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Abstract
We previously reported the presence of a mtDNA mutation hotspot in UV-induced premalignant
and malignant skin tumors in hairless mice. We have modeled this change (9821insA) in murine
cybrid cells and demonstrated that this alteration in mtDNA associated with mtBALB haplotype
can alter the biochemical characteristics of cybrids and subsequently can contribute to significant
changes in their behavioral capabilities. This study shows that changes in mtDNA can produce
differences in expression levels of specific nuclear-encoded genes, which are capable of triggering
the phenotypes such as seen in malignant cells. From a potential list of differentially expressed
genes discovered by microarray analysis, we selected MMP-9 and Col1a1 for further studies.
Real-time PCR confirmed up-regulation of MMP-9 and down-regulation of Col1a1 in cybrids
harboring the mtDNA associated with the skin tumors. These cybrids also showed significantly
increased migration and invasion abilities compared to wild type. The non-specific MMP
inhibitor, GM6001, was able to inhibit migratory and invasive abilities of the 9821insA cybrids
confirming a critical role of MMPs in cellular motility. Nuclear factor-κB (NF-κB) is a key
transcription factor for production of MMPs. An inhibitor of NF-κB activation, Bay11-7082, was
able to inhibit the expression of MMP-9 and ultimately decrease migration and invasion of mutant
cybrids containing 9821insA. These studies confirm a role of NF-κB in the regulation of MMP-9
expression and through this regulation modulates the migratory and invasive capabilities of
cybrids with mutant mtDNA. Enhanced migration and invasion abilities caused by up-regulated
MMP-9 may contribute to the tumorigenic phenotypic characteristics of mutant cybrids.
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Introduction
There is increasing awareness of a role of mtDNA alterations in the development of cancer
since mtDNA point mutations are found at high frequency in a variety of human tumors
[1-2]. Most of these mutations were often found to be homoplasmic in the nature, which has
important implications as to the role of these DNA changes in the development of various
cancers [3]. mtDNA mutations have been identified in epithelial tumors, cutaneous tumors,
tumors of musculoskeletal, central nervous, and endocrine system [4-12; 3; 13-17].

We have previously observed somatic alterations in the mitochondrial tRNAArg gene in UV
induced mouse skin tumors and modeled the effects of somatic variation at mt-Tr by
harvesting mitochondria from brain synaptosomes of B6 and BALB mice and transferring
them to a mouse fibroblast ρ0 cell line (LMEB3ρ0) that lacked its own mtDNA [18]. The
resulting cybrid cell lines LMEB3(mtBALB) and LMEB3(mtB6) contain the same nuclear
genotype and differ in their mitochondria at three nucleotides. The locations of the mtDNA
differences between B6 (the mouse reference sequence) and BALB are a T to C
polymorphism at 9461 and a 9348G to A change resulting in the amino acid change V248I
which is thought to be a neutral polymorphism. The final difference between the two strains
is an additional A insertion in the mt-Tr locus resulting in the expansion of a homopolymeric
A tract in the pseudouridine loop of the tRNAArg molecule (from 8 consecutive A residues
(the B6 reference sequence) to 9 consecutive As (9821insA)). An acquired somatic
alteration at the locus would produce heteroplasmy of both B6 and BALB mitochondrial
tRNAArg alleles [19]. As documented in Table 1, mtBALB cybrid cells with genetic
alteration in mt-Tr gene (9821insA) showed significant biochemical changes (diminished
levels of complex I protein, less cellular oxygen consumption, and lower ATP levels) [18]
and exhibited increased levels of ROS, resistance to UV-induced apoptosis and changes in
cell growth, migratory and invasive capabilities supporting the tumorigenic phenotypes [19].

