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A number of studies show that mitochondrial DNA (mtDNA) 
depletion and attendant activation of retrograde signaling 
induces tumor progression. We have reported previously that 
activation of a novel Nuclear Factor-Kappa B pathway is crit-
ical for the propagation of mitochondrial retrograde signaling, 
which induces both phenotypic and morphological changes in 
C2C12 myoblasts and A549 lung carcinoma cells. In this study, we 
investigated the role of stress-induced Nuclear Factor-Kappa B 
in tumor progression in xenotransplanted mice. We used a retro-
viral system for the inducible expression of small interfering RNA 
against IkBα and IkBβ mRNAs. Expression of small interfering 
RNA against IkBβ markedly impaired tumor growth and invasive 
ability of mtDNA-depleted C2C12 myoblasts and also thwarted 
anchorage-independent growth of the cells. Knockdown of IkBα 
mRNA, however, did not have any modulatory effect in this cell 
system. Moreover, expression of small interfering RNA against 
IkBβ reduced the expression of marker genes for retrograde sig-
naling and tumor growth in xenografts of mtDNA-depleted cells. 
Our findings demonstrate that IkBβ is a master regulator of mito-
chondrial retrograde signaling pathway and that the retrograde 
signaling plays a role in tumor growth in vivo. In this regard, IkBβ 
supports the tumorigenic potential of mtDNA-depleted C2C12 
cells.

Introduction

Studies over the past two decades have established that mitochon-
drial DNA (mtDNA) depletion or mutations in both unicellular 
eukaryotes or metazoan cells alters nuclear gene expression (1–4). 
This unique mitochondria-generated signaling pathway has been 
alternatively termed retrograde signaling, mitochondrial respiratory 
stress or mitochondria-to-nucleus stress signaling (1,5,6). Retrograde 
signaling was first reported in the yeast, Saccharomyces cerevisiae 
(7), where it was shown to involve activation of the bHLH factor 
Rtg, and results in alterations in both nuclear gene expression and 
cellular metabolism (6). In mammalian cells, retrograde signaling is 
induced by multiple stimuli, including mtDNA depletion or mutation, 
nuclear mutations that cause perturbations in the mitochondrial elec-
tron transport chain complexes and stress due to the mitochondrial 
unfolded protein response (6). A number of different Ca2+ responsive 
PKCs, AMPK, protein phosphatases, transcription factors (CREB, C/
EBP family C/EBPδ and CHOP, NFAT, and Nuclear Factor-Kappa B 
[NF-κB]) are activated under these various stress-inducing conditions 
(6). Although some studies also suggest that mitochondrial oxidative 
stress-induced HIF factors may be involved in retrograde signaling 
(1,5,6,8–13), we have shown that mtDNA depletion- or mitochondrial 

electron transport chain complex inhibitor-induced retrograde signal-
ing in C2C12 skeletal myoblasts and A549 lung cancer cells is pre-
dominantly mediated by a Ca2+-activated calcineurin pathway and is 
not accompanied by HIF activation (1,14).

Mitochondrial DNA depletion, and/or, mutations are associated 
with a wide spectrum of human cancers (15,16). Under experimen-
tal conditions, mtDNA depletion (50–70% of normal levels) induces 
tumor growth and phenotypic transformation of immortalized skeletal 
muscle C2C12 myoblasts, lung, breast and prostate cancer cells in 
vitro (8,17,18), and promotes tumor progression in a xenograft mouse 
model of colorectal cancer cells (19). Notably, mtDNA depletion in 
C2C12 cells also induces the expression of tumor cell markers includ-
ing transforming growth factor-β (TGF-β), insulin-like growth factor 
1 receptor (IGF1R), Akt/PI3-K, Glut 4, cathepsin L, as well as other 
genes involved in cell metabolism and proliferation (8). Finally, we 
have demonstrated that mtDNA depletion in C2C12 cells induced mor-
phological changes that may contribute to transformation, including 
appearance of pseudopodia-like structures, increased glucose uptake, 
activation of the PI3-K/Akt pathway, increased resistance to apoptotic 
stimuli and increased invasive properties in vitro (20). Results emer-
ging from our own and others’ studies show that retrograde signaling 
drives phenotypic transformation and tumor progression.

