase in ROS, while the same 
concentration of doxycycline did not alter the ROS level 
in the control cells harboring the empty vector (data not 
shown), indicating that the increase of ROS production 
was not due to doxycycline. Figure 2E showed that K-
rasG12V activation induced a rapid increase in ROS gen-
eration in a time-dependent manner, which was detect-
able at 12 h and further increased as the time prolonged. 
Interestingly, the protein levels of two major antioxidants 
SOD2 and catalase were decreased after K-rasG12V induc-
tion (Figure 2C), and the expression of SOD2 mRNA 
was significantly increased after K-rasG12V activation 
(Supplementary information, Figure S2B), suggesting 
that the decrease in SOD2 protein was not due to a re-
duction in transcription.

As the time of K-rasG12V expression prolonged, the 
cells began to exhibit metabolic adaptation to the mito-
chondrial dysfunction by increasing glycolytic activity, 
as evidenced by a significant increase in glucose uptake 
and lactate production at 72 h (Figure 2F). However, 
oxygen consumption was only partially recovered from 
28% at 24 h to 40%-45% at 72 h (compared to the res-
piration rate in the control cells without K-rasG12V ex-
pression). The temporal relationship between the early 
mitochondrial dysfunction and the relatively late increase 
in glycolytic activity suggests that the upregulation of 
glycolysis was likely a cellular response to the metabolic 
stress due to decrease in mitochondrial respiration in-
duced by K-rasG12V.

Translocation of K-RAS protein to mitochondria and its 
role in causing mitochondrial dysfunction

Previous studies suggest that RAS protein may trans-
locate from the plasma membrane to intracellular com-
partments including mitochondria [19-21]. We postulated 
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Figure 2 Mitochondrial dysfunction induced by K-rasG12V activation led to metabolic alterations. (A) Experimental rationale of 
analyzing mitochondrial complex I and II activities and representative oxygen consumption curve of T-Rex-293 cells before 
and after K-ras induction for 48 h. The numbers indicate oxygen consumption rate (nmol/ml/min) of mitochondrial complex 
I to IV and II to IV. Arrows indicate the time points when reagents were added. Rotenone: 100 nM; digitonin: 30 µg/ml; suc-
cinate: 5 µM. (B) Quantitative analysis of oxygen consumption rates of complex I-IV and II-IV after K-ras induction. Data are 
mean ± SD. n = 3, *P < 0.05, **P < 0.01. (C) K-rasG12V induction caused a decrease of complex I 20 kD (Com I 20 kD) sub-
unit and increase of complex II 30 kD (Com II 30 kD) subunit of mitochondrial respiratory chain and increase of phospho-Akt 
(S473). SOD2 and catalase were also inhibited 24 h after induction. (D) K-ras activation for 48 h caused a significant increase 
of ROS production measured by fluorescent probe DCF-DA. (E) K-ras activation caused an increase of ROS generation in a 
time-dependent manner. (F) Effect of K-ras activation on oxygen consumption, glucose uptake and lactate production. The 
metabolic parameters were measured 24 h and 72 h after K-ras induction.
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that mitochondrial dysfunction observed in the K-rasG12V-
expressing cells might involve the physical presence of 
K-RAS protein in the mitochondria to interfere with the 
respiratory activity. To test this possibility, mitochondria 
were isolated from the cells before and after K-rasG12V 
induction, and the presence of K-RAS protein in the iso-
lated mitochondria was revealed by western blot analy-
sis. As shown in Figure 3A, doxycycline induced a rapid 
appearance of K-RAS protein in the mitochondrial frac-
tion at 12 h. Blotting of mitochondrial Hsp60 showed an 
equal loading of mitochondrial proteins from the Tet/on 
and Tet/off cells. The lack of tubulin in the mitochondrial 
fractions suggests that there was no significant cytosolic 
contamination in the isolated mitochondria (Figure 3A). 
To further determine if the K-RAS protein was local-
ized on the surface of the mitochondria or inside the 
organelle, we used trypsin to digest the proteins on the 
mitochondrial surface, and then examined whether such 
digestion causes a degradation of K-RAS protein in the 
mitochondrial fraction. Under these experimental condi-
tions, proteins associated with the outer mitochondrial 
membrane facing outward would be cleaved by trypsin, 
while the protein in the inner compartment would be pro-
tected. As illustrated in Figure 3B, incubation of isolated 
mitochondria from the Tet/on cells at 4 °C, 24 °C, or 
37 °C led to cleavage of about 40% of the K-RAS pro-
tein associated mitochondria, while 60% of the K-RAS 
protein remained intact under all digestion conditions 
including 37 °C, suggesting that a major portion of this 
protein was inside the mitochondria. Hexokinase II (HKII, 
a protein known to be associated with mitochondria on 
the outer membrane) and cytochrome c (located inside 
the mitochondria) were used as the controls for trypsin 
digestion. As shown in Figure 3B, HKII was completely 
degraded by the trypsin, while cytochrome c remained 
undigested under the same treatment conditions. We then 
used RIPA buffer containing detergents (0.1% SDS and 
1% Triton X-100) to disrupt mitochondrial membranes 
and extract proteins from the isolated mitochondria. Af-
ter removal of SDS and salts from the protein extracts by 
buffer exchange using the YM-10 column (Microcon), 
trypsin digestion led to a complete disappearance of the 
intact K-RAS protein band (Supplementary information, 
Figure S3), further suggesting that a large portion of the 
K-RAS protein was indeed protected by the mitochon-
drial membranes.