Although there is an intensive cross-talk between mitochondria and nucleus, the detailed
mechanisms of these interactions still remain unclear. A proposed mechanism of mutual
influence between these organelles relies on ROS [20]. ROS are natural byproducts of
oxidative phosphorylation that can damage lipids, proteins and DNA and contribute to the
development of malignant tumors [21]. It has been suggested that the most of the mtDNA
damage is due to imbalance between oxidative stress and free radical scavenging enzymes.
Mitochondrial ROS generation is increased in cells with abnormal function as well as under
physiological and pathological conditions. The presence of higher ROS levels in the cells is
the ultimate result of diminished mitochondrial function and is often observed in
mitochondria with mtDNA mutations [19]. Furthermore, mtDNA integrity may even
influence the rate of apoptosis by regulating ROS production [22]. Simultaneously,
oxidative damage affects nucleic acids, and in particular mtDNA, by the induction of single-
and double-strand breaks, base damage, and modification resulting in the generation of point
mutation and deletions [23-25]. Interestingly, complex I was proposed to be a major
component in the formation of superoxide radicals and a decline in complex I activity was
found to dramatically increase ROS production [26]. Besides the influence of ROS on
mitochondria by directly inducing mtDNA changes, it has also been suggested that ROS
changes affect the expression of nuclear encoded genes. ROS generated by mitochondria can
affect nuclear transcriptional events by serving as signal transduction intermediates to
induce transcription factor activation (e.g., NF-kB), gene expression, cell growth, and
apoptosis [20]. In addition to direct ROS influences on the expression of nuclear encoded
genes, ROS can alter nuclear gene through epigenetic mechanisms. Metabolic oxidants
produced in mitochondria affect the production of glutathione (GHS) which influence DNA
and histone methylation by limiting availability of S-adenosylmethionine, the cofactor
utilized during epigenetic control of gene expression by DNA and histone
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methyltransferases [27]. Moreover, ATP and acetyl-CoA produced by mitochondria
phosphorylate and acetylate chromatin which opens nuclear DNA for transcription and
replication while the lack of these components reduces chromatin phosphorylation and
acetylation resulting in the suppression of gene expression [28].

Despite the fact that the accumulation of mtDNA point mutations has been observed in
numerous types of human tumors, the molecular mechanism as well as functional
significance of mtDNA mutations in this complex process is not fully understood. We seek
to elucidate the role of mtDNA changes in the multistep process of carcinogenesis. In our
study, we report that nucleotide changes in mtDNA can trigger alterations in expression
levels of specific nuclear-encoded genes associated with malignancy, contributing to
tumorigenic phenotypes observed in our cybrid cells. The identification of nuclear genes
which can interact with mtDNA variants and the elucidation of their mode of action will
ultimately increase the understanding of a role of mtDNA alterations in complex genetic
disorders.

Materials and methods
Cell lines and media

LMEB3(mtBALB) and LMEB3(mtB6) cybrid cells were generated by harvesting the
mitochondria from brain synaptosomes of B6 and BALB mice and electrofusing them to a
mouse fibroblast LMEB3ρ0 cell line that lacked its own mtDNA [29]. All cybrid cell lines
were grown in high glucose (4.5g/L) GIBCO® Dulbecco's modified Eagle's medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with 10% GIBCO® fetal bovine serum
(FBS; Invitrogen, Carlsbad, CA).

RNA extraction
Total RNA from three clones of mtB6 and mtBALB cybrid cells was isolated individually
using Qiagen RNeasy Mini Kit (Qiagen Sciences, Gaithersburg, MD) according to the
manufacturer's protocol. The RNA integrity was checked by the RNA 6000 Nano chip kit
using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Microarray analysis
Three individual clones of mtB6 and mtBALB cybrid cells were used for microarray
analysis. In vitro transcription was carried out using Agilent Qick Amp labeling kit (Agilent
Technologies, Santa Clara, CA) in the presence of Cy3- and Cy5-CTP. Then, 825 ng of
labeled cRNA from individual clones of mtBALB and mtB6 cybrid cells were purified
separately, combined, and mixed with hybridization buffer before being applied on the
microarray. The hybridization solution was prepared using Agilent Gene expression
hybridization kit (Agilent Technologies, Santa Clara, CA) product. Agilent 4×44k Whole
Mouse Genome Microarray (Agilent Technologies, GPL4134) containing 43,581 coding and
non-coding sequences of mouse genome and 1,639 Agilent control sequences was used for
hybridization performed in the hybridization oven G2545A (Agilent Technologies, Palo
Alto, CA). Conditions of hybridization and washing were performed according to the
protocol of Agilent Oligonucleotide Microarray Hybridization manual (Agilent
Technologies, Santa Clara, CA). After washing, microarrays were scanned using the
GenePix 4000B Scanner (Molecular Devices, Sunnyvale, CA) with laser excitation at 532
and 635 nm at the highest possible resolution (five pixels per micron), and saved as 16-bit
grayscale TIFF images. Intensity values were extracted using GenePix Pro 6.0 (Molecular
Devices, Sunnyvale, CA), and the data for each array were lowess normalized followed by
ANOVA analysis using Limma package in R statistical program version R2.5.1
(http://www.r-project.org/). Original MIAMEcompliant data (detailed protocols of labeling,
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hybridization, data extraction and data processing) is stored at the Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/) with the following locator: GSE21855.

