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a  b  s  t  r  a  c  t

mtDNA  mutations  are  common  in human  cancers  and  are  thought  to  contribute  to  the  process  of  neopla-
sia.  We  examined  the  role  of  mtDNA  mutations  in  skin  cancer  by generating  fibroblast  cybrids  harboring
a  mutation  in  the  gene  encoding  the  mitochondrial  tRNA  for arginine.  This  somatic  mutation  (9821insA)
was  previously  reported  in  UV-induced  hyperkeratotic  skin  tumors  in hairless  mice  and  confers  specific
tumorigenic  phenotypes  to  mutant  cybrids.  Microarray  analysis  revealed  and  RT-PCR  along  with  Western
blot analysis  confirmed  the up-regulation  of  CCL20  and  its  receptor  CCR6  in  mtBALB  haplotype  contain-
ing  the  mt-Tr  9821insA  allele  compared  to wild type  mtB6  haplotype.  Based  on  reported  role  of CCL20
in  cancer  progression  we  examined  whether  the hyper-proliferation  and  enhanced  motility  of mtBALB
haplotype  would  be associated  with  CCL20  levels.  Treatment  of  both  genotypes  with  recombinant  CCL20
(rmCCL20)  resulted  in enhanced  growth  and  motility  of  mtB6  cybrids.  Furthermore,  the  acquired  somatic
alteration  increased  the  in  vivo  tumor  growth  of  mtBALB  cybrids  through  the  up-regulation  of  CCL20  since
neutralizing  antibody  significantly  decreased  in  vivo  tumor  growth  of  these  cells;  and  tumors  from  anti-
CCL20  treated  mice  injected  with  mtBALB  cybrids  showed  significantly  decreased  CCL20  levels.  When

rmCCL20  or  mtBALB  cybrids  were  used  as chemotactic  stimuli,  mtB6  cybrids  showed  increased  motility
while  anti-CCL20  antibody  decreased  the  migration  and  in  vivo tumor  growth  of  mtBALB  cybrids.  More-
over,  the inhibitors  of  MAPK  signaling  and  NF-�B  activation  inhibited  CCL20  expression  in mtBALB  cybrids
and  decreased  their  migratory  capabilities.  Thus,  acquired  mtDNA  mutations  may  promote  tumorigenic
phenotypes  through  up-regulation  of chemokine  CCL20.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Tumor development and progression are multifactorial pro-
esses with complex regulation. The members of chemokine
uperfamily are considered to be important elements that can

Abbreviations: mtDNA, mitochondrial DNA; UV, ultraviolet; CCL20, CC
hemokine ligand 20; rmCCL20, recombinant protein CCL20; LARC, liver and
ctivation-regulated chemokine; MIP-3�,  macrophage inflammatory protein-3�;
CR6, CC chemokine receptor type 6; NF-�B, nuclear factor-�B; I�B, inhibitor of
appa B; ROS, reactive oxidative species; NMSC, non-melanoma skin cancer; MMP,
etalloproteinases; Col1A1, collagen, type I, alpha 1; GAPDH, glyceraldehyde 3-

hosphate dehydrogenase; DMEM,  Dulbecco’s modified eagle’s medium; FBS, fetal
ovine serum; BSA, bovine serum albumin; NAC, N-acetyl cysteine; tBHP, tert-butyl
ydroperoxide; RT-PCR, quantitative real-time reverse transcriptase polymerase
hain reaction.
∗ Corresponding author at: UA Cancer Center/Dermatology Division, 1515N Camp-
ell Avenue, Tucson, AZ 857 24, USA. Tel.: +1 520 626 5150; fax: +1 520 626 6033.

E-mail address: jjandova@email.arizona.edu (J. Jandova).

ttp://dx.doi.org/10.1016/j.mrfmmm.2014.07.003
027-5107/© 2014 Elsevier B.V. All rights reserved.
regulate neoplastic processes in cancer cells. Chemokines and their
receptors are expressed by tumor and/or by host cells, in primary
tumors, and in specific metastatic loci. Some of them support tumor
development and progression mostly by their ability to induce cel-
lular motility while the others can potentially suppress cellular
functions that are involved in malignant transformation [1]. Gener-
ally, chemokines can play an important role in formation of primary
tumors and metastases [2].