Confocal microscopic analysis was then used to 
confirm the translocalization of K-RAS protein to 
the mitochondria. Mitochondria were stained with 
MitoTracker Red and K-RAS protein was detected using 
FITC-conjugated antibody with green fluorescent signal. 
Under these experimental conditions, mitochondrial 

localization of K-RAS would show as a yellow signal 
due to the overlap of green and red fluorescence. As 
shown in Figure 3C, the HEK293 cells exhibited a barely 
detectable weak K-RAS background signal (green) 
before doxycycline induction. After induction with 
doxycycline for 12 h, K-RAS protein expression (green 
signal) was highly induced. A large portion of the K-RAS 
protein accumulated in the mitochondria and appeared as 
yellow spots.

To evaluate the role of K-RAS translocation to mito-
chondria in causing mitochondrial dysfunction, we tested 
if a blockage of such translocation in the Tet/on cells 
would prevent the induction of changes in mitochon-
drial transmembrane potential. Because protein kinase C 
(PKC) is known to facilitate the translocation of K-RAS 
from plasma membrane to mitochondria [20], we used 
the PKC inhibitor H-7 to test its effect on K-RAS trans-
location to mitochondria and the functional consequence. 
As shown in Figure 3D, there was a strong K-RAS band 
in the mitochondrial fraction 12 h after doxycycline in-
duction (without H-7), and this was associated with a 
significant decrease of mitochondrial transmembrane po-
tential ∆Ψm (Figure 3E). Addition of 25 µM H-7 largely 
blocked the translocation of K-RAS to mitochondria 
(Figure 3D) and effectively prevented the loss of ∆Ψm 
(Figure 3E), suggesting that the translocation of K-RAS 
protein to mitochondria was important in causing mito-
chondrial dysfunction.

Because the dissipation of the transmembrane poten-
tial may be caused by a sustained opening of the mito-
chondrial permeability transition pore (MPTP) consisting 
of voltage-dependent-anion-channel (VDAC), adenine-
nucleotide-translocator (ANT) and cyclophilin D (CyD) 
[22, 23], we used cyclosporin A (CysA), a CyD inhibitor 
that prevents the interaction between CyD and ANT [22], 
to test its effect on K-rasG12V-induced loss of mitochon-
drial transmembrane potential. As shown in Figure 3F 
and 3G, 5 µM CysA completely prevented the loss of 
transmembrane potential caused by K-rasG12V expression, 
suggesting that the CysA-sensitive MPTP was involved 
in K-rasG12V-induced mitochondrial dysfunction.