To further understand the molecular pathways that contribute to 
retrograde-signaling-induced phenotypic transformation, we used 
transient transfection with promoter–reporter constructs, coupled 
with mutational analysis, DNA–protein binding and ChIP analysis. 
Notably, this analysis revealed that stress response genes, including 
cathepsin L, RyR1, Glut4 and Akt, contain functionally important 
cis-DNA motifs for binding to CREB, C/EBPδ, NFAT and NF-κB 
factors immediately upstream of transcription start sites (11,20,21). 
We also showed that hnRNPA2, an RNA-binding protein involved in 
RNA maturation and trafficking, with potential roles in cancer promo-
tion, binds to enhanceosomes of stress target genes by protein–pro-
tein interaction through DNA bound proteins listed above. Finally, 
gene expression profiling by cDNA array analysis showed that nearly 
120 genes with diverse functions including cell surface receptors, cell 
cycle control, mitochondrial OXPHOS function, cell metabolism and 
oncogenesis were upregulated in mtDNA-depleted cells (1,21). Such 
global changes in nuclear gene expression and growth potential fol-
lowing mtDNA depletion are supported by studies in other mitochon-
drial stress-induced tumor cell models (2–4).

The NF-κB pathway activated in response to mitochondrial 
retrograde signaling is distinctly different from the more extensively 
studied canonical and non-canonical NF-κB pathways that participate 
in multiple physiological and pathological processes (22). Specifically, 
NF-κB activation by retrograde signaling involves the dephosphorylation 
of the IkBβ–cRel/p50 complex by calcineurin, a Ca2+-dependent 
phosphatase. The subsequent release of the cRel:p50 heteromeric 
factor then activates the transcription of target genes that are distinctly 
different from the classical NF-κB pathways (5,6). To further assess the 
role of this novel NF-κB pathway in propagating stress signaling, we 
carried out a microarray analysis of mRNA from cells stably expressing 
small interfering RNA (siRNA) against IkBβ. Results showed that IkBβ 
silencing, but not IkBα silencing, retarded the expression of almost all 
of the 120 genes overexpressed in response to mtDNA depletion (6). 
In this article, we have tested whether siRNA-mediated silencing of 
IkBβ in mtDNA-depleted C2C12 cells can suppress tumor progression 
in vivo in a mouse xenograft model. Notably, inducible knockdown of 
IkBβ, but not that of IkBα, suppressed tumor growth and metastasis in 
subcutaneously transplanted nude mice. Our results provide evidence 
that IkBβ is a master regulator of mitochondrial stress-induced 
retrograde signaling and tumor progression and thus describe a novel 
role in the oncogenic process.

Abbreviations:  Dox, doxycycline; GFP, green fluorescent protein; IGF1R, 
insulin-like growth factor 1 receptor; mtDNA, mitochondrial DNA; PBS, 
phosphate-buffered saline; siRNA, small interfering RNA; TGF-β, transform-
ing growth factor-β.
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Materials and methods

Expression of siRNA using lentiviral vectors
We used the siRNA sequences against mouse IkBα 
(5ʹ-AGGCCAGCGTCTGACATTA-3ʹ and GGCCAGCGTCTGACA 
TTAT-3ʹ), IkBβ (5ʹ-GACTGGAGGCTACAACTAG-3ʹ and 5ʹ-CAGA 
GATGAGGGCGATGAA-3ʹ) and scrambled siRNA described in our previ-
ous study (1). The target DNAs were subcloned into inducible lentivirus vec-
tor pLVPT-tTRKRAB obtained from Didier Trono (23). We also subcloned 
click beetle luciferase cDNA obtained from Günter J.Hämmerling (24) into 
the FUGW lentivirus vector obtained from David Baltimore and Carlos Lois 
(25). Lentiviruses were produced by transfection of triple plasmids (VSV-G, 
Gag-pol and target gene vector) in 293T cells via calcium precipitation 
method. Lentiviral particles were harvested at 48 h post-transfection and 
C2C12 cells were transduced with viral particles in the presence of 6 µg/ml 
polybrene. Single colonies were picked and screened for inducible knockdown 
of IkBα, IkBβ or scrambled sequence by western blot analysis. The expression 
of click beetle luciferase was detected by bioluminescence signal detected as 
described (24).