Quantitative Real-Time Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
Mouse MMP-9 (Mm00442991_m1), Col1a1 (Mm00801666_g1) and GAPDH
(Mm99999915_m1) primer/probes were obtained from ABI (Applied Biosystems,
Branchburg, NJ). cDNAs from three individual mtBALB and mtB6 cybrid cells were
synthesized from 500 ng of total RNA in a 50ul reaction with master mix containing 10xRT
buffer, 5.5mM MgCl2, 2mM dNTPs, 2.5μM random hexamers, 2 Units of RNase Inhibitor
and 62.5 Units of Multi Scribe Reverse Transcriptase. All MasterMix reagents were
purchased from ABI (Applied Biosystems, Branchburg, NJ). Reactions were performed in
MJ Thermocycler PTC-200 (MJ Research, Inc., Watertown, MA) followed by these
conditions: 25°C for 10 minutes, 48°C for 30 minutes and 95°C for 5 minutes. 10ng of
cDNA was then used to amplify the mouse MMP-9 and Col1a1 sequences. The conditions
for PCR reactions were: 10 minutes at 95°C followed by 15 seconds at 95°C, 1 minute at
60°C for 40 cycles by using ABI7000 Real-Time PCR System (Applied Biosystems, Foster
City, CA). PCR amplification of the mouse GAPDH was used to control quality of the
cDNA. Non-template controls were included on each PCR plate. MMP-9 and Col1a1 levels
were normalized to the GAPDH control (ΔCt = Ct(gene of interest) – Ct(housekeeping gene)).
Amplification plots were generated and the Ct values (cycle number at which fluorescence
reaches threshold) recorded.

In experiments with Bay11-7082 (EMD Chemicals, Gibbstown, NJ), irreversible inhibitor of
cytokine-induced IκB-α phosphorylation resulting in decreased expression of NF-κB, the
cybrid cells were pretreated with this compound (the final concentration 5 uM) for 60 min.
Then cells were allowed to grow for extra 24 hours in culture, RNA was extracted and RT-
PCR was performed as described above.

Transwell Migration Assay
Eight micrometer pore size translucent transwell migration chambers (BD Biosciences, San
Jose, CA) in 24-well plate were used for migration analysis. Briefly, 600ul of migration
buffer (DMEM containing 0.5% FBS and 0.1% BSA) was added to the bottom of each well,
and a total of 2.5 × 104 mtB6 or mtBALB cybrid cells resuspended in 150μl of migration
buffer were seeded on the top of the membrane. After 18 h incubation at 37°C, 5% CO2,
non-invading cells were removed by wiping the upper side of the membrane, and invading
cells were fixed with methanol and stained with crystal violet (Sigma-Aldrich, St. Louis,
MO) for 1 min. The number of migrating cells was quantified by counting 10 random fields
per filter at 400x magnification. Three membrane filters and three individual cybrid clones
were used for each condition within one experiment.

In experiments with non-specific MMP inhibitor, 10 mM stock solution of GM6001 (EMD
Chemicals, Gibbstown, NJ) in dimethyl sulfoxide (DMSO), the cybrid cells were treated
with this compound during the 18 h overnight incubation. The final concentration of
GM6001 was 20uM. DMSO was used as a negative control for all experiments at the
concentration corresponding to the one used in experiments with GM6001.