An important member of chemokine superfamily is chemokine
CCL20. CCL20 was identified in 1997 by three independent groups
in screens of human cDNA libraries from liver, monocytes and
pancreatic cells and was designated liver and activation-regulated
chemokine (LARC) [3], macrophage inflammatory protein-3�  (MIP-
3�) [4], and Exodus-1 [5], respectively. Thus, in the systematic
chemokine nomenclature, LARC/MIP-3�/Exodus-1 is designated as

CCL20 (CC chemokine ligand 20) [6]. CCL20 can function as both
an inflammatory and a homeostatic chemokine depending on the
specific situation and its natural receptor is the CCR6. Their interac-
tion regulates multiple physiological functions, particularly tissue

dx.doi.org/10.1016/j.mrfmmm.2014.07.003
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/molmut
http://www.elsevier.com/locate/mutres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrfmmm.2014.07.003&domain=pdf
mailto:jjandova@email.arizona.edu
dx.doi.org/10.1016/j.mrfmmm.2014.07.003
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MO)  and/or 5 �M BAY11-7082 (EMD Chemicals, Gibbstown, NJ)
dissolved in DMSO, or vehicle alone for 60 min in serum free
0 J. Sligh et al. / Mutation

rchitecture and compartment-specific migration of white blood
ells [7]. Cancer cells can also exploit the CCL20/CCR6 receptor
ystem for mediation of their specific migration and metastasis
8]. It was observed that CCL20 as well as CCR6 play important
ole in colorectal cancer leading to enhanced proliferation and
igration. Compared to normal colon mucosa, CCR6 and CCL20

oth were found to be up-regulated in colorectal cancer and
olorectal liver metastasis [9]. CCL20 participation in cancer pro-
ression was also shown in pancreatic adenocarcinoma where
CL20 expression was significantly higher compared to normal tis-
ue [10–12]. Huang and Geng [13] made similar observation in
epatocellular carcinoma samples where significantly enhanced
xpression of both CCL20 and CCR6 was seen compared to healthy
issue. CCL20 was also shown to be up-regulated in biopsies of
reast cancer patients [14,15], renal cell carcinoma [16], melanoma
17] and squamous cell carcinoma including keratinocytes [18].
aumforth et al. [19] observed up-regulation of CCL20 caused
nhanced migration of regulatory T cells in Hodgkin’s lymphoma
atients.

Expression of chemokine ligand CCL20 is controlled by nuclear
actor-�B (NF-�B) transcription factor [20]. NF-�B plays an impor-
ant role during cellular responses to inflammatory stimuli and
eneral responses to pathogens in a number of different cell types
nd is inhibited by the I�B molecule. I�B phosphorylation and
ts subsequent degradation releases NF-�B triggering transcrip-
ion of many nuclear genes involved in pro-carcinoma processes,
ncluding chemokine CCL20 and targeting NF-�B by its specific
nhibitors results in suppression of CCL20 expression in cells [21].
esides of the NF-�B-dependent CCL20 expression, it is known
hat the promoter region of CCL20 contains binding sites for
he Ets transcription factor which is activated by ERK1/2 sug-
esting a role of the Ras-MAPK-pathway in CCL20 expression
22].

In our study, we employed a cybrid model for analysis of
tDNA changes found in UV-induced non-melanoma skin cancer

NMSC). We  previously discovered a mutation hot spot (9821insA)
n mouse mt-Tr locus (tRNAArg) in approximately one third of
remalignant and malignant skin tumors (squamous papillomas
nd squamous cell carcinomas). To determine the functional rel-
vance of this particular mutation in vitro, cybrid cells with
he same nuclear background but containing different mt-Tr
tRNAArg) alleles were generated [23]. We  demonstrated that

 9821insA can alter the biochemical characteristics of murine
ybrids and subsequently can contribute to significant changes
n their behavioral capabilities. Moreover, we showed that there
re mtDNA-driven differences in ROS production between wild
ype (mtB6) and 9821insA (mtBALB) cybrids [23,24]. Microarray
nalysis was conducted in order to elucidate the expression differ-
nces between the two cybrid lines differing only in their mtDNA.
4 K mouse whole genome chip revealed roughly 400 differen-
ially expressed genes between the two cybrid lines including genes
nvolved in tumorigenic processes such as matrix matallopro-
einases (MMPs) and inflammatory chemokines and their receptors
25].

Chemokine CCL20 and its receptor CCR6 were found up-
egulated in mutant cybrids. Based on previously reported role
f CCL20/CCR6 in tumor progression we examined whether
CL20/CCR6 is also responsible for the mtBALB haplotype
ncogenic features like enhanced proliferation, migration
nd invasion. Targeting expression of CCL20 by its natural
pstream transcription factor NF-�B and Ets; or disruption
f CCL20/CCR6 interaction could be a useful strategy in a
reatment of cancer. When combined with other therapeutic
pproaches, the research on chemokines and namely CCL20

n various cancers may  provide novel means for improved
utcomes.
rch 769 (2014) 49–58

2. Materials and methods

2.1. Ethics statement

This study was performed in strict accordance with the rec-
ommendations in the Guide for the Care and Use  of Laboratory
Animals of the National Institutes of Health. The IACUC protocol
was approved by the University of Arizona Institutional Animal
Care and Use Committee (Permit number 07-029). All procedures
were performed in every effort to minimize suffering.