Cell lines and culture conditions
Murine C2C12 skeletal myoblasts (ATCC CRL1772) were grown in 
Dulbecco’s modified Eagle’s medium (Invitrogen, 11965)  supplemented 
with 10% fetal bovine serum and 0.1% gentamycin as described (1). 
Although mtDNA depletion to 50–70% of normal cell levels generally pro-
motes cell growth, depletion to near ρo level is detrimental (8,26). Therefore, 
we partially depleted mtDNA by treatment with 100 ng/ml ethidium bro-
mide as described (1). Selected clones with 80–85% reduced mtDNA con-
tent were grown in the presence of 1 mM sodium pyruvate and 50 µg/ml 
uridine. The mtDNA contents were routinely monitored by real-time PCR 
as described (1).

Cell fractionation, immunoblot analysis and immunostaining of 
paraffin-embedded tumor tissue
Subcellular fractions from cultured cells and tumor tissues were prepared 
in the presence of protease and phosphatase inhibitors and 30–50 µg of 
protein was resolved on 10 or 12% SDS-polyacrylamide gels for immu-
noblot analysis as described (1). Blots were developed using Super Signal 
West Femto maximum sensitivity substrate (Pierce, 34095). Antibodies 
against IkBα (sc-371) and IkBβ (sc-945) from Santa Crutz Biotech 
were used for immunoblot and immunostaining of paraffin-embedded 
tumor tissue. Ki-67 proliferation antigen antibody (Thermo Scientific) 
and fluorescence-labeled secondary antibody Alexa Fluor® 488 Dye 
(Invitrogen) were used for immunostaining and fluorescence images were 
pseudo colored.

Invasion assay and anchorage-independent assay
Invasion assays were performed as described by Albini et al. (27) with some 
modification. Fifty micrograms of Matrigel (BD Biosciences) was diluted in 
100 µl of ice cold growth medium. The mixture was coated on the surface of 
a cell culture insert (BD Biosciences) and left to dry in the cell culture hood 
before rehydration with cell culture medium for 2 h prior to the assay. Cells 
(10 000 cells) were seeded and allowed to invade the Matrigel barrier and 
membrane. The invaded cells were fixed, stained and counted essentially as 
described (27). In anchorage-independent assays, cells (500 000 cells) were 
plated on the top of a double layer agar plate consisting of a top layer of 
0.35% soft agar in bacterial medium and a bottom layer of 0.5% agar in com-
plete bacterial medium. After ~8 weeks, colonies were stained and counted as 
described by Scholl et al. (28).

Mouse xenograft tumor model
A suspension of 100 000 cells in 100 µl of phosphate buffered saline (PBS) was 
injected subcutaneously into the flanks of nude mice (NCRNU-M; Taconic) as 
described previously (28,29). After 2 months, tumor was detected by biolu-
minescence imaging using a Xenogen IVIS-200 imaging system as described 
(30). Mice were euthanized by CO2 asphyxiation and tumors were removed 
and weighed. Animal experiments were performed in accordance with the 
University of Pennsylvania Animal Care and Use Committee guidelines under 
an approved protocol.

Statistical analysis
Data are presented as mean ± SEM based on four separate experiments. 
Student’s t-test was applied in comparison of means of four independent 
groups with and without tetracycline treatment. A  value of P  <  0.05 was 
considered statistically significant and P  <  0.001 was considered highly 
significant.

Results

Establishment of stable cell lines expressing luciferase and 
inducible siRNA
As shown in Supplementary Figure  1, available at Carcinogenesis 
Online, the sequence-specific siRNAs markedly suppressed the lev-
els of IkBα and IkBβ proteins, respectively, whereas the scrambled 
RNA construct had no effect. In this study, we used a doxycycline 
(Dox)- (an analog of tetracycline) inducible lentiviral system for the 
expression of siRNA against IkBβ and IkBα. We also introduced click 
beetle luciferase through lentiviral transduction (24) to enable the 
monitoring of tumor cell growth and metastasis through biolumines-
cence imaging. Although several inducible siRNA expression systems 
are available (23), we selected this inducible system for expressing 
siRNA because of its low basal expression and high amplitude of 
induction.