Reversibility of K-rasG12V-induced mitochondrial dysfunc-
tion and ROS generation

We next asked whether the continuous K-rasG12V 
expression is required for sustaining the suppression of 
mitochondrial function and maintaining elevated ROS 
generation. K-rasG12V was first induced for 48 h, and then 
doxycyclin was removed and cells were cultured in fresh 
medium for additional 3 days (without doxycycline). As 
shown in Figure 4A, K-RAS protein decreased substan-
tially within 24 h after doxycycline removal, and com-
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Figure 3 Translocation of K-RAS protein to the mitochondria and its role in causing mitochondrial dysfunction. (A) Mitochon-
drial fraction was isolated from T-Rex cells before and after doxycycline induction for 12 h. Protein lysates of cytosol and 
mitochondria (Mito) were analyzed for the presence of K-ras. HSP60 and tubulin were used as mitochondrial and cytosolic 
markers, respectively. (B) Isolated mitochondria from T-Rex cells with K-rasG12V induction (Control) were treated with 100 µg/
ml trypsin for 30 min at 4 °C, 24 °C and 37 °C. Western blotting analysis was used to reveal K-ras, hexokinase II (HKII) and 
cytochrome c. (C) Confocal microscopic analysis of the localization of K-ras. HEK293 cells before and after K-ras induction 
for 12 h were labeled with MitoTracker Red, K-ras-FITC (green), and DAPI for nuclei (blue) as described in Materials and 
Methods. (D) Immunoblotting of mitochondrial lysates from T-Rex cells without doxycycline induction (lane 1), with doxy-
cycline induction for 12 h (lane 2), and with doxycycline induction plus 25 µM H-7 (lane 3). Translocation of K-ras to the 
mitochondria was partially prevented by PKC inhibitor H-7. (E) K-ras activation (Tet/on) caused a decrease of mitochondrial 
transmembrane potential by 50% compared to control (off). Decrease of transmembrane potential was rescued by simultane-
ous treatment of H-7 (on + H-7). (F) K-ras-induced decrease of transmembrane potential was rescued by treatment with 5 µM 
cyclosporin A (on + CysA). (G) Quantitative analysis of transmembrane potential in K-ras-expressing cells in the presence or 
absence of cyclosporin A. Data are shown as mean ± SD. n = 3, *P < 0.05, **P < 0.01.
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pletely disappeared at 48 h. Concurrently, there was a 
time-dependent recovery of expression of SOD2 and cat-
alase, which were originally suppressed when K-rasG12V 
was induced (Figure 4A). Analysis of cellular ROS by 
flow cytometry revealed that the increase of ROS in the 
K-rasG12V-expressing cells was reduced back to almost 
normal level after doxycyclin withdrawal (Figure 4B). 
Importantly, the mitochondrial transmembrane potential 
in the Tet/on cells was almost completely restored to the 
normal level (comparable to the Tet/off control) 2 days 
after doxycycline withdrawal (Figure 4C). Under the 
influence of K-ras signal and ROS stress, the Tet/on cells 
exhibited certain stress morphology such as rounding up 
and partial detaching from the culture surface (Figure 
4D, middle panel). Removal of doxycycline for 2 days 
led to the reversal of cell morphology to the normal 
appearance, similar to that of the Tet/off control cells 
(Figure 4D).

Long-term induction of K-rasG12V led to metabolic adap
tation and increase in tumorigenesis

Since the induction of K-rasG12V expression caused an 
acute mitochondrial dysfunction leading to significant 
metabolic alterations manifested by an increase in glyco-
lysis and ROS stress, we further evaluated the long-term 
effect of K-rasG12V expression on glycolytic metabolism 
and redox status of the cells. As shown in Figure 5A, a 
long-term (>1 month) induction of K-rasG12V expression 
by doxycycline (20 ng/ml) resulted in a stable metabolic 
adaptation phenotype, characterized by a low mitochon-
drial respiration (approximately 60% oxygen consump-
tion compared to the Tet/off control cells) and high gly-
colytic activity, evidenced by increased glucose uptake 
and elevated lactate generation. Western blot analysis 
showed that such induction of K-rasG12V and mitochon-
drial dysfunction was associated with Akt activation, 
evidenced by increased phosphorylation of Akt at S473 
without change in total Akt protein level (Figure 5B). 
This was consistent with our previous observation that 
mitochondrial dysfunction caused Akt activation [18]. 
Hexokinase-2 (HKII), a key glycolytic enzyme regulated 
by the Akt pathway, was significantly increased in the 
Tet/on cells (Figure 5B). This might contribute to the 
upregulation of glycolysis in these cells. Interestingly, 
mitochondrial mass was moderately increased after long-
term K-ras activation (Figure 5C), likely reflecting a 
compensatory biogenesis in response to the functional 
suppression by K-rasG12V. The continuous induction K-
rasG12V for over a month also led to a moderate but sus-
tained increase in cellular ROS (Figure 5D). Quantitation 
of cellular glutathione (GSH), a major cellular antioxi-
dant, revealed a slight increase at 48 h of K-rasG12V induc-