2.2. Cybrid cell lines

LMEB3(mtBALB) and LMEB3(mtB6) cells were generated by har-
vesting the mitochondria from brain synaptosomes of B6 and BALB
mice and electrofusing them to a mouse fibroblast LMEB3�0 cell
line that lacked its own  mtDNA. Two  cybrid lines differing only
in their mtDNA but having identical nuclear background from
murine LA9 cells were produced. A mouse LMEB3�0 cell line was
produced by exposure of LM(TK-) cells to ethidium bromide as
described previously by [26]. Both lines were maintained in DMEM
medium supplemented with 10% FBS and Pen/Strep (Life Technolo-
gies, Grand Island, NY) in 5% CO2 atmosphere at 37 ◦C.

2.3. DNA sequencing of mitochondrially encoded tRNAArg (mt-Tr
locus) in cybrid lines

Forward (5′-TTCTAGTCACAATTCTATCTCTAGGC-3′) and reverse
(5′-GCATTGTAGTAGGTTGAGATTTTGG-3′) primers were designed
for PCR to amplify the mt-Tr gene from total genomic DNA of both
cybrid lines. PCR samples were prepared in a total volume of 50 �l.
Each tube contained 1xTaq master Mix  (New England BioLabs) con-
taining 10 mM Tris–HCl, 50 mM KCl, 1.5 mM MgCl2, 25 units/ml
Taq DNA polymerase, 5 mM of both primers, 0.2 mM dNTPs each,
5% glycerol, 0.08% NP-40, and 0.05% Tween-20 and 250 ng of DNA
template of either mtB6 or mtBALB cybrid cells. The PCR param-
eters were as follows: an initial denaturation at 95 ◦C for 5 min,
followed by 30 cycles of denaturation at 95 ◦C for 30 s, annealing at
60 ◦C for 60 s, and elongation at 68 ◦C for 1 min, with a final elonga-
tion at 68 ◦C for 5 min. PCR products were then purified using the
QIAquick PCR purification kit (Qiagen) and sequenced on an Applied
Biosystems 3730XL DNA analyzer (Life Technologies, Carlsbad, CA).

2.4. Quantitative reverse transcriptase polymerase chain reaction
(RT-PCR)

mRNA expression analysis was  performed as described
previously [25] with further modifications. Mouse CCL20
(Mm00444228 m1), CCR6 (Mm99999114 s1) and GAPDH
(Mm99999915 m1)  primer/probes purchased from ABI (Applied
Biosystems, Branchburg, NJ) were used. PCR amplification of
GAPDH was  used to control the quality of cDNA. CCL20 and CCR6
levels were normalized to GAPDH control. Amplification plots were
generated and the Ct values (cycle number at which fluorescence
reaches threshold) recorded.

In experiments with rmCCL20, the cybrids were incubated 24 h
with 150 ng/ml rmCCL20 (R&D Systems, Minneapolis, MN) and then
allowed growing for an additional 24 h in culture. Thereafter, cells
were harvested and RNA isolated.

In experiments with inhibitors PD98059 or BAY11-7082, cybrids
were pre-treated with 50 �M PD98059 (Sigma-Aldrich, St. Louis,
medium. After the treatment, medium was  replaced with the nor-
mal  growing medium (supplemented with 10% FBS) and the same
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ig. 1. DNA sequencing of the mt-Tr locus in wild type mtB6 and mutant mtBALB DN
nd  (B) 9821insA mutant mtBALB allele in forward and reverse orientation. Five ind

reatment was repeated every day, for four days. Thereafter, cells
ere harvested and RNA isolated.

In experiments with antioxidants vitamin E and NAC, mutant
tBALB cybrid cells were growing for 4 days in media contain-

ng 200 �M vitamin E (Sigma Aldrich, St. Louis, MO)  and 10 mM
AC (Sigma Aldrich, St. Louis, MO), respectively. Then cells were
arvested and RNA isolated.

In experiments to induce ROS levels, wild type cybrid cells
ere pre-treated either with 20 �M tBHP for 30 min  or irradiated
ith low dose of UVA (2 J/cm2). After the treatment, medium was

eplaced with the normal growing medium (supplemented with
0% FBS) and the same treatment was repeated every day, for four
ays. Thereafter, cells were harvested and RNA isolated.

.5. Western blot analysis

Cell lysates were prepared from both cybrids using RIPA buffer
ontaining 50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
-100, 1% sodium deoxycholate and 0.1% sodium dodecyl sulfate
nd protease inhibitor mixture (Leupeptin, Aprotinin, PMSF). 30 �g
f total protein was separated by Any kDTM SDS-polyacrylamide
el electrophoresis followed by transfer to PVDF membrane
Bio-Rad, Hercules, CA). Mouse monoclonal anti-actin clone AC-40
ntibody obtained from Sigma Aldrich (St. Louis, MO), mouse

onoclonal anti-CCL20 antibody (MAB760) and anti-rat HRP sec-

ndary antibody purchased from R&D Systems (Minneapolis, MN)
ere used for detection. Blots were incubated with ECL Western
lotting Detection Reagents (Amersham Biosciences, Piscataway,
ples. (A) Partial DNA sequence of wild-type allele in forward and reverse orientation
al wild type mtB6 and mutant mtBALB cybrid clones were analyzed.