To generate the double stable cell lines, we first transduced 
mtDNA-depleted cells with lentivirus expressing click beetle lucif-
erase cDNA, driven by a CMV promoter. Clones of stable cells were 
picked, amplified and transduced with lentiviral preparations encod-
ing the inducible siRNAs (scrambled, IkBα or IkBβ siRNAs). The 
inducible siRNA vector contains green fluorescent protein (GFP) 
for selection in fluorescence-activated cell sorting following induc-
tion with Dox. Initially, we enriched lentivirus transduced cells by 
fluorescence-activated cell sorting and isolating cells that expressed 
GFP upon addition of Dox. Following expansion, Dox-induced GFP 
expression was confirmed and the ability of individual cell clones to 
silence IkBα or IkBβ following Dox treatment for 2 days was assessed. 
In addition, clones were monitored for their ability to express click 
beetle luciferase.

Fig. 1.  Characterization of the mtDNA-depleted C2C12 cell lines expressing 
Dox-inducible siRNAs and stable CBG 99 luciferase. Transduction of 
mtDNA-depleted cells with viral vectors was as described in Materials 
and methods. The three cell lines stably expressing CBG 99 luciferase and 
inducible expression of scrambled siRNA, siRNA against IκBα and siRNA 
against IκBβ are marked as 1, 2 and 3, respectively. (A) Western blot analysis 
of cell extracts (30 µg total protein) from stable cell lines treated with or 
without Dox (0.4 mg/ml) with antibodies against IκBα and IκB (1:1000 
dilution). The panel marked as loading control was developed with antibody 
to glyceraldehyde 3-phosphate dehydrogenase. (B) The level of luciferase 
gene expression in stable cell lines. The three stable cell lines were grown in 
96-well plates and after 24 h of culturing, cell medium was removed, cells 
were washed with PBS and incubated with d-luciferin (300 µg/ml in PBS) 
for 15 min before bioluminescence signal detection in a Hidex Microwin 
200 plate reader. (C) In vitro invasion of the three stable cell lines through 
the Matrigel membrane system. Each of the three siRNA expressing cell 
lines (10 000 cells) were treated with or without Dox, seeded on top of the 
Matrigel chamber and allowed to grow/invade for 24 h. Cells that invaded the 
membrane were stained with eosin–hematoxylin solution and photographed 
for quantitation. (D) Matrigel invasion assays from Figure C were quantified. 
Error bars represent the mean ± SEM of triplicate experiments.
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Western blot analysis in Figure 1A shows that the IkBα and IkBβ lev-
els were markedly reduced following treatment of siRNA-expressing 
cells with Dox. There was no obvious change in the protein level of 
IkBα and IkBβ in the cells expressing scrambled vector with or with-
out Dox treatment. Although staining with the anti-IkBα antibody 
revealed two bands, their coordinate downregulation by IkBα sug-
gests that the faster migrating band may be a proteolytic product of 
the full length protein. In addition, all three cell lines yielded similar 
levels of bioluminescence following addition of d-luciferin in an in 
vitro bioluminescence quantitation assay (24) (Figure 1B) indicating 
that nearly comparable levels of luciferase genes are transduced in all 
three cell lines.

Knockdown of IkBβ but not IkBα reduces invasiveness and impairs 
anchorage-independent growth of mtDNA-depleted cells
The in vitro Matrigel invasion in Figure 1D shows that Dox-mediated 
induction of siRNA against IkBβ markedly reduced the number of 
invasive cells as compared with untreated cells. Dox-mediated induc-
tion of scrambled siRNA or siRNA against IkBα had no significant 
effect on the number of invading cells.

The anchorage-independent growth assay, also called soft agar 
assay, is an excellent indicator of tumorigenic potential of cells 
(28,29).We carried out an anchorage-independent growth assay with 
the three isogenic stable cell lines in the presence or absence of Dox. 
Notably, Dox can pass through soft agar and penetrate cell membranes 
to induce siRNA. In this study, Dox was replenished every third day to 
ensure its optimal level for induction of siRNA expression. Figure 2A 
shows the colony forming ability of control and mtDNA-depleted 
cells; control cells formed small microcolonies that are not readily 
visible to the naked eye. The mtDNA-depleted cells, on the other hand, 
formed large visible colonies characteristic of anchorage-independent 
growth of tumor cells. Figure 2B shows the growth patterns of cells 
expressing scrambled siRNA, siRNA against IkBβ and IkBα. The 
mtDNA-depleted cells expressing either scrambled siRNA or siRNA 
against IkBα showed similar level of growth and number of colonies 
per unit area both in the presence and absence of Dox. In contrast, 
addition of Dox to cells expressing siRNA against IkBβ reduced the 
number of colonies by <80%, suggesting the selective and specific 
involvement of this factor in cancer progression. These results suggest 

the role of IkBβ in the propagation of mitochondrial retrograde 
signaling and phenotypic transformation.