Figure 4 Reversibility of K-rasG12V-induced ROS generation and 
mitochondrial dysfunction. (A) T-Rex cells were treated with 20 
ng/ml doxycycline for 24 h (Tet/on), followed by withdrawal of 
doxycycline from cell culture for 1, 2 and 3 days. Expression of 
K-ras, SOD2, catalase and β-actin was measured by western 
blot analysis. (B) K-ras induction (Tet/on) caused an increase 
of ROS. Removal of doxycycline for 2 days reversed ROS in-
crease. (C) K-ras induction caused a decrease of mitochondrial 
transmembrane potential. Removal of doxycycline for 2 days 
reversed such decrease to baseline comparable to that of 
the control (Tet/off). (D) Morphology of HEK293 cells without 
K-rasG12V expression (Tet/off), with K-rasG12V expression for 1 day 
(Tet/on), and after withdrawal of doxycycline for 2 days.
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Figure 5 Effect of long-term expression of K-rasG12V on cellular metabolism and tumor formation capacity. (A) T-Rex/K-ras 
cells were induced to express K-RAS by continuous culture with 20 ng/ml doxycycline for over 1 month. Oxygen consump-
tion, glucose uptake and lactate production were measured in comparison with the Tet/off control cells. (B) Western blot 
analysis of Akt and hexokinase II (HKII) in T-Rex/K-ras cells with or without long-term expression of K-ras. (C) Comparison of 
mitochondrial mass in Tet/off and long-term Tet/on cells, measured by flow cytometry analysis after staining with MitoTracker 
Green. (D) ROS production remained elevated after induction of K-rasG12V for over a month (long-term Tet/on). (E) Analysis 
of glutathione (GSH) levels in T-Rex/K-ras cells without or with K-rasG12V induction for short term (48 h) and long term (> 1 
month). (F) Comparison of T-Rex/K-ras cells with or without long-term pre-induction of K-rasG12V for colony formation in soft 
agar. The same number of cells were seeded in soft agar suspension in a six-well plate described in Materials and Methods. 
After incubation for 15 days, colonies were stained with iodonitroterazolium violet and counted. Data are shown as mean 
± SD from triplicate experiments. (G) Representative mice showing tumors grown from inoculated T-Rex/K-ras cells. Cells 
with and without long-term pre-induction of K-rasG12V expression were inoculated into the left flank and right flank of the same 
mice, respectively. (H) Comparison of tumor growth in mice bearing T-Rex/K-ras cells with and without long-term pre-induc-
tion of K-rasG12V expression. After cell inoculation, all mice received doxycycline during the 60-day observation period. 
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tion and a significantly higher level in the long-term Tet/
on cells (Figure 5E), suggesting an adaptive upregulation 
of GSH synthesis in response to the sustained ROS stress 
caused by K-rasG12V.

The above observations suggest that the expression 
of K-rasG12V caused mitochondrial dysfunction and an 
increase in ROS generation. In response, cells upregu-
lated glycolysis to compensate energy metabolism, and 
increased GSH synthesis to counteract ROS stress. This 
metabolic adaptation was especially prominent in the 
long-term Tet/on cells. We suspected that such adapta-
tion might be important for the transformed cells to 
proliferate and form tumor in vivo. To test this possibil-
ity, we first treated the T-Rex K-rasG12V cells with or 
without doxycycline in culture for over a month to allow 
sufficient time for metabolic adaptation, and then com-
pared their ability to form colonies in soft agar, using 
an anchorage-independent colony formation assay. As 
shown in Figure 5F, the Tet/off cells exhibited little abil-
ity to form colonies in soft agar, whereas the long-term 
Tet/on cells readily formed colonies. To further compare 
their ability to form tumor in vivo, we inoculated T-Rex/
K-ras cells with or without long-term pre-induction of 
K-rasG12V into nude mice, and observed tumor formation 
and tumor growth for 2 months. To minimize the influ-
ence of individual variation, each mouse was inoculated 
with long-term Tet/on cells subcutaneously on the left 
flank and the Tet/off cells on the right flank. All mice 
received doxycycline during the 2-month observation 
period. As shown in Figure 5G and 5H, the cells with 
long-term pre-induction of K-ras in vitro showed higher 
tumor formation incidence (4/10) than those without pre-
induction (1/10), and the tumor xenografts from the pre-
induced cells exhibited significantly higher growth rate. 
These data suggest that long-term induction of K-rasG12V 
expression in vitro allows metabolic adaptation to pro-
mote the ability of the transformed cells to form tumors 
in vivo.