NJ) and exposed to BioMax XAR film (Kodak, Rochester, NY). The
same blot was  used for both, CCL20 and �-actin detection.

2.6. Cell proliferation assay

1 × 105 cybrid cells were seeded in 6-well plates. Cells were
either incubated in normal growing medium only/supplemented
with IgG1 (controls) or in medium supplemented either with
150 ng/ml rmCCL20 or 50 �M anti-CCL20 functional blocking anti-
body (R&D Systems, Minneapolis, MN)  for 24 h, 48 h and 72 h,
respectively. IgG1/rmCCL20/anti-CCL20 were added to the cultured
medium only once and media were not changed during 72 h. Viable
cells were counted daily with a hemocytometer by the trypan blue
exclusion method.

2.7. Co-culture and transwell migration assay

Transwell migration assays were performed as described previ-
ously [24] with further modifications. Three membrane filters and
three individual cybrid clones were used for each condition within
one experiment.

In co-culture experiments, 15 × 104 cells were seeded in the
lower chamber and allowed to attach in the presence of 10% FBS,

then attached cells were rinsed twice with DPBS, and sustained
throughout the experiment in 600 �l of DMEM supplemented with
0.5% FBS and 0.1% BSA (Sigma-Aldrich, St. Louis, MO).  25 × 103

tested cybrid cells resuspended in 150 �l of migration buffer were
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Fig. 2. mRNA expression and protein levels of chemokine CCL20 and its receptor
CCR6 in mtB6 and mtBALB cybrid cells. (A) Quantitative RT-PCR histogram show-
ing the mRNA expression levels of chemokine CCL20 in fibroblast cybrid cells. (B)
Western blot analysis showing the protein levels of CCL20 in both cybrid cells. (C)
RT-PCR histogram showing the mRNA expression levels of CCR6 receptor in cybrid
cells. Three individual cybrid clones were assayed for each experiment. At least three
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Fig. 3. mRNA expression levels of chemokine CCL20 in cybrid cells after the treat-
ment with either ROS inducers or antioxidants. Quantitative RT-PCR histogram
showing the mRNA expression levels of chemokine CCL20 in fibroblast cybrids after
treatment with (A) 20 �M tBHP and 2 J/cm2 UVA radiation and (B) 200 �M vitamin E
and  10 mM NAC. The mtB6 cybrids were pre-treated with tBHP for 30 min  and irra-
diated with 2 J/cm2 UVA every day for a total of 4 days. The mtBALB cybrids were
cultured in normal growing media supplemented with antioxidants for 4 days. Three
individual cybrid clones were assayed for each experiment. The data are graphed as
ndependent experiments were executed. The data are graphed as a mean ± SD with
P ≤ 0.0005.

eeded in the upper chamber which was then assembled into the
ish suspended above the lower wells.

In experiments with rmCCL20 protein, 150 ng/ml of rmCCL20
as either added to the tested cybrids or added to the bottom well

s a chemo-attractant.
In experiments with inhibitors PD98059 or BAY11-7082,

5 × 103 cybrid cells pre-treated with 50 �M PD98059 or 5 �M
AY11-7082, or vehicle (60 min  for a total of 4 days) were resus-
ended in migration buffer and seeded on the top of insert and
ssayed in transwell system.

In experiments with functional blocking monoclonal mouse
nti-CCL20 antibody (R&D Systems, Minneapolis, MN), 25 × 103

ybrids resuspended in migration buffer supplemented with 50 �M
nti-CCL20 or control IgG1 antibody (R&D Systems, Minneapolis,
N)  were placed on the upper well of a transwell system and

ssayed.

.8. Establishment of tumor xenografts

10 × 106 mtB6 and mtBALB cybrids were resuspended in 0.1 ml
f sterile PBS and injected subcutaneously in the right flank of male
CID mice (16 mice/group). The mice were obtained from the Uni-

ersity of Arizona Cancer Center SCID house colony at the age of 9
eeks with weight average of 25 g. 24 h after the cell injection, the
alf of the mice from each group started to get subcutaneous injec-
ions of neutralizing anti-CCL20 (tested groups) and the other half
a  mean ± SD.

IgG1 isotype control (control groups) antibodies (20 �g/injection)
every other day during two  weeks. Both treatments were injected
subcutaneously in the left flank of tested mice. Tumor diameters
measured twice weekly at right angles (dshort and dlong) using
electronic callipers were converted to volume by the formula, vol-
ume  = (dshort)2 × (dlong)/2. Individual mice were sacrificed when the
tumor volume reached 2000 mm3 and the tumors were harvested
(1/2 of tumor snap frozen and other 1/2 fixed in NBF).