Inducible knockdown of IkBβ retards tumor growth in the mouse 
xenograft model
We next tested the effects of Dox-induced expression of siRNA 
against IkBα and IkBβ using the three isogenic stable mtDNA-
depleted cells described above in xenografts of immunocomprom-
ised nude mice. Cell lines were transplanted subcutaneously on the 
back of nude mice (four mice in each group). The control group 
received normal sterile water and the experimental group was admin-
istered Dox (1 mg/ml) in drinking water. As shown from the size of 
the tumor and the area of the bioluminescence by in vivo imaging, all 
three cell lines yielded large and similarly sized tumors in mice that 
were provided with water alone (Figure 3A). Addition of Dox had no 
effect on the growth of mtDNA-depleted cells expressing either con-
trol siRNA or siRNA against IkBα. In sharp contrast, Dox treatment 
of mice expressing siRNA against IkBβ exhibited a marked reduction 
in tumor size. Tumor dissected from representative mice belonging to 

Fig. 2.  Anchorage-independent growth of control C2C12 cells and 
mtDNA-depleted cells expressing different siRNA constructs. Cells 
suspensions (500 000 cells) was plated on soft agar plates and allowed to 
grow for ~8 weeks. Colonies formed in the 0.35% agar layer were stained 
with 0.005% crystal violet, counted and photographed. In panel A normal 
C2C12 cell and mtDNA-depleted C2C12 cells were compared. In panel B, 
mtDNA-depleted cells expressing scrambled (1), siRNA against IkBα (2) 
and siRNA against IkBβ (3) induced with and without Dox were grown on 
soft agar and compared for colony growth. Panel C represents quantitative 
analysis of gel patterns in B. The bars represent mean ± SEM of three 
different plates in each case.

Fig. 3.  Effects of IkBα and IkBβ mRNA knockdown on tumor growth 
in xenografted mice. A suspension of 100 000 cells in 100 µl PBS (50% 
matrigel) was injected subcutaneously into the flanks of each nude mouse. 
The mice were provided either normal water or water containing 1 mg/ml 
Dox. A minimum of three mice were used in each group. After 2 months, 
tumors were detected by bioluminescence imaging of mice anesthetized with 
isoflurane. (A) Top panel shows the photographs of representative members 
of each group. The bottom panel shows the bioluminescence image of tumors 
in each group. (B) The mice from Figure A were euthanized, and the tumors 
were extracted and weighed. The top panel shows the photographs of tumors 
extracted from representative mice from each group. The bottom panel shows 
the mean weight ± SEM of tumors from three mice within each group. The 
weight of tumors expressing scrambled siRNA from mice that were not 
treated with Dox was used as 100% in calculating these values.
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each group and statistical variations in tumor mass within each group 
of four animals are presented in Figure  3B and 3C. These results 
recapitulate the in vivo imaging data presented in Figure 3A, as IkBβ 
mRNA knockdown effectively reduced the tumor size by >80%. In 
addition, the results are consistent with data from the in vitro inva-
sion and anchorage-independent assays (Figures 1 and 2). As shown 
in Supplementary Figure 2, available at Carcinogenesis Online, the 
inhibitory effects of IkBβ siRNA expression can be reversed by Dox 
withdrawal, with tumors reappearing within 3 weeks. Finally, hema-
toxylin and eosin staining of tumor sections indicate that the morph-
ology and growth patterns of cells expressing IkBβ siRNA are quite 
distinct (Supplementary Figure  3F is available at Carcinogenesis 
Online) from other tumor samples (A–E), in that, cells are much lar-
ger and more elongated and exhibit a more distinctive osteoid-type of 
matrix pattern consistent with a slow growing tumor type.

We used the tail vein injection method for testing the invasive 
property of mtDNA-depleted C2C12 cells under in vivo conditions. 
As seen in vivo imaging of mice (Figure  4A) and visualization of 
extracted lung tissue (Figure  4B), mtDNA-depleted cells express-
ing IkBβ siRNA injected through tail vein migrated and colonized 
in the lung in the absence of Dox. However, Dox-induced expression 
of IkBβ siRNA markedly retarded the invasive behavior of mtDNA-
depleted cells and also appearance of nodular growth in the lung. 
These results show that IkBβ-dependent mitochondrial stress sign-
aling is essential for both tumor growth and metastasis of mtDNA-
depleted C2C12 cells.

