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Mitochondrial dysfunction suppresses p53 expression via 
calcium-mediated nuclear factor-kB signaling in HCT116 
human colorectal carcinoma cells
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Mitochondrial DNA (mtDNA) mutations are often observed in 
various cancer types. Although the correlation between 
mitochondrial dysfunction and cancer malignancy has been 
demonstrated by several studies, further research is required to 
elucidate the molecular mechanisms underlying accelerated 
tumor development and progression due to mitochondrial 
mutations. We generated an mtDNA-depleted cell line, 0, via 
long-term ethidium bromide treatment to define the molecular 
mechanisms of tumor malignancy induced by mitochondrial 
dysfunction. Mitochondrial dysfunction in 0 cells reduced 
drug-induced cell death and decreased the expression of 
pro-apoptotic proteins including p53. The p53 expression was 
reduced by activation of nuclear factor-B that depended on 
elevated levels of free calcium in HCT116/0 cells. Overall, 
these data provide a novel mechanism for tumor development 
and drug resistance due to mitochondrial dysfunction. [BMB 
Reports 2018; 51(6): 296-301]

INTRODUCTION

Mitochondria are the main energy-producing organelles, 
which regulate cellular metabolism, cell death, and production 
of reactive oxygen species (ROS) (1-3). Mitochondria contain 
their own DNA (called mitochondrial DNA [mtDNA]) carrying 
13 enzyme-encoding genes including those related to 

oxidative phosphorylation, transfer RNAs, and ribosomal 
RNAs (4). As mitochondria are the major ROS production 
sites, mtDNA is often directly exposed to highly reactive ROS 
(5). Despite the presence of antioxidant systems such as 
superoxide dismutase, glutathione, and peroxiredoxin in 
mitochondria, mtDNA is prone to damage by ROS (5). 
Consequently, numerous mtDNA mutations have been 
reported in various cancer types (6). These mutations are 
linked to both primary tumor growth and metastasis (7). 
However, additional research is required to elucidate the 
molecular mechanisms of tumor growth and progression 
induced by mitochondrial mutations. 

The tumor suppressor p53 is a transcription factor, which 
plays a decisive role in cell cycle regulation and apoptosis (8, 
9). The importance of p53 in tumorigenesis is reinforced by 
reports suggesting that p53 is highly mutated in over 50% of 
cancer cells. Mutations in p53 result not only in the loss of 
normal protein function, but also lead to carcinogenesis (10). 
Recently, several researchers reported that p53 expression is 
tightly linked to mitochondrial homeostasis and function 
(11-13), suggesting that p53 regulates mitochondrial 
membrane potential, and loss of p53 results in a significant 
increase in mtDNA mutations. Furthermore, the relationship 
between the loss of p53 and mitochondrial dysfunction has 
been reported in a variety of cancers (14-16).

Several recent reports have suggested possible molecular 
mechanisms underlying tumorigenesis caused by mitochondrial 
dysfunction. However, the mechanisms are still poorly 
elucidated. In the present study, we observed a reduced p53 
expression in the mtDNA-depleted cellular model, HCT116/0, 
derived from the colorectal carcinoma cell line HCT116. This 
observation supports the theory that mitochondrial dysfunction 
leads to tumor progression and drug resistance via reduction of 
p53 expression. 

RESULTS

Mitochondrial DNA-depleted HCT116/0 cells are resistant 
to anticancer drug-induced apoptosis 
Previously, several reports revealed that various cancer cells 
exhibited defective mitochondrial function (5, 6). In addition, 
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Fig. 1. Resistance to anticancer drug-induced apoptosis in 
HCT116/0 cells. HCT116 cells were treated with ethidium 
bromide to generate HCT116/0 cells. (A) Mitochondrial gene 
expression in HCT116/0 cells. The viabilities of HCT116 and 
HCT116/0 cells treated with taxol (10 nM, B) and doxorubicin (1 
M, C) for 3 ds. Error bars represent mean ± SD. *P ＜ 0.05, 
**P ＜ 0.01, ***P ＜ 0.001 by Student’s test. (D) Protein 
expression levels of pro-apoptotic and anti-apoptotic genes: COX1, 
cytochrome c oxidase 1; COX2, cytochrome c oxidase 2; COX3, 
cytochrome c oxidase 3; ND1, NADH dehydrogenase 1; ND2, 
NADH dehydrogenase 2; CYTB, cytochrome b oxidase.