3. Results

We  have previously discovered a mutation hot spot (9821insA)
in the mitochondrially encoded tRNAArg (mt-Tr locus) in approxi-
mately one third of premalignant and malignant UV-induced skin
tumors [23]. To determine the functional relevance of this partic-
ular mutation in vitro, cybrid cell lines containing different mt-Tr
(tRNAArg) alleles were generated [23] and 9821insA mutation in
the mt-Tr locus of mutant mtBALB cybrids was confirmed by DNA
sequencing (Fig. 1). We have further described that mutations in
mitochondrial mt-Tr locus can alter the biochemical characteristics
of murine cybrids which subsequently cause significant changes
in their behavioral abilities such as proliferation, resistance to
UV-induced apoptosis, enhanced migration and invasion, the phen-
otypes seen in malignant cells [23,24]. Moreover, we showed that
these alterations in mtDNA can produce the differences in expres-
sion levels of some nuclear-encoded genes between the wild type
mtB6 and mutant mtBALB cells [25], including matrix matallopro-

teinase MMP-9; chemokines CCL5, CCL8 and structural genes such
as collagen 1A1 (Col1A1) and Col1A6.
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Fig. 4. mRNA expression levels of chemokine CCL20 and its receptor CCR6 in mtB6 and mtBALB cybrid cells after the treatment with rmCCL20 and pathway specific inhibitors
BAY11-7082 and PD98059. Quantitative RT-PCR histogram showing the mRNA expression levels of chemokine CCL20 in fibroblast cybrids after treatment with (A) 150 ng/ml
rmCCL20, (B) 5 �M NF-�B inhibitor BAY11-7082 and (C) 50 �M MAPK inhibitor PD98059. Quantitative RT-PCR histogram showing the mRNA expression levels of CCR6
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eceptor  in fibroblast cybrids after treatment with (D) 150 ng/ml rmCCL20, (E) 5 �M
ybrid  clones were assayed for each experiment. At least three independent experi

.1. Chemokine CCL20 and its receptor CCR6 are up-regulated in
tBALB haplotype compare to mtB6 haplotype

Microarray analysis revealed that nuclear encoded CCL20 gene
as up-regulated in mtBALB haplotype with a 3.48 fold change

ompared to mtB6 haplotype. Significantly higher mRNA expres-
ion levels and increased protein levels of this chemokine in
tBALB cybrids were confirmed by RT-PCR (Fig. 2A) and West-

rn blot analysis (Fig. 2B). Moreover, mtBALB cells also showed
ncreased levels of CCR6, a known receptor of CCL20 ligand (Fig. 2C).

.2. Antioxidants vitamin E and NAC were significantly able to
uppress the CCL20 mRNA expression in mutant mtBALB cybrid
ells while inducers of ROS production such as tBHP and UVA
rradiation were able to increase the expression in wild type mtB6
ybrid cells

Treatment of wild type mtB6 cybrids with ROS inducer tBHP was
ble to induce CCL20 expression to the level of CCL20 expression
een in mutant mtBALB cybrids. Moreover, short exposure of mtB6
ybrids to 2 J/cm2 of UVA radiation was also able to significantly

ncrease the mRNA expression levels of this chemokine (Fig. 3A). In
ontrary, treatment of mutant mtBALB cybrids with antioxidants
itamin E and NAC was able to significantly decrease the expression
f chemokine CCL20 in these cells (Fig. 3B).
B inhibitor BAY11-7082 and (F) 50 �M MAPK inhibitor PD98059. Three individual
 were executed. The data are graphed as a mean ± SD.

3.3. Recombinant CCL20 protein was able to enhance the
expression of chemokine CCL20 in mtB6 haplotype while pathway
specific inhibitors decreased its expression in mtBALB haplotype

Pre-treatment of both cybrids with rmCCL20 was  able to signifi-
cantly increase its own CCL20 expression (Fig. 4A), expression of its
own CCR6 receptor (Fig. 4D) and expression of MMP-9 about 50%
(data not shown). It is known that expression of CCL20 chemokine is
regulated by the Ets and NF-�B transcription factors. Thus, specific
inhibitors of NF-�B activation (BAY11-7082) and MAPK signaling
(PD98059) were used to inhibit the expression of CCL20/CCR6 in
cybrid cells. As documented by Fig. 4B, C, E and F, both inhibitors
were able to partially inhibit the expression of both CCL20 and its
receptor CCR6 in mtBALB cybrids with a more profound effect seen
in cells pre-treated with PD98059.

3.4. Recombinant CCL20 protein significantly increased cellular
growth of mtB6 cybrids while anti-CCL20 functional blocking
antibody decreased growth of mtBALB cybrids