Discussion

Increased aerobic glycolysis in cancer cells is known 
as the Warburg effect, which has been observed in a va-
riety of malignant tumors. This metabolic alteration is 
considered as a characteristic biochemical symptom of 
cancer cells and seems to be associated with mitochon-
drial dysfunction or respiration injury [1]. The associa-
tion between deregulation of mitochondrial function and 
oncogenic transformation has been reported in different 
experimental models including yeast [24], mouse [7, 8] 
and human fibroblasts [9]. It has been known for some 
time that oncogenic transformation by Ras could lead 

to mitochondrial dysfunction [7], although the detailed 
molecular and biochemical events linking Ras activation 
and the changes in energy metabolism still remain to be 
elucidated. In the current study, we established a tetracy-
cline-inducible K-rasG12V expression system to examine 
the detailed metabolic changes after induction of K-
rasG12V and to evaluate the temporal relationship between 
the oncogene expression and several key metabolic pa-
rameters. Our study showed that expression of K-rasG12V 
protein resulted in a significant decrease in mitochondrial 
respiration, accompanied by a decrease of mitochondrial 
transmembrane potential and an increase of ROS genera-
tion, detectable as early as 12 h after doxycycline induc-
tion. Fluorescent and electron microscopy also revealed 
alterations in mitochondrial morphology 48 h after K-ras 
induction. It seems that aberrant activation of the K-ras 
oncogene is able to cause rapid dysfunction of mitochon-
dria leading to structural changes. 

Although the expression of K-rasG12V consistently 
caused both rapid suppression of mitochondrial respira-
tion and a decrease of mitochondrial transmembrane 
potential (∆Ψm), the mechanistic link between these two 
parameters (respiration and ∆Ψm) is still unclear. Interest-
ingly, in the experiments using CysA to block K-rasG12V-
induced loss of ∆Ψm, we observed that such preservation 
of ∆Ψm did not prevent K-rasG12V-induced suppression 
of respiration (data not shown). These data seem to sug-
gest that inhibition of the mitochondrial respiratory chain 
activity may be a primary event caused by K-rasG12V, 
whereas the loss of transmembrane potential may be 
functionally a downstream event. The MPTP, consisting 
of VDAC, ANT, and CyD, is known to play an important 
role in maintaining ∆Ψm and its opening would lead to 
dissipation of ∆Ψm [22, 25]. Binding of CysA to CyD 
effectively suppressed the opening of MPTP and thus 
prevented loss of ∆Ψm, but this was unable to reverse the 
inhibition of respiratory chain activity, indicating that K-
rasG12V might directly affect the mitochondrial respiratory 
chain function rather than through disrupting mitochon-
drial membrane permeability. 

By using a combination of specific inhibitors of elec-
tron transport complexes and proper subtract supplement, 
we showed that complex I was likely the primary site 
in the respiratory chain impacted by K-rasG12V, although 
the exact peptide component that interacts with K-rasG12V 
protein still remains unclear at the present time. The de-
crease in the 20-kD protein shown in Figure 2C likely 
reflected the overall disruption of complex I, leading to 
instability of its protein components at the relatively later 
time points (24-48 h), since the suppression of respiration 
occurred at an earlier time (12 h) without detectable loss 
of the 20-kD protein. Interestingly, there seemed to be a 
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compensatory upregulation of complex II, as evidenced 
by the increased expression of the 30-kD component (a 
nuclear-encoded protein). Analysis of the representa-
tive components of other respiratory chain complexes 
using commercially available antibodies showed no sig-
nificant changes in complex III-IV. In a separate study, 
we used a SILAC (stable isotope labeling with amino 
acids in cell culture)-based mass spectrometry method 
to analyze possible changes in mitochondrial respiratory 
chain components, and found that many of the complex 
I components including NDUFA2, NDUFA4, NDUFA5, 
NDUFA11, NDUFA12, NDUFA13, NDUFB4, NDUFB6, 
NDUFB7 were substantially decreased (30%-50%) at 24 
h and 48 h (data not shown). These data together suggest 
that translocation of K-RAS protein to mitochondria 
might cause a disruption of complex I, resulting in an 
increased degradation of its protein components.