Fig. 2. Reduction in p53 expression following mitochondrial DNA 
depletion. (A) The mRNA and protein levels of p53 in HCT116 
and HCT116/0 cells. Time-dependent depletion of mitochondrial 
gene expression (B) and p53 expression (C). COX1, cytochrome c 
oxidase 1; COX2, cytochrome c oxidase 2; COX3, cytochrome c 
oxidase 3; ND1, NADH dehydrogenase 1; ND2, NADH 
dehydrogenase 2; CYTB, cytochrome b oxidase.

cancer cells with mitochondrial dysfunction are more malignant 
than cancer cells with normal mitochondrial function (7). To 
investigate the molecular mechanism of drug resistance, one 
of the malignant phenotypes induced by mitochondrial 
dysfunction, we established the mtDNA-depleted cell line, 0. 
The 0 cell line is invaluable for the study of diseases related 
to mitochondrial dysfunction (17, 18). Mitochondrial DNA- 
depleted cells were established by treatment with 1 g/ml EtBr 
for 50 days. As shown in Fig. 1A, the number of mtDNA 
transcripts in HCT116/0 cells was diminished by EtBr 
treatment. To examine the drug-resistant phenotype of 
HCT116/0 cells, we tested whether HCT116/0 cells were 
resistant to drug-induced cell death. Both parental HCT116 
and HCT116/0 cells were incubated with media containing 
taxol or doxorubicin for 3 days. The HCT116/0 cells were 
more resistant to both taxol and doxorubicin than the parental 
cells (Fig. 1B and C). Furthermore, the expression of apoptotic 
proteins such as p53, Bax, and Bid was reduced, and the 
expression of the anti-apoptotic protein Bcl2 was up-regulated 
in HCT116/0 cells (Fig. 1D). These results indicate that 
mtDNA-depleted HCT116/0 cells exhibited a more drug- 
resistant phenotype than their parental cells.

Reduction of p53 expression follows mitochondrial DNA 
depletion in HCT116/0 cells
Many studies show that loss of p53 function plays a crucial 
role in tumor malignancy (19, 20). As shown in Fig. 1, the p53 
expression was reduced in HCT116/0 cells. This reduction in 
p53 levels was also observed at the mRNA level (Fig. 2A), 
suggesting that mtDNA depletion affects transcription of the 
p53 gene. It has been reported that p53 regulates mtDNA copy 
number and mitochondrial homeostasis (11, 12). Thus, we 
tested mtDNA depletion and p53 expression to verify that loss 
of p53 leads to mtDNA depletion during establishment of 
HCT116/0 cells. If loss of p53 leads to mtDNA depletion as 
expected, p53 expression is reduced prior to mtDNA 
depletion in HCT116/0 cells. Following the treatment of 
HCT116 cells with EtBr, p53 expression and mtDNA depletion 
were monitored by RT-PCR in a time-dependent manner. 
Unexpectedly, mtDNA depletion started after 4 days of EtBr 
treatment, while p53 expression was reduced after 18 days of 
EtBr treatment (Fig. 2B and C). This result indicates that 
mtDNA depletion affects p53 expression. 

Reduction of p53 expression is mediated by elevated 
intracellular calcium level, and not elevated NADH levels
Mitochondrial dysfunction leads to accumulation of 
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Fig. 3. Elevated intracellular calcium-mediated p53 reduction in 
HCT116/0 cells. Cellular levels of NADH (A) and calcium (B). 
Error bars represent mean ± SD. *P ＜ 0.05, **P ＜ 0.01, ***P 
＜ 0.001 by Student’s test. (C) Protein expression of p53 in 
HCT116 and HCT116/0 cells treated with NADH (1 mM) or 
NADPH (1 mM). (D) Protein level of p53 in HCT116 and 
HCT116/0 cells treated with calcium ionophore, A23187 (5 M) 
or calcium chelator, BAPTA (2 M).

Fig. 4. Calcium-induced NF-B-mediated p53 reduction in 
HCT116/0 cells. (A) Protein levels of NF-B and p53 in HCT116 
and HCT116/0 cells treated with pyrrolidine dithiocarbamate 
(PDTC, 2 M). (B) mRNA level of p53 in HCT116 and 
HCT116/0 cells treated with PDTC. (C) Protein levels of NF-B, 
IB, p53 and p21 in HCT116/0 cells treated with PDTC. (D) 
Hypothetical working model for p53 reduction induced by 
mitochondrial dysfunction.