Previously, we have observed that mtBALB cybrids expressing

higher levels of CCL20/CCR6 have higher proliferative capabilities
than mtB6 cybrids expressing low levels of this chemokine and
its receptor [24]. Thus, we  sought to explore whether the treat-
ment of mtB6 cybrids with rmCCL20 and mtBALB cybrids with
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Fig. 5. Chemokine CCL20 affects the proliferative abilities of fibroblast cybrid cells.
Cybrid cells were either incubated in normal growing media (crtl) or in media sup-
plemented with either (A) 150 ng/ml of rmCCL20 protein (rmCCL20) or (B) 50 �g/ml
anti-CCL20 functional blocking antibody or control IgG for the times indicated.
V
c
l

f
t
s
w
g
a

3
s

c
s
s
c
t
s
i
t
o
b
m

3
i
C

s
s
c
i
b
a
H
(
e
t

Fig. 6. Migratory capabilities of fibroblast cybrid cells in co-culture system and
in the presence of chemokine CCL20. Migration transwell assays were performed
using uncoated inserts. The bar graphs represent the average numbers of migrated
cells  in (A) various co-culture systems: mtB6/medium, mtB6/mtB6, mtB6/mtBALB,
mtBALB/medium, mtBALB/mtBALB, and mtBALB/mtB6 (format example: mtB6 (top
membrane)/medium (bottom well)); (B) the presence of rmCCL20 where cells
were either treated with rmCCL20 (mtB6 + rmCCL20) or rmCCL20 (mtB6/CCL20) or
mtBALB cybrids expressing high levels of CCL20 (mtB6/mtBALB) were added to the
bottom well as chemo-attractants. Three individual cybrid clones were assayed in
iable cells are shown. The data are graphed as a mean ± SD of three individual

ybrid clones with * P ≤ 0.05, ** P ≤ 0.005). Growing experiments were executed at
east three times.

unctional blocking anti-CCL20 antibody would have an impact on
heir in vitro growing abilities. We have observed that mtB6 cybrids
howed enhanced proliferation rate after 48 and 72 h of incubation
ith rmCCL20 (Fig. 5A) and mtBALB cybrids significantly decreased

rowth after 48 and 72 h of treatment with neutralizing anti-CCL20
ntibody (Fig. 5B).

.5. Co-culturing of mtB6 cybrid cells with mtBALB haplotype
ignificantly enhanced in vitro migratory capabilities of these cells

Moreover, we sought to elucidate whether the in vitro co-
ulturing of cybrids expressing different levels of CCL20 might
ignificantly affect their migratory capabilities. We  used the tran-
well co-culture system where one cybrid line was  used as a
hemo-attractant (added to the bottom well) while the other was
ested for migration (added on the top of transwell insert). As
hown by Fig. 6A, only the migration of mtB6 cybrids (express-
ng low levels of CCL20/CCR6) was significantly increased when
hey were co-cultured with mtBALB cybrids (expressing high levels
f CCL20/CCR6) used as a chemo-attractant while all other com-
inations of co-culture experiments did not have any effect on
igration of either cybrids.

.6. In vitro cellular motility of mtB6 haplotype was significantly
ncreased by treating these cybrid cells with the recombinant
CL20 protein

We  have previously demonstrated that mtBALB cybrids have
ignificantly enhanced cellular migration through uncoated tran-
well inserts and invasiveness through matrigel coated inserts
ompared to mtB6 cybrids [24]. Transwell assays were conducted
n order to study the influence of CCL20 on cellular motility. Recom-
inant CCL20 (rmCCL20) used as a chemo-attractant (rmCCL20 was
dded to the bottom well) increased the migration of mtB6 cybrids.

owever, when these cybrids were incubated with rmCCL20

rmCCL20 was added to the cells placed on the top of insert), the
ffect on motility of these cybrids was even more profound and
he migration was increased almost to the level of mtBALB cybrids
triplicate transwells for each experiment. At least three independent experiments
were executed. The data are graphed as a mean ± SD with * P ≤ 0.005, ** P ≤ 0.0005,
*** P ≤ 0.05.

(Fig. 6B). There was not found statistically significant difference
in migration capabilities between mtB6 cybrids co-cultured with
mtBALB cybrids and the same cybrids treated with rmCCL20 as
chemo-attractant. Thus, these observations confirm a critical role
of CCL20 secreted soluble factor on cellular migration.

3.7. Migratory capabilities of mtBALB cybrids containing the
9821insA in mitochondrial DNA were significantly decreased by
specific NF-�B and MAPK inhibitors

Furthermore, we  tested if specific inhibitors of NF-�B and/or
MAPK signaling will affect the migratory abilities of mtBALB cybrids
expressing high levels of CCL20 and CCR6. One hour pre-treatment
of these cybrids with either 5 �M BAY11-7082 or 50 �M PD98059
for a total of four days was able to significantly decrease their
migration with PD98059 showing the more profound effect (Fig. 7A
and B). However, the treatment of cybrids with combination of
both inhibitors further reduced the migratory abilities of both
cybrid lines (Fig. 7C). To assess the relative contribution of CCL20
on migration of cybrids, the mouse functional blocking antibody
against CCL20 was  added into migrating media. CCL20 neutralizing
antibody was  able to significantly block the migration of mtBALB
cybrids expressing high levels of CCL20, while having no significant
effect on mtB6 cybrids expressing low levels of CCL20 (Fig. 7D).