In experiments with Bay 11-7082 (EMD Chemicals, Gibbstown, NJ), irreversible inhibitor
of cytokine-induced IκB-α phosphorylation resulting in decreased activation of NF-κB, the
cybrid cells were pretreated with this compound (the final concentrations 1, 2.5, 5 and 10
uM) for 30-60 min prior to adding the cells on the top of the membrane. 10mM stock
solution of Bay 11-7082 in 100% ethanol was used. As a negative control, 100% ethanol
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was used for all experiments at the concentrations corresponding to the specific
concentrations used in experiments with Bay 11-7082.

Transwell Invasion Assay
Cell invasion was performed using modified Boyden chambers consisting of transwells with
pre-coated Matrigel™ membrane filters inserted in 24-well tissue culture plates (BD
Biosciences, San Jose, CA). A total of 2.5 × 104 cybrid cells (75% confluence) were
resuspended in 300μl of serum free media containing only 0.1% BSA and placed on the top
of each chamber. After 24 h incubation at 37°C, 5% CO2, non-invading cells were removed
by wiping the upper side of the membrane, and invading cells were fixed with methanol and
stained with crystal violet (Sigma-Aldrich, St. Louis, MO) for 1 min. The number of
invading cells was quantified by counting 10 random fields per filter at 400x magnification.
Three membrane filters of three independent clones were used for each condition within one
experiment.

In experiments with non-specific MMP inhibitor, the cybrid cells were treated with GM6001
during the 24 h overnight incubation at final concentration 20uM. DMSO was used as a
negative control for all experiments at the concentration corresponding to the one used in
experiments with GM6001.

In experiments with Bay 11-7082, the cybrid cells were pretreated with this compound for
30-60 min prior to the actual transwell invasion experiment at the final concentration 5 uM.
100% ethanol was used as a negative control for all experiments at the concentration
corresponding to the one used in experiments Bay 11-7082.

Statistical analysis
Data for RT-PCR, transwell migration and invasion assays are represented as mean ± SEM
of three individual clones. All experiments were performed at least three times. Statistical
significance between any two groups was determined by the two-tailed Student's t-test, P
values less than 0.05 were considered to be significant.

Results
Changes in mtDNA produce differences in expression levels of specific nuclear encoded
genes associated with tumorigenesis

We have previously demonstrated that alteration in the mt-Tr locus associated with the
mtBALB haplotype can alter the biochemical characteristics of murine cybrids [18] and
subsequently can contribute to significant changes in their behavioral capabilities such as
proliferation, resistance to UV-induced apoptosis, migration and invasion [19] (Table 1).
Based on these observations, we investigated whether these phenotypic differences could be
caused by a unique spectrum of nuclear gene expression alterations induced by the mtDNA
changes. Microarray analysis was conducted in order to elucidate the expression profile of
three independent clones of wild type mtB6 and mutant mtBALB cybrid lines. Microarray
experiments using Agilent 44K mouse whole genome chip revealed 285 transcripts up-
regulated and 139 transcripts down-regulated in mtBALB cybrids compared to mtB6 cybrids
with the fold change (FC) higher than 1.5. We found 50 transcripts to be up-regulated in
mtBALB cybrids with the fold change higher than 2 and 11 transcripts with the fold change
higher than 3, including MMP-9. On the other hand, there was found 16 transcripts to be
down-regulated in mtBALB cybrids with the fold change higher than 2 and 4 transcripts
with the fold change higher than 3, including Col1a1. In Table 2 is shown the potential list
of genes (FC≥1.5) with lower expression in mtBALB cybrids relative to mtB6 based on
function of interest, including the genes that are involved in aging, skeletal system
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development, cell cycle, differentiation, apoptosis, cell adhesion, ion transport and various
enzymatic activities. On the other hand, Table 3 shows the list of potential targets (FC≥1.5)
with higher expression in mtBALB cells relative to mtB6 containing the genes with
metallopeptidase, cytokine, isomerase, transferase and oxidoreductase activity, genes
playing a role in angiogenesis and cell adhesion. From the list of potential targets we
focused on MMP-9 which has been reported to promote cancer cell migration and invasion
and Col1a1 which plays an important role in wound healing process.