intracellular NADH and calcium, which are both important 
intracellular signals (21, 22). To investigate whether these 
factors affected the decrease in p53 expression in the 
HCT116/0 cells, intracellular NADH and calcium levels were 
measured. The intracellular NADH level was elevated in 
HCT116/0 cells (Fig. 3A). If increased intracellular NADH 
level reduced p53 expression, it would have been reduced in 
NADH-treated parental cells. However, NADH treatment did 
not reduce the p53 level in parental cells (Fig. 3C). Next, we 
measured the intracellular calcium levels in HCT116/0 cells 
using a free calcium-binding fluorescent dye. As previously 
reported (21, 22), intracellular calcium levels in HCT116/0 
cells were higher than in parental cells (Fig. 3B). In order to 
test the effect of elevated intracellular calcium levels on p53 
expression, we treated parental cells and HCT116/0 cells with 
A23187 (a calcium ionophore) or BAPTA (a calcium chelator). 
In A23187-treated parental cells, the p53 level was lower than 
in untreated cells. The p53 level was restored by chelating the 
free intracellular calcium in HCT116/0 cells (Fig. 3D). These 
results indicate that the reduction of p53 expression might be 
mediated by elevated calcium and not by NADH.

Activation of nuclear factor-B (NF-B) by elevated cytosolic 
calcium reduces p53 expression in HCT116/0 cells 
According to previous reports, calcium-dependent calcineurin 
activation activated NF-B (21), which reduced p53 levels (23, 
24). Therefore, we assumed that elevated intracellular calcium 
level reduces p53 levels by activating NF-B. To confirm this 
assumption, we first examined NF-B levels in both parental 
and HCT116/0 cells. Both total and activated NF-B levels in 
HCT116/0 cells were higher than in parental cells (Fig. 4A). 
Pyrrolidine dithiocarbamate, an NF-B inhibitor (25), restored 
both protein and mRNA levels of p53 in HCT116/0 cells (Fig. 
4A and B). Next, we examined p53 and NF-B levels after 
treatment with BAPTA to investigate the possibility that 
elevated calcium level reduces p53 expression through NF-B. 
Chelation of elevated calcium in HCT116/0 cells by BAPTA 
led to inhibition of NF-B signaling (restoration of IB protein 
levels and decrease in phosphorylated NF-B levels; Fig. 4C), 
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which also rescued the expression of p53 and p21 in 
HCT116/0 cells. These data indicate that activation of NF-B 
by elevated intracellular calcium level reduced the p53 
expression in HCT116/0 cells.

DISCUSSION

Mitochondrial DNA mutations and mitochondrial dysfunction 
have been frequently described in various human cancers 
including renal, head and neck, breast, ovarian, liver, prostate, 
bladder, and colon cancers (5, 6). Mitochondrial dysfunction 
has been shown to induce malignant tumor phenotypes such 
as glycolytic phenotype, metastasis, drug resistance, and 
angiogenesis (26, 27). Ishikawa et al. showed that mtDNA 
mutations accelerate tumor metastatic activity, and resulted in 
ROS accumulation and induction of nuclear genes essential for 
tumor cell survival and angiogenesis (27). Mutations in 
mtDNA also induce tumor metastasis by promoting 
anti-apoptotic activities in tumor cells. In this case, mtDNA 
mutations constitutively activate the PI3K/Akt signaling 
pathway and protect tumor cells from stress-induced cell death 
(28). However, the causality between mtDNA mutations and 
drug resistance is poorly understood. In this study, we used the 
mtDNA-depleted cell line, 0, to define the molecular 
mechanism of drug resistance induced by mitochondrial 
dysfunction. The 0 cell line is a highly valuable model for 
studying diseases related to mitochondrial dysfunction (17). It 
has also been used to study drug resistance induced by 
mitochondrial dysfunction (29-31). Here, we found that 
mtDNA depletion decreases drug-induced cell death in 
HCT116/0 cells (Fig. 1). Furthermore, the expression of 
pro-apoptotic proteins was reduced and the expression of 
anti-apoptotic proteins was increased. These results show that 
mtDNA depletion induces resistance to drug-induced cell 
death.