3.8. Functional blocking anti-CCL20 antibody decreased the
in vivo tumor growth of mtBALB haplotype compared to mtB6
haplotype

To establish the role of CCL20 in tumor development, we  eval-
uated the effect of neutralizing anti-CCL20 antibody on in vivo
growth of fibroblast cybrids. We  observed increased tumorigenic-

ity in IgG1 treated mice injected with mtBALB cybrids expressing
high levels of CCL20 compared to IgG1 treated mice injected with
mtB6 cybrids expressing low levels of CCL20. In the group of anti-
CCL20 treated mice that were injected with mtB6 cybrids, the tumor
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Fig. 7. Migratory capabilities of fibroblast cybrid cells in the presence of MAPK inhibitor PD98059, NF-�B inhibitor BAY11-7082 and functional blocking antibody against
CCL20.  Migratory experiments were performed using uncoated inserts in transwell system. The bar graphs represent the average numbers of migrated cells pre-treated
with  (A) 5 �M BAY11-7082 inhibitor alone; (B) 50 �M PD98059 inhibitor alone; (C) in combination with 5 �M BAY11-7082 and 50 �M PD98059 inhibitor; and (D) 50 �M
anti-CCL20 blocking antibody or control IgG. Representative microscopic pictures of fibroblast cybrids that migrated through the membrane pores are also shown for each
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xperimental condition. Three individual cybrid clones were assayed in triplicate t
xecuted. The data are graphed as a mean ± SD with * P ≤ 0.05.

ize was significantly decreased only at day eight of anti-CCL20
reatment compared to the same group of mice but treated with
sotype control antibody (Fig. 8A and C). This observation might
uggest a role for CCL20 in the establishment and formation of pri-
ary tumors. However, significant decrease in tumor growth was

bserved in the group of anti-CCL20 treated mice injected with
utant mtBALB cybrids compared to the control group of IgG1-

reated mice injected with these cells (Fig. 8B and C) suggesting
he role of CCL20 in tumor progression. Moreover, the tumors from
he group of anti-CCL20 treated mice injected with mtBALB cybrids
howed significantly lower mRNA expression of CCL20 compared
o control group tumors (Fig. 8D).

. Discussion

This study presents the up-regulation of chemokine CCL20 and
ts receptor CCR6 resulting from mtDNA changes at the mt-Tr
ocus encoding the mitochondrial tRNA for arginine. This particular

utation (9821insA) appears to be a hotspot for UV-induced muta-
ions that was discovered in approximately one third of premalig-
ant and malignant skin tumors. To determine the potential role of
his mtDNA alteration in tumor progression, cybrid cells contain-
ng different mt-Tr (tRNAArg) alleles were generated: mtB6 (wild
ype) and mtBALB (mutant type). Specifically, there are only three
ucleotide changes between these two mtDNA types, the 9821insA

n mt-Tr locus together with 9348G to A base change and the 9461T
o C change which is a neutral polymorphism [23]. mtBALB cybrids
ith genetic 9821insA alteration in mt-Tr gene showed signifi-

ant biochemical changes such as diminished levels of complex I
rotein, less cellular oxygen consumption, and lower ATP levels
23] and increased levels of ROS, resistance to UV-induced apo-
tosis and enhanced cellular growth and motility [24]. Previously,

t was suggested that accumulation of mtDNA mutations induced

y ROS exposure leads to errors in mtDNA-encoded polypep-
ides. Such alterations can affect all four mitochondrial complexes
complex I appears to be mostly affected since 7 out of 13 polypep-
ides encoded by mtDNA belong to this complex) that results
ells for each experiment. At least three independent transwell experiments were

in defective electron transfer and oxidative phosphorylation.
Respiratory chain defects may further increase the production of
ROS [23,27]. Our findings of increased ROS levels along with dimin-
ished complex I in mtBALB cybrids correlate with these suggestions
[23].

We  recently published that nucleotide changes in mtDNA can
trigger the differences in expression levels of some nuclear encoded
genes associated with malignancy. Microarray analysis of cybrids
harboring the 9821insA mutation in mt-Tr locus revealed hundreds
of differentially expressed nuclear encoded genes compared to wild
type cybrids, including the chemokine CCL20 [25]. These observa-
tions are similar to those published by Ishikawa et al. [27] who
also showed that cybrids containing mtDNA mutations (G13997A
and 13885insC) in the gene encoding ND6 produced a deficiency in
respiratory complex I activity that is consequently associated with
over-production of ROS ultimately leading to the up-regulation of
specific nuclear encoded genes. Indeed, altered levels of ROS as a
result of impaired respiratory chain in mitochondria seem to be a
key factor responsible for modulating expression of some nuclear
encoded genes [28]. ROS as natural byproducts of oxidative phos-
phorylation are responsible for damaging of cellular compounds
such as lipids, proteins and DNA and can consequently lead to the
development of malignant tumors [29]. It is known that ROS are
accumulated in higher levels in cells as a result of altered mito-
chondrial function [24]. ROS directly affect all types of nucleic
acids including mtDNA by the induction of strand breaks and base
damage, and by inducing point mutation and deletions [30–32]. In
addition to direct damaging effect of ROS on nucleic acids, Marin-
Garcia et al. [28] suggested the mechanism in which ROS can
modulate expression of nuclear encoded genes through affecting
nuclear transcriptional factors such as NF-�B to further alter gene
expression, cellular growth and apoptosis. Furthermore, it was sug-
gested that in addition to a direct ROS influence on gene expression,
ROS can also alter expression of some genes through the epigenetic

regulations by mechanisms involving DNA methylation, chromatin
phospohorylation [33] and acetylation [34].