Nonspecific MMP inhibitor significantly decreased the enhanced migration and invasion
capabilities of mtBALB cybrids caused by up-regulated MMP-9

Quantitative real-time PCR was used to confirm the up-regulation of MMP-9 and down-
regulation of Col1a1 in mtBALB cybrids (Figure 1). We previously reported that cybrids
harboring mtBALB mtDNA have significantly higher level of cell migration through
uncoated transwell inserts and invasiveness through matrigel coated inserts compared to
mtB6 cybrids [19]. Based on the reported role of MMP-9 in tumor cell invasion and
migration, we examined whether the increased migratory capabilities of mtBALB haplotype
are caused by the up-regulation of MMP-9 in mtBALB cybrid cells. To do so, we conducted
transwell migration and matrigel invasion assays using the cybrid cells treated with
GM6001, a nonspecific MMP inhibitor. As shown in Figure 2, GM6001 was able to inhibit
both the migratory (Figure 2A, B) and invasive (Figure 2C, D) phenotypes of cybrids
confirming a role for MMPs in invasiveness of cultured fibroblasts and also suggesting a
critical role for these proteins in cellular motility. This enhanced migration and invasion
capabilities caused by up-regulated MMP-9 may contribute to the malignant phenotypic
characteristics of mtBALB cybrid cells.

The inhibition of NF-κB activation significantly reduced the expression of MMP-9 and
ultimately decreased migration and invasion capabilities of mtBALB cybrids containing
9821insA

NF-κB is a key transcription factor for production of MMPs. Although significant
alterations in NF-κB expression levels were not detected in the cybrids using microarrays,
we explored the role of NF-κB inhibition on MMP expression and its effect on motility in
the cybrids. An inhibitor of NF-κB activation, Bay11-7082, was used to inhibit the
expression of MMP-9 in cybrids. Transwell assays were performed in order to see whether
decreased expression of MMP-9 caused by Bay11-7082 would diminish migratory abilities
of cybrids. Our results showed a significant decrease in migration (Figure 3A) and invasion
(Figure 3B) of mtBALB cybrids in the presence of NF-κB inhibitor. Furthermore, the
quantitative real time PCR indicates a significant decrease in the mRNA expression levels of
MMP-9 in cybrid cells after they were treated with NF-κB inhibitor, Bay11-7082 from the
untreated cells (Figure 4). These studies suggest a role of NF-κB in the regulation of
MMP-9 expression and through this regulation the inhibition of NF-κB could modulate the
migratory and invasive capabilities of mtBALB cybrids.

Discussion
For the first time, we demonstrate that nucleotide changes in mtDNA can trigger the
differences in expression levels of specific nuclear encoded genes ultimately causing the
previously observed biochemical and behavioral changes seen in cybrid cells (Table 1). The
data presented in this study strongly support a potential contribution of mtDNA changes in
cancer progression.

The mouse mitochondrial mt-Tr (tRNAArg) gene appears to be a hotspot for UV-induced
mutations. Such mutations may be important in tumor progression since mtDNA changes
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lead to increased oxidative stress which can be mitogenic to cells [18]. We employed a
mouse model for analysis of mtDNA changes in non melanoma skin cancer (NMSC) since it
is a well established way to generate epidermal tumors that are similar to those seen in
human squamous cell carcinoma and the mtDNA is similar in size and structure to that of
humans. We previously discovered a mutation hot spot (9821insA) in mouse mt-Tr locus
(tRNAArg) in approximately one third of premalignant and malignant skin tumors. To
determine the functional relevance of this particular mutation in vitro, cybrid cell lines with
the same nuclear background but containing different mt-Tr (tRNAArg) alleles were
generated [18]. We demonstrated that mtBALB cybrid cells with genetic alteration in mt-Tr
gene (9821insA) showed significant biochemical changes such as diminished levels of
complex I protein, less cellular oxygen consumption, and lower ATP levels [18].
Furthermore, these cybrids exhibited resistance to UV-induced apoptosis and changes in cell
growth, migratory and invasive capabilities supporting the tumorigenic phenotypes seen in
malignant cells [19]. Moreover, we showed that there are mtDNA- driven differences in
ROS production between wild type (mtB6) and mutant (mtBALB) cybrids [18-19]. Our
findings of diminished complex I as well as increased ROS levels in mutant cybrid cells
correlate with previous observations of Lenaz et al. [26]. Moreover, Ishikawa et al.
previously reported that cybrids containing mtDNA mutations (G13997A and 13885insC) in
the gene encoding ND6 produced a deficiency in respiratory complex I activity and were
associated with overproduction of ROS leading to the up-regulation of some nuclear
encoded genes associated with regulation of metastasis formation in these cells [30]. Of the
three nucleotide changes between the two mtDNA types, the 9821insA in mt-Tr locus
together with 9348G to A base change are likely to be the most important contributors to
these diverse phenotypes since the 9461T to C change is a neutral polymorphism coding the
same amino acid (methionine) in both haplotypes [19]. Given the highly pleomorphic
consequences of inherited tRNA mutations in human mitochondrial disease, it is not
surprising that these minimal changes in the mtDNA may be linked to such diverse cellular
and organismal changes such as learning, hearing, metabolism, and neoplasia.