Levels of expression of mitochondrial stress responsive genes in 
tumor tissues
The effectiveness of siRNA-dependent downregulation of IkBα and 
IkBβ protein levels in tumor tissues from xenografted mice was 
ascertained by immunostaining of tissue sections. In support of a 
specific effect of siRNA, immunostaining patterns in Figure 5A and 

5B show that the intensity of staining with antibodies to IkBα and 
IkBβ were reduced in tumors expressing the respective siRNAs. Dox-
induced expression of scrambled RNA had no effect on the extent 
of immunostaining. Although not shown, the extent of staining with 
actin antibody showed no difference in all six siRNA expressing and 
non-expressing cells.

Immunostaining of tumor sections with Ki-67 antibody has 
been used as a cell proliferation marker in many tumorigenesis 
studies. Immunohistograms in Figure  5D show that the number 
of cells staining with Ki-67 antibody was markedly less in tumors 
expressing siRNA against IkBβ than that in tumors without siRNA 
expression. There was no significant change in the number of cells 
staining with Ki-67 antibody in tumors with and without induction 
of siRNA against IkBα. Consistent with the results of in vivo tumor 
growth in Figure 3, Dox-induced expression of siRNA against IkBβ 
markedly reduced the number of Ki-67 antibody positive cells in 
tumor tissue (the average cell counts from at least five different 
fields, Figure 5D).

We next assessed if siRNA for either IkBα or IkBβ affected the 
expression of genes induced by mitochondrial stress signaling in 
tumors derived from mtDNA-depleted cells. As expected, real-
time PCR data revealed that IkBα and IkBβ mRNA levels were 
specifically downregulated in tumor tissues by their respective 
siRNA following Dox treatment (Figure  6A and 6B) and levels 
are near those in control tumor tissue in mice given water alone. 
Notably, real-time PCR analyses reveal that the levels of cathep-
sin L, RyR1, IGF1R, and TGF-β mRNAs, important marker genes 
for the mitochondrial stress signaling pathway, are reduced select-
ively in tumors expressing siRNA to IkBβ mRNA. In agreement 
with our published results (1), results in Figure  6F also suggest 
a negative modulatory effect of IkBα on IGF1R gene expression. 
Finally, consistent with our previous data with mtDNA-depleted 
C2C12 cells in culture, ChIP analysis data in Figure 7A show that 
the occupancy of cathepsin L promoter sites by C/EBPδ, cRel and 
p50 were markedly lower in tumor tissues expressing IkBβ specific 
siRNA. Together, our results conclusively show that IkBβ plays an 
important role in the propagation of mitochondrial stress response 
and strongly supports a role for IkBβ in the tumor promoting 
effects of the stress signaling.

Fig. 4.  (A) Effects of IkBβ mRNA knockdown on tumor metastasis by 
mtDNA-depleted C2C12 cells. A suspension of 10 000 cells in 100 µl PBS 
was injected into the tail vein of each nude mouse and the mice were either 
provided with normal water (–) or water containing 1 mg/ml of Dox (+). After 
4 months, the tumors were detected by bioluminescence imaging through a 
Xenogen IVIS-200 imager. Mice administered Dox containing water showed 
markedly reduced bioluminescence, suggesting minimal invasion in the 
lung, compared with their counterpart administered water alone. (B) Tumors 
were extracted from euthanized mice and photographed. The results show a 
markedly enlarged lung with tumor growth and tumor-associated lesions.

Fig. 5.  Immunohistochemical analysis of tumor sections for the detection 
of IkBα, IkBβ and tumor invasive marker Ki-67 expressing different siRNA 
constructs. Paraffin-embedded tumor tissues from the six different groups 
shown in Figure 4 were sectioned and 5 μm sections were stained with 
primary antibodies against IkBα (Figure A), antibody to Ki-67 (Figure B) and 
antibody to IkBβ (Figure C). The sections were co-stained with Alexa Fluor 
488 dye conjugated secondary antibody in A, B and C. Figure D shows the 
relative percentage of Ki-67 positive cells in each group calculated from three 
separate experiments represented in Figure B. Results show mean ± SEM of 
three separate experiments.
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Discussion