Several studies suggest that the RAS protein may be 
physically associated with mitochondria [19-21], although 
the exact localization of the RAS protein in the mito-
chondria still remains to be determined. Our study using 
confocal microscopy analysis suggested that a portion of 
K-RAS protein was indeed localized to the mitochondria. 
Some of the mitochondria-associated K-RAS proteins 
might be within the mitochondria since they were pro-
tected from trypsin digestion. The observation that 
blocking RAS translocation to the mitochondria by H-7 
prevented the loss of transmembrane potential in the K-
rasG12V-expressing cells (Figure 3D and 3E) seems to sug-
gest that the localization of K-RAS protein to mitochon-
dria might contribute to the inhibition of mitochondrial 
respiratory chain. However, the exact role of K-RAS 
protein localization to the mitochondria in causing sup-
pression of mitochondrial respiration still remains un-
clear. One possibility would be that K-RAS protein in 
the mitochondria might interact with a respiratory chain 
component and interfere with its function. Another pos-
sibility might involve NADPH oxidase (NOX)-mediated 
generation of ROS, which could then impact the redox-
sensitive mitochondrial respiratory chain components. In 
fact, it has been shown that K-ras-induced transformation 
involves activation of NOX and increased generation of 
ROS [26-28]. It is also possible that K-RAS might inter-
act with a mitochondrial membrane-associated molecule 
and thus decrease the transmembrane potential and af-
fect respiratory function. Obviously, further studies are 
needed to test these possibilities.

We found that K-ras induction is associated with 
a significant increase of ROS production. Since 
mitochondrial electron transport chain is a site of 
ROS generation, we speculate that the K-ras-induced 
mitochondrial dysfunction might increase the leakage 

of electrons, which then react with molecular oxygen 
to form superoxide. However, it is possible that other 
mechanisms may be involved in this ROS increase. 
For instance, recent studies showed that NOX plays 
an important role in generation of superoxide and in 
mediating Ras-induced transformation [26-28]. Indeed, 
we also observed the induction of K-rasG12V expression 
in the T-Rex/K-ras cells was associated with increased 
expression of NOX components (data not shown). Thus, 
it is possible that both mitochondrial dysfunction and 
elevated NOX activity may contribute to ROS increase 
induced by K-rasG12V. Further study is required to test 
this possibility and to determine the relative contribution 
of mitochondrial respiratory chain and NOX in ROS 
generation under these conditions. 

One major finding of this study was that the expres-
sion of K-rasG12V led to a significant increase in glyco-
lytic activity. The elevated glycolysis appeared to be a 
compensatory response to mitochondrial dysfunction, 
since mitochondrial respiratory suppression occurred 12 
h after K-rasG12V induction, whereas increased glycolysis 
was a much later event (72 h). In cells with compromised 
mitochondrial respiration and thus lower ATP generation 
through oxidative phosphorylation, upregulation of gly-
colysis is important to generate additional ATP to make 
up for the loss of energy generation in the dysfunctional 
mitochondria. Interestingly, the mitochondrial mass in 
the long-term Tet/on cells was increased (Figure 5C), 
but these cells still exhibit lower respiration and higher 
glycolysis, suggesting that the increase in mitochon-
drial mass was unable to completely compensate for the 
functional defect in ATP synthesis and thus the cells still 
required active glycolysis. Indeed, oxygen consumption 
remains low in the long-term Tet/on cells despite the 
increased mitochondrial mass. Such defect in mitochon-
drial function would render the cells more dependent on 
glycolysis. Consistently, a previous study showed that 
several enzymes involved in the glycolytic pathway were 
overexpressed in human pancreatic adenocarcinoma tis-
sues compared to the non-malignant pancreatic tissues 
[29].