In recent years, several researchers reported that p53 targets 
mitochondria affecting both mtDNA abundance and 
mitochondrial homeostasis (11, 16). The p53 is known to 
maintain the genome function by acting as a transcription 
factor, DNA damage regulator, and signaling molecule (32). In 
addition to these roles, p53 acts as a mito-checkpoint protein 
and regulates mtDNA copy number and mitochondrial 
biogenesis (33). Furthermore, p53 plays a crucial role in the 
enhancement of base excision repair in mtDNA and localizes 
to the inner mitochondrial membrane fraction (34). Furthermore, 
mtDNA mutations and mitochondrial dysfunction are induced 
by mutated p53 in cancer cells. Interestingly, we observed that 
p53 expression was reduced in HCT116/0 cells (Fig. 1 and 2). 
During HCT116/0 cell generation, mtDNA depletion 
occurred prior to the reduction of p53 expression (Fig. 2) 
suggesting that mtDNA depletion induced reduction of p53 
expression. Reduction of p53 expression by mtDNA depletion 
might accelerate oncogene and mtDNA mutations, and result 
in a drug-resistant phenotype in HCT116/0 cells. To elucidate 

the molecular mechanism of p53 reduction in HCT116/0 
cells, we examined the intracellular levels of NADH and 
calcium. As NADH is an essential substrate for the mitochondrial 
electron transport chain, mtDNA mutations in the electron 
transport chain genes lead to NADH accumulation in the 
cytosol. Mitochondrial calcium is also released into the cytosol 
from collapsed mitochondrial structures in HCT116/0 cells. 
Although both intracellular NADH and calcium levels were 
elevated in 0 cells, the reduction of p53 expression was 
affected by elevated cytosolic calcium and not NADH levels 
(Fig. 3). Furthermore, NF-B activation by elevated calcium 
levels in HCT116/0 cells induced the reduction of p53 
expression (Fig. 4). On the other hand, elevated NADH level 
in glycolytic 0 cells may also be protective against 
drug-induced cell death. Pelicano et al. reported that 0 cells 
show dependency on glycolysis, increased NADH level, and 
activation of the Akt kinase, leading to drug resistance and 
survival in case of hypoxic stress (22). They suggested that 
elevated NADH level in 0 cells activates Akt via inactivation 
of the PTEN protein through a redox modification. We also 
observed the activation of Akt in HCT116/0 cells (data now 
shown). Elevated NADH levels may activate Akt activity via 
PTEN inactivation in HCT116/0 cells. Taken together, we 
hypothesize that resistance to drug-induced cell death in 
HCT116/0 cells results from both reduction in p53 expression 
and activation of Akt as shown in Fig. 4D. 

In conclusion, we demonstrated that mitochondrial dys-
function induced by mtDNA depletion causes drug resistance 
via a reduction in p53 expression. We found that elevated 
intracellular calcium levels significantly down-regulated p53 
expression via NF-B activation in the mtDNA-depleted 
HCT116/0 cell model. Consequently, these data provide a 
novel mechanism for drug resistance triggered by mitochondrial 
dysfunction, and serve as a foundation for further studies and 
for the development of new cancer treatment strategies 
targeting the mitochondria.

MATERIALS AND METHODS

Materials
Dulbecco’s Modified Eagle’s medium, fetal bovine serum, 
antibiotics (penicillin and streptomycin), 10X Trypsin/ethylene-
diaminetetraacetic acid solution, and phosphate-buffered 
saline (PBS) were purchased from JBI (Daegu, Korea). All 
oligonucleotide primers for reverse transcription–polymerase 
chain reaction (RT-PCR) were generated by Cosmogenetech 
(Seoul, Korea). Antibodies were purchased from the following 
suppliers: Cell Signaling Technology, Danvers, MA, USA 
(nuclear factor-B [NF-B], phospho-NF-B, IB, phospho-IB, 
and p21) and Santa Cruz Biotechnology, Dallas, Texas, USA 
(p53, -tubulin, and secondary antibodies for rabbit and 
mouse). Fluo-3/AM was purchased from Invitrogen (Carlsbad, 
CA, USA).
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Cell culture and generation of the HCT116/0 cell line
The human colon cancer cell line, HCT116, was obtained 
from American Type Culture Collection (Manassas, VA, USA) 
and maintained in RPMI1640 medium supplemented with 
10% heat-inactivated fetal bovine serum and 1% 
penicillin/streptomycin at 37oC with 5% CO2. HCT116/0 cell 
line was generated as previously described (17). Briefly, 
HCT116 cells were incubated for approximately 50 days with 
media including 1 g/ml ethidium bromide (EtBr), 50 g/ml 
sodium uridine, and 1 mM sodium pyruvate. Subsequently, 
the HCT116/0 cell line was selected by treatment with 
rotenone and antimycin A (Sigma-Aldrich, St. Louis, MO, 
USA). Mitochondrial DNA depletion was analyzed by RT-PCR. 
After selection of the HCT116/0 cell line, the cells were 
incubated in EtBr-free medium.