We sought to evaluate the interactions between the nucleus and mtDNA changes at mt-Tr
locus in order to increase the understanding of a role of mtDNA alterations in complex
genetic disorders similarly as it was executed previously using LHON cybrids by Danielson
et al. [31]. They utilized microarray analysis to examine the altered expression of nuclear
genes caused by cybridization process and by interaction with mtDNA mutations that cause
LHON [31]. Microarray analysis is often used for gene expression analysis since it is a
powerful genomic tool which enables to examine the expression of thousands of transcripts
in parallel ultimately leading to the list of potential up- or down- regulated genes. The high-
density microarrays provide the most important advantage of allowing parallel
quantification of expression levels of thousands of genes available from the genome
including those which greatly contribute to the tumorigenic behavior [32-33]. Microarrays
serve as the first step to generate a profile of gene expression differences between two
samples. Although they are a reproducible method for differential gene expression analysis,
they should be considered more as a preliminary method for generation of fold change
values for a larger number of genes and should be always accompanied by follow up RT-
PCR confirmation of a fold-change in expression of particular gene of interest [34].
However, there is inherent variability in fold change between the microarray data and RT-
PCR data due to the nature of the specific assays. Moreover, it is quite usual that many
differentially expressed genes identified by microarrays (sometimes up to 10% of all genes)
are not confirmed by RT-PCR. This artifact is usually explained as a consequence of using
different type of probes for microarray and RT-PCR. Hence, in our study microarrays were
used to obtain the list of potential candidate genes of the major significance according to our
primary scientific focus. Data for individual genes of interest were then confirmed/rejected
by more accurate RT-PCR analysis. Based on previously seen phenotypic characteristics of
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mtBALB cybrids such as increased proliferation, migration and invasiveness [19], we have
focused on nuclear genes affecting the cell motility. Quantitative RT-PCR confirmed 300x
higher mRNA levels of MMP-9 and 6x lower mRNA levels of Col1a1 in mtBALB cells, the
genes playing a role in tumor cell invasion [35-36] and wound healing [37], respectively.

Remodeling of the extracellular matrix (ECM) catalyzed by MMPs is central to
morphogenetic phenomena during wound healing as well as numerous pathologic conditions
such as cancer [38]. Cancer cell motility is a complex multistep process during which the
cells form new attachments and break old attachments to migrate and/or invade to the
surrounding tissues. One of the characteristics of invasive cells is the ability to degrade the
ECM by MMPs. MMPs have been shown to have significantly higher expression in almost
all human cancers since they have ability to degrade the basal lamina and ECM [39].
MMP-9 (known also as 92-kD type IV collagenase or gelatinase B) is a unique type of
proteinase that hydrolyze backbone of extracellular matrix (type IV collagen) [40] and was
shown to be up-regulated in many types of cancers indicating that in addition to tumor cell
invasion and angiogenesis, MMP-9 can also contribute to carcinogenesis and tumor growth
[36]. Several clinical reports showed that cancer patients with higher level of MMP-9 have
lower survival rate than those with low MMP-9 expression [41]. Thus, our primary focus
was to determine whether the altered MMP-9 expression produced by specific mutations in
mouse mtDNA corresponds with the changes in cell motility.