It is of interest to note that a long-term pre-induction 
of K-rasG12V expression in vitro substantially enhanced 
the ability of these transformed cells to form colonies 
in soft agar and to form tumors in vivo. It is likely that 
the long-term pre-induction of K-rasG12V would allow 
sufficient time for the cells to undergo metabolic adapta-
tion, during which the cells upregulated glycolysis and 
enhanced GSH synthesis. The increase in glycolytic ca-
pacity would enable the cells to generate sufficient ATP 
and metabolic intermediates for the cells to proliferate in 
the hypoxic tissue microenvironment. Since generation 
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of ATP through glycolysis does not require oxygen, this 
metabolic property may be important for tumor growth 
in vivo, where hypoxia is frequently present in the tissue 
environment. Similarly, cells within the colonies in soft 
agar may also experience local hypoxia due to the gel 
barrier that retards oxygen diffusion. The increased abil-
ity of long-term K-rasG12V-expressing cells to form colo-
nies in soft agar and form tumor in vivo (Figure 5F-5H) 
supports this notion. At the molecular level, activation 
of Akt may contribute to the enhancement of glycolysis 
through its upregulation of HKII (Figure 5B). This is 
consistent with our previous observation that mitochon-
drial dysfunction could lead to Akt activation by a redox-
mediated inactivation of PTEN, which is a negative 
regulator of Akt [18]. The well-established roles of Akt 
in promoting cell survival and enhancing glycolysis may 
significantly contribute to the increased tumorigenicity of 
the K-rasG12V-transformed cells.

In summary, our study showed that induction of 
K-rasG12V expression caused mitochondrial dysfunc-
tion manifested by a rapid decrease in respiration, a 
reduction in mitochondrial transmembrane potential, 
and an increase in generation of ROS. The translocation 
of K-RAS protein to mitochondria was associated with 
these biochemical alterations. Suppression of the re-
spiratory chain complex-I seemed to be a major event, 
which was associated with a destabilization of the 
complex I components in the K-rasG12V-expressing cells. 
Increased glycolysis and elevated synthesis of GSH were 
two major metabolic adaptation events in response to 
mitochondrial dysfunction induced by K-rasG12V. These 
adaptations would enable the cells to generate sufficient 
energy to compensate for the loss of ATP generation in 
the mitochondria and to increase antioxidant capacity to 
counteract the elevated ROS. As such, these metabolic 
changes may be important for the survival of the Ras-
transformed cells, and could be exploited for therapeutic 
purpose. For instance, inhibition of glycolysis and 
abrogation of the GSH antioxidant system might be 
effective strategies to kill Ras-transformed cancer cells. 
These possibilities require further study. 

Materials and Methods

Vector construction and cell culture
The full-length cDNA containing the K-rasG12V gene sequence 

was constructed into the pcDNA4/TO vector (Invitrogen) at the 
EcoRV restriction site. The resulting pcDNA4/TO-K-rasG12V con-
struct was confirmed for correct orientation and reading frame by 
direct DNA sequencing. HEK293 cells (T-Rex-293 from Invitro-
gen) pre-transfected with the tet-repressor vector (pcDNA6/TR) 
were further transfected with 1.5 µg of pcDNA4/TO-K-rasG12V 
plasmid DNA or the pcDNA4/TO vector-only as a control. Blas-

ticidin (10 µg/ml) and Zeocin (200 µg/ml) were added into cell 
cultures to select the cell clones stably transfected with both pcD-
NA6/TR and pcDNA4/TO-K-rasG12V. Stable clones were routinely 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum, 10 µg/ml blasticidin and 
200 µg/ml Zeocin. K-rasG12V expression was induced by 20 ng/ml 
doxycycline and confirmed by western blot analysis. T-Rex cells 
with long-term induction of K-rasG12V were maintained with 20 ng/
ml doxycycline (over 2 months). HPDE cells and HPDE/K-rasG12V 
cells were cultured in Keratinocyte-SFM medium (GIBCO). 

Antibodies and reagents
The following antibodies were used for immunoblotting 

analyses using standard western blotting procedures: K-ras 
(Calbiochem), HSP60 (Abcam), β-actin (Calbiochem), tubulin, 
cytochrome c and AKT (Cell Signaling), SOD2, and HKII (Santa 
Cruz), complex I 20 kD, and complex II 30 kD (Invitrogen). H-7 
and CysA were purchased from Sigma.

Flow cytometry analysis of ROS generation, mitochondria 
mass and transmembrane potential

Cells were stained with 60 nM MitoTracker Green (Invitro-
gen) for 60 min to measure the mitochondrial mass, with 5 µM 
DCF-DA (60 min) to detect cellular ROS, and with 1 µM rhod-
amine-123 (60 min) to evaluate the mitochondrial transmembrane 
potential. Analysis was performed using a FACScan flow cytom-
eter (Becton Dickinson).