Reverse transcription-polymerase chain reaction
Total RNA was isolated from cells using TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA) and converted to cDNA with 
M-MLV reverse transcriptase (Promega, San Luis, CA, USA) 
according to the manufacturer’s instructions. Equal amounts of 
cDNA were subsequently amplified by PCR using the 
following primers: ND 1: 5’-GAG CAG TAG CCC AAA 
CAA-3’ and 5’-TAG GGT GAG TGG TAG GAA GT-3’; ND 2: 
5’-ACC CGT CAT CTA CTC TAC CA-3’ and 5’-TAA TCC ACC 
TCA ACT GCC-3’; COX 1: 5’-TTG AAC AGT CTA CCC TCC 
C-3’ and 5’-GCT CAC ACG ATA AAC CCT-3’; COX 2: 5’- CGT 
CTG AAC TAT CCT GCC-3’ and 5’-GTC GTG TAG CGG TGA 
AAG-3’; COX 3: 5’-GAA AGC ACA TAC CAA GGC-3’ and 
5’-GCG GAT GAA GCA GAT AGT-3’; ATP 6: 5’-GTT CGC 
TTC ATT CAT TGC-3’ and 5’-TGA GTA GGC TGA TGG TTT 
C-3’; CYTB: 5’- CAC TCC ACC TCC TAT TCT TG-3’ and 
5’-CTT ACT GGT TGT CCT CCG AT-3’; p53: 5’-TTT GCG 
TGT GGA TTT GG-3’ and 5’-TTT TTA TGG CGG GAG GTA 
GA-3’; -actin: 5’-GTG GGG CGC CCC AGG CAC CAG 
GGC-3’ and 5’-CTC CTT AAT GTC ACG CAC GAT TTC-3’.

Western blotting analysis
Cells were lysed using radioimmunoprecipitation assay buffer 
containing 1 mM phenylmethylsulfonyl fluoride, 1 mM 
dithiothreitol, and protease and phosphatase inhibitor cocktails 
on ice for 20 mins. The protein samples were separated on 
8-10% sodium dodecyl sulfate–polyacrylamide gels and 
transferred onto polyvinylidene fluoride membrane using a 
Trans-Blot semi-dry transfer kit (Bio-Rad, Hercules, CA, USA). 
The membranes were incubated for 2 h with the following 
primary antibodies: anti-mouse p53 (1:2,000), anti-mouse 
-tubulin (1:5,000), anti-rabbit NF-B (1:500), and anti-rabbit 
phospho-NF-B (1:500). Next, the membranes were washed 
three times with TBS ＋ 0.1% Tween-20 for 10 mins each, 
after which they were incubated with horseradish peroxidase- 
conjugated anti-mouse or anti-rabbit antibody (1:5,000) for 30 
mins. The membranes were then washed 4 times with TBS ＋ 
0.1% Tween-20 for 10 mins each. Immunoreactive bands 

were visualized using the ECL system.

Measurement of intracellular NADH and calcium
Cells (40,000 cells/cm2) were seeded on 60-mm dishes. After 
24 h, the cells were harvested using 1 ml of PBS. Lysates were 
added to 3 wells in a 96-well plate. Measurements were 
conducted in triplicate for 3 individual experiments. The 
intracellular NADH level was measured by quantifying the 
intrinsic fluorescence under ultraviolet excitation using a 
spectrophotometer equipped with 340 nm excitation and 460 
nm emission. The intracellular calcium level was measured by 
loading Fluo-3/AM, using a fluorometer at an excitation 
wavelength of 488 nm and an emission wavelength of 520 
nm. 

MTT assay
Cells were seeded at a density of 4 × 104 cells/well in a 
24-well plate. Seeded cells were incubated for 24 h in an 
incubator containing a humidified atmosphere of 5% CO2. 
The viability assay was conducted using doxorubicin (1 M) or 
taxol (10 nM) as a treatment followed by incubation at 37oC 
for 1 d and 3 d. A final concentration of 0.6 mg/ml of MTT 
reagent was added directly to each well. After 4 h, the 
medium was removed, the formazan crystals in cells were 
dissolved in dimethyl sulfoxide (DMSO), and the absorbance 
of the formazan solution was measured using an ELISA reader 
(Molecular Devices, Sunnyvale, CA) equipped with a 540 nm 
filter. Each sample was assayed in triplicate, and the 
experiment was repeated three times.

Statistical analysis
Data are presented as the means ± standard deviation (SD). 
Statistical comparisons between groups were performed using 
Student’s t-test. P ＜ 0.05 was considered statistically significant. 
Statistical analyses were performed in Microsoft Excel.
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