One of the up-regulated genes in mtBALB haplotype is the
chemokine CCL20, which plays a pivotal role in various tumors
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Fig. 8. Chemokine CCL20 regulates the growth of mutant fibroblast mtBALB cybrid cells. Mutant mtBALB cybrid cells with genetic alteration in mt-Tr gene (9821insA) with
previously reported tumorigenic phenotypes [23,24] and wild type mtB6 cybrid cells were injected into the SCID mice (10 × 106 cells/mouse). 24 h after the cell injection,
mice  started to get the subcutaneous injections of anti-CCL20 or control IgG1 antibodies (20 �g/injection) every other day for 15 days. Individual graphs are showing the
ability  of neutralizing anti-CCL20 antibody to significantly decrease the growth of (A) mtB6 and (B) mtBALB tumors. (C) Summarized graph showing the growth of mtB6
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nd  mtBALB cells in either anti-CCL20 or IgG1-treated mice (n = 8). (D) Quantitative
n  = 4). The data are presented as a mean ± SEM with * P ≤ 0.05.

ncluding colorectal cancer [9], pancreatic carcinoma [10], breast
ancer [14], renal cell carcinoma [16], and melanoma [17]. Thus,
e hypothesized that hyper-proliferation seen in mtBALB cybrids
ight be caused by a higher CCL20 expression triggered by alter-

tions in their mtDNA. To test the role of CCL20 on cellular growth
f murine cybrids, we used rmCCL20 protein as a growth stimu-
us. mtB6 cybrids showed significant increase in proliferation after
mCCL20 was added to the cultured media. Moreover, the expres-
ion of CCL20 in mtB6 cybrids was increased to the level of CCL20
xpression in mtBALB cybrids after the treatment with rmCCL20
rotein likely caused by the ability of CCL20 for autocrine stimula-
ion [35]. Furthermore, rmCCL20 treatment not only significantly
ncreased expression level of CCL20 and its CCR6 receptor, but also
he expression of MMP-9 which plays important role in tumor pro-
ression. Conti and Rollins [36] have made a similar observation
ith chemokine CCL5 which induced gene expression of various

MPs  including MMP-9.
Another characteristic of malignant cells is enhanced motility.

e have previously observed increased motility of mtBALB hap-
otype that has elevated expression of CCL20 compared to mtB6
CR histogram showing the mRNA expression levels of chemokine CCL20 in tumors

cybrids [24]. Fleming et al. also demonstrated that chemokine
CCL20 can enhance migratory capabilities of cutaneous keratino-
cytes [37] through up-regulating of CCL20 by inflammation [38].
Moreover, Calvayrac et al. [39] showed that increased release of
CCL20 significantly induced human lymphocyte migration in tran-
swell assay. Thus, we  assumed that increased migration of mtBALB
cybrids might be caused by higher expression of CCL20 in these
cells. Transwell migration assays were performed to test the role of
CCL20 on cellular migration. We  confirmed that mtB6 cells express-
ing very low levels of CCL20/CCR6 migrated at lower rate than
mtBALB cybrids expressing high levels of CCL20/CCR6. However,
mtB6 cybrids migrated at significantly higher rate when rmCCL20
protein was either used as a chemo-attractant (added to the bottom
well) or these cells were treated with rmCCL20 (added to the top
well). Moreover, we  observed that mtB6 cybrids tested for migra-
tion in co-culture system with chemo-attractant mtBALB cells

expressing high levels of CCL20 migrated at significantly higher
rate compared to control cells without any chemotactic stimuli.
Furthermore, treatment of mtB6 cybrids with rmCCL20 also caused
increase in expression of MMP-9 which is known to be a key player
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Fig. 9. mtDNA alterations seen in UV-induced mouse models of skin cancer can alter biochemical characteristics of cells, trigger changes in expression of nuclear encoded
genes  associated with tumorigenesis and subsequently lead to significant phenotypic changes of cells. 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 [23] and increased levels
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f  ROS, resistance to UV-induced apoptosis and enhanced cellular growth, migrator
ifferences in expression levels of some nuclear encoded genes associated with ma

n motility of malignant cells. These findings suggest important role
f CCL20 as an autocrine stimulator of cellular migration and thus
trongly support the role of mtDNA alterations in the process of
umorigenesis.

Previously, it was suggested that NF-�B and MAPK signaling
ight be involved in the regulation of inducible chemokines includ-

ng CCL20 [20,22]. We  demonstrate here, that inhibitors of NF-�B
ctivation (BAY11-7082) and MAPK signaling (PD98059) were able
o significantly decrease CCL20/CCR6 