Cellular GSH analysis
A glutathione assay kit (Cayman Chemical Co., Ann Arbor, 

MI, USA) was used to measure total cellular GSH as described 
[30]. Briefly, cell extracts were prepared by sonication and depro-
teination. The level of total GSH was detected by measuring the 
product of glutathionylated DTNB by UV spectrophotometer at 
405 nm. The cellular GSH contents were calculated using the 
standard curve generated in parallel experiments and expressed as 
nmoles/106 cells. Cell number and median cell volume were quan-
tified using a Coulter® Z2 particle count and size analyzer.

Determination of glycolytic activity
The cellular glycolytic activity was evaluated by measuring 

lactate production, glucose uptake and oxygen consumption rate. 
To determine the cellular lactate production, cells in exponential 
growth phase were washed and incubated with fresh medium for 
the indicated times. Culture media were removed for the analysis 
of lactate content using a lactate analyzer with a linear range of 
standard lactate concentrations according to the manufacturer’s 
instruction (Roche, Mannheim, Germany). Cellular glucose uptake 
was measured by incubating cells in glucose-free DMEM for 2 h 
before incubation with 0.2 Ci/ml [3H]2-deoxyglucose (specific activ-
ity, 40 Ci/mmol) for 1 h. After the cells were washed with ice-cold 
PBS, the radioactivity in the cell pellets was quantified by liquid 
scintillation counting.

Determination of oxygen consumption
Five million cells were resuspended in 1 ml of fresh warm me-

dium pre-equilibrated with 21% oxygen and placed in the sealed 

respiration chamber equipped with a thermostat control, a micro-
stirring device, and a Clark-type oxygen electrode disc (Oxytherm, 
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Hansatech Instrument, Cambridge, UK). The oxygen content in the 
cell suspension medium was constantly monitored for 20 min and 
oxygen consumption rate was recorded. To measure mitochondrial 
respiratory chain complex I and II activity, 5 million cells were 
resuspended in respiration buffer containing 20 mM HEPES pH 7.4, 
10 mM MgCl2 and 250 mM sucrose. At 6 min after the recording, 
100 nM rotenone was added to suppress the activity of complex I. 
At 10 min, 30 µg/ml digitonin was added to make the cell mem-
brane permeable to complex II substrate succinate. At 12 min, 5 
µM succinate was added to record the activity of complex II.

DNA isolation and PCR
Total DNA from T-Rex cells was isolated using DNeasy blood 

and tissue kit (QIAGEN) and amplified under standard PCR condi-
tions using mitochondrial-specific PCR primers for D loop, ND4, 
COXII and β-actin as described previously [31].

Immunofluorescence and confocal microscopy
Cells before and after K-ras induction were cultured on steril-

ized glass slide covers until 70%-80% confluence and incubated 
with 200 nM MitoTracker Red for 1 h. Cells were washed with 
fresh warm DMEM medium for 5 min twice and fixed with 
3.7% paraformaldehyde in medium at 37 °C for 15 min, washed 
with PBS, and then incubated with 5% BSA for 30 min at room 
temperature (RT). The samples were incubated at RT for 3 h with 
mouse anti-K-ras, washed, and then incubated with FITC-labeled 
anti-mouse antibody for 1 h. Finally, samples were stained with 
400 ng/ml DAPI in PBS for 5 min at RT. The slide covers were 
mounted on glass slides with Vectashield® mounting medium 
(Vector Laboratories, CA, USA). Images were taken by NIKON 
Eclipse TE2000 confocal microscope and analyzed by using Nikon 
EZ-C1 software.

Soft agar and tumorigenecity
HEK293 cells before and after long-term K-ras induction (4 × 

104 cells/well) were seeded in 0.35% agarose over a layer of 0.7% 
agarose in a six-well plate. After incubation for 15 days, colonies 
were stained overnight with p-iodonitroterazolium violet and colo-
nies were counted. 3 × 106 cells before and after long-term K-ras 
induction were inoculated subcutaneously on the left and right 
flanks of five nude mice. All mice received doxycycline injection 
(10 mg/kg) every other day on day 1-13 and daily on day 15-60. 
The mice were monitored for tumor growth and body weight.
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