We found that the changes in invasiveness imparted by mtBALB haplotype were indeed
correlated with MMP-9 expression levels. It was also somewhat surprising that the MMP-9
expression levels were correlated with motility through transwells without matrigel coating.
Expression of MMPs and other genes involved in the processes of transformation is
regulated by nuclear transcription factors, including NF-κB [42]. NF-κB is a cytoplasmic
transcription factor commonly inhibited by the I B molecule. However, IκB phosphorylation
and its subsequent degradation release NF-κB triggering transcription of many nuclear
genes involved in carcinogenesis including metalloproteinases, integrins and cytokines [43].
Moreover, it was suggested that the activation of NF-κB could be also triggered by several
stress impulses generating ROS [44]. We previously showed that there are mtDNA-driven
differences in ROS production between wild type (mtB6) and mutant (mtBALB) cybrids
which could also have profound influence on migratory abilities since antioxidants were
able to diminish migratory capacity of the mtBALB cells and caused them to migrate at a
level that was similar to the mtB6 cells [19]. Our results demonstrate that NF-κB regulates
the expression of MMP-9 and through this regulation predictably modulates the invasion of
mtBALB cybrids and somewhat unexpectedly modulates the migration of mtBALB cybrids.
Additionally, we have found that the non-specific MMP inhibitor, GM6001 significantly
inhibited migratory and invasive abilities of mtBALB cybrids which confirms a role for
MMPs in invasiveness of fibroblasts and also suggests a critical role for MMPs in cellular
motility, consistent with the results of Aung et al. [35]. Mechanism of proteolysis catalyzed
by MMPs in controlled cell spreading, motility and invasiveness involve cell surface
tethered MMPs, binding of soluble MMPs to the cell surface and in situ activation; and a
diffusion based mode of interaction of the enzymes with the underling ECM substrata.
MMPs utilize a remarkable surface diffusion mechanism for substrate interaction. All the
components of the collagenolytic complex are capable of processive movement on a surface
of the collagen fibril. Recent results establish that MMP-1, -2, -9 and trans-membrane
protease (MT1-MMP) can diffuse laterally on the collagen substrate surface without
noticeable dissociation [38].

Microarray gene expression analysis revealed many more potentially interesting candidate
genes besides of MMP-9 and Col1a1 which are currently under the further investigation.
This is the first report of how nucleotide changes in mtDNA cause alterations in expression
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levels of specific nuclear-encoded genes associated with malignancy. The identification of
nuclear genes which can interact with mtDNA variants and the elucidation of their mode of
action will ultimately increase the understanding of a role of mtDNA alterations in the
development of various cancers.
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Abbreviations

mtDNA Mitochondrial DNA

UV Ultraviolet

NF-κB Nuclear Factor-κB

ROS Reactive Oxidative Species

GHS Glutathione

ATP Adenosine Triphosphate

NMSC Non Melanoma Skin Cancer

FC Fold Change

ECM Extracellular Matrix

MMP Metalloproteinases

LHON Leber's Hereditary Optic Neuropathy

DMEM Dulbecco's Modified Eagle's Medium

FBS Fetal Bovine Serum

BSA Bovine Serum Albumin

DPBS Dulbecco's Phosphate Buffered Saline
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Research Highlights

• Cybrids are useful models to study the role of mtDNA changes in cancer
development.

• mtDNA changes affect the expression of nuclear genes associated with
tumorigenesis.

• MMP-9 is up-regulated and Col1a1 is down-regulated in mutant cybrids.

• GM6001 reduced the enhanced motility of mutant cybrids caused by up-
regulated MMP-9.