Epidemiological studies show that >50% of human liver and gastric 
tumors contain significantly lower levels of mtDNA than do normal tis-
sues (15,31). Moreover, a number of studies have shown that mtDNA 
depletion induces proliferative and metastasizing phenotypes in renal, 
gastric, lung, breast, colorectal cancer and hepatocellular carcinomas 

(31–36). It is also known that a large fraction of human tumors harbor 
mtDNA mutations. A causal relationship between mtDNA damage and 
tumorigenesis was demonstrated in prostate cancer cells (37,38) where 
mutations in mtDNA encoded ATPase6 or ND5 induced tumorigenic 
property of cells (37,39). In previous studies, we have shown that par-
tial depletion of mtDNA (~70–80%) induced phenotypic transform-
ation of C2C12 myocytes and A549 cells and markedly altered their 
nuclear gene expression profiles. We also showed that these changes 
in nuclear gene expression profiles occurred through activation of cal-
cineurin and a number of Ca2+ responsive transcription factors, includ-
ing C/EBPδ, NFAT, CREB and NF-κB. Here, we further investigate 
the role of IkBβ-dependent mitochondrial stress signaling in the tumor 
growth and metastasis of C2C12 cells in vivo.

A metabolic switch to increased utilization of glucose and glu-
tamine are hallmarks of proliferating cancer cells (40). As pointed out 
in many recent studies (41,42), glucose and glutamine serve as a car-
bon source for both energy production and anaplurotic biosynthetic 
processes. They also generate most of their energy through glycolysis 
and excrete high levels of lactic acid. Thus, although tumor cells are 
not most efficient in terms of energy production, they nevertheless 
possess an efficient system for the synthesis of ‘biomass’ (nucleo-
tides, amino acids, fatty acids) that are required for cell growth and 
proliferation. Working with C2C12 myocytes and A549 lung carci-
noma cells, we demonstrated previously that mitochondrial respira-
tory stress initiated by mtDNA depletion induced IGF1R pathway, 
which in turn induced PI3-K and Akt and upregulation of Glut4 
expression (11,20,21). Activation of Akt and PI3-K pathways were 
also shown in other cancer cells in response to chemically induced or 
mutant polγ-induced mtDNA depletion in other cancer cells (43–45). 
In C2C12 cells, these changes were accompanied by increased glu-
cose uptake, increased glycolysis, resistance to apoptotic stimuli and 
rapid cell proliferation (11,20,21,46). The mtDNA-depleted cells used 
in our studies exhibit significant, but low levels of ATP (~30%), par-
tially disrupted Δψm but ability to import proteins and nearly intact 
tricarboxylic acid cycle activity. These cells therefore contain enzyme 
systems and pathways to fully support metabolic needs of proliferat-
ing tumor cells and promote tumorigenesis. Our present and published 
results show that intact mitochondrial stress signaling is important for 
supporting these metabolic changes (11,21).

NF-κB transcription factors are known to regulate a multitude of 
physiological and pathophysiological processes including the immune 
response, inflammation, musculoskeletal disorders, atherosclerosis, 
apoptosis and cancer. In cancer, NF-κB pathways regulate multiple 
steps of cell proliferation, survival and metastasis (47). At least two 
major pathways, canonical and non-canonical pathways have been 
described, both requiring the action of IkB kinases for phosphoryla-
tion and subsequent degradation of inhibitory proteins (IkBβ, IkBα 
or p100) that allow for translocation of active NF-κB complexes to 
the nucleus. In a recent study implicating a distinct functional role to 
IkBβ, Rao et al. (48) reported that hypophosphorylated IkBβ bound 
to p65:cRel dimer promotes the chronic phase of tumor necrosis 
factor-α production by maintaining prolonged mRNA expression. 
In another study, Wright et al. showed that IkBβ-dependent NF-κB 
plays an essential role in preventing oxidant-induced cell death (49). 
Studies from our own laboratory revealed a distinctive role for IkBβ 
in the propagation of mitochondrial stress signaling. We have dem-
onstrated that mitochondrial stress-induced NF-κB activation occurs 
through a IkB kinases-independent process (both IKKα and IKKβ) 
in which activation and release of cRel:p50 dimers from IkBβ occurs 
in calcineurin-dependent manner. Thus, IkBβ plays a permissive role 
in the propagation of mitochondrial stress signaling since depletion 
of this protein diminishes mitochondrial stress signaling. In this 
regard, NF-κB pathway we described is distinctly different from that 
described by Rao et al. (48), but probably similar to that reported by 
Wright et al. (49). A model showing the mechanism of stress-induced 
NF-κB activation in mtDNA-depleted cells resulting in the activation 
of nuclear target genes is presented in Figure 7B. Figure 7B shows 
the mechanism by which the stress signaling is abrogated in cells 
depleted of IkBβ by siRNA expression that also retards tumor growth.

Fig. 6.  Levels of expression of marker genes for mitochondrial stress 
signaling in tumor tissues from mtDNA-depleted cells expressing different 
siRNA constructs. The steady state levels of mRNAs for IkBα, IkBβ, 
cathepsin L, TGF-β RyR1 and IGF1R were quantified by real-time PCR as 
described in the Materials and methods. About 25 ng archived template DNA 
was used in each case. The level of β-actin mRNA was used as an internal 
control in each series. The results represent mean ± SEM of three separate 
experiments.

Fig. 7.  Relative occupancy of mitochondrial stress response region 
of the cathepsin L promoter by transcription factors and a model for 
stress-induced NF-κB activation. (A) ChIP analysis of the mouse cathepsin 
L promoter region (–273 to –53) from mtDNA-depleted/scrambled siRNA 
and mtDNA-depleted/IkBβ-silenced cells was carried out as described in 
the Materials and methods. Immunoprecipitation of chromatin fragments 
was carried out with antibodies to C/EBPδ, p50 and cRel proteins as 
indicated. Real-time PCR analysis was carried out using 10% input DNA 
for normalization. Values for factor binding relative to the control depleted/
scrambled siRNA cell values are presented. Preimmune serum was used 
as a negative antibody control. Mean ± SEM values were calculated 
from four independent experiments. Statistical analysis was carried out 
using analysis of variance. (B) A proposed model for the mitochondrial 
stress-induced activation of NF-κB and its role in transcription activation of 
nuclear gene targets resulting in tumor growth. (C) The model shows how 
siRNA-mediated knockdown of IkBβ causes disruption of stress signaling 
and retards tumor growth.
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In this study we show that IkBβ knockdown inhibits colony forma-
tion in soft agar, as well as tumor growth and metastasis in a mouse 
xenograft model. IkBββ knockdown also reversed the expression of 
a number of mitochondrial stress markers such as IGF1R, TGF-β, 
RyR1 and cathepsin L. In addition to inhibition of tumor growth, IkBβ 
knockdown also altered the morphology of tumor tissue. These results 
confirm and extend our mitochondrial stress-dependent transcription 
model and show that IkBβ is a master regulator of stress signaling 
(see Figure 7B and 7C). This is probably the first study showing the 
distinct role of IkBβ in potentiating oncogenic potential of cells sub-
jected to mitochondrial stress. Although not shown, transcription acti-
vation and attendant effects on tumor progression in C2C12 cells is 
independent of HIF activation.

Previously we showed that transcription activation of mitochondrial 
stress response genes involves the binding of the signature factors, C/
EBPδ, NF-κB (cRel:p50), CREB and NFAT to canonical factor binding 
sites located within 200–600 bases immediately upstream of transcrip-
tion activation sites of the stress-activated genes cathepsin L, IGF1R, 
Glut4 and RyR1 (12,21). The transcriptional complex is stabilized by 
recruitment of hnRNPA2 as a transcriptional co-activator. Results of 
the ChIP analysis in Figure 7A show that IkBβ knockdown markedly 
reduced the occupancy of cathepsin L promoter by cRel, p50 and C/
EBPδ. These results provide further confirmation on a distinct tran-
scriptional reprogramming and patterns of gene expression in response 
to mitochondrial stress. It should be noted that the mitochondrial stress 
response genes are distinctly different from those targeted by the canon-
ical and non-canonical NF-κB pathways. This distinction allows us to 
target the mitochondrial stress pathway while leaving the physiological 
canonical/non-canonical pathways intact. Our results also suggest that 
IkBβ and its dependent NF-κB pathway may be good therapeutic tar-
gets for controlling cancer progression in some tumor systems.

Supplementary �material

Supplementary Figures 1–3 can be found at  
http://carcin.oxfordjournals.org/
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