• The MMP-9 expression and invasiveness of mutant cybrids were reduced by
Bay11-7802.
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Figure 1. mRNA expression levels of two selected genes in mtB6 and mtBALB cybrid cells
Histogram showing the expression levels of (a) MMP-9 and (b) Col1a1 genes as analyzed
by quantitative real-time RT-PCR. Samples were normalized to GAPDH. Moreover, RT-
PCR samples were also analyzed using agarose gel. Three individual cybrid clones were
assayed for each experiment and the averages were graphed with the standard error of the
mean (SEM). The asterisks indicate that mtBALB cybrid cells showed a significantly higher
expression of MMP-9 but a statistically significant lower expression of Col1a1 compared to
mtB6 cybrid cells. *P value < 0.001.
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Figure 2. Migration and invasion capabilities of cybrid cells in the presence of non-specific MMP
inhibitor GM6001
Migration transwell assays were performed using uncoated inserts and invasion assay was
conducted on inserts coated with matrigel. (a) The bar graph represents the average numbers
of cybrid cells migrated through uncoated inserts in the presence of 20μM GM6001. (b)
Representative microscopic pictures of stained cells that migrated through the pores of the
uncoated inserts in the presence or absence of GM6001. (c) The bar graph shows the
average of cells invading through the matrigel-coated inserts in the presence of 20μM
GM6001. (d) Representative microscopic pictures of stained cells that invaded through the
pores of matrigel coated inserts in the presence or absence of GM6001.The cybrid cells were
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assayed in triplicate transwells for each experiment, and the averages were graphed with the
standard error of the mean (SEM). The asterisks indicate that mtBALB cybrid cells showed
a statistically significant decrease in migration and invasion from the mtB6 in the presence
of non-specific MMP inhibitor GM6001. *P value < 0.05, **P value < 0.005.
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Figure 3. Migration and invasion capabilities of mtBALB cybrid cells in the presence of
Bay11-7082
Migration transwell assays were performed using uncoated inserts and invasion assay was
conducted on inserts coated with matrigel. (a) The bar graph represents the average of
cybrid cells migrated through uncoated inserts in the presence of various concentrations of
Bay11-7082. (b) The bar graph shows the average of invading mtBALB cells through the
matrigel-coated inserts in the presence of 5μM Bay11-7082. Representative microscopic
pictures of stained cells that migrated through the pores of uncoated inserts (c) or invaded
through the pores of matrigel coated inserts (d) in the presence or absence of Bay11-7082.
The cybrid cells were assayed in triplicate transwells for each experiment, and the averages
were graphed with the standard error of the mean (SE. The asterisks indicate that mtBALB
cybrid cells showed a statistically significant decrease in migration and invasion from the
mtB6 in the presence of NFκB inhibitor Bay11-7082. *P value < 0.0005, **P value < 0.001,
***P value < 0.0001.
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Figure 4. mRNA expression levels of MMP-9 in mtB6 and mtBALB cybrid cells treated with
Bay11-7082
Quantitative real-time RT-PCR histogram showing the levels of expression of MMP-9 in the
cybrid cells after they were treated with 5μM Bay11-7082. Three individual cybrid clones
were assayed for each experiment and the averages were graphed with the standard error of
the mean (SEM). The results indicate that cybrid cells showed a statistically significant
decrease in mRNA expression of MMP-9 after they were treated with NFκB inhibitor Bay
11-7082 from the untreated cells. *P value < 0.01, **P value < 0.001.

Jandova et al. Page 18

Exp Cell Res. Author manuscript; available in PMC 2013 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jandova et al. Page 19

Table 1
Biochemical and phenotypic differences between wild type (mtB6) and mutant (mtBALB)
cybris cells

mtBALB cybrids with genetic alteration in mt-Tr gene (9821insA) showed significant biochemical changes
such as diminished levels of complex I protein, less cellular oxygen consumption, and lower ATP levels.
These cybrids exhibited increased levels of ROS, resistance to UV-induced apoptosis and changes in cell
growth, migration and invasion capabilities [18, 19].

mtBALB relative to mtB6

Biochemical changes

ATP production ↓

Complex I levels ↓

Oxygen consumption (baseline) ↓

Oxygen consumption (CII substrates) ↑

Levels of mitochondrial ROS ↑

Phenotypic changes

Proliferation rate ↑

Resistance to UV-induced apoptosis ↑

Migration ↑

Invasion ↑

*Data were taken from previous publications by Jandova et al. [18, 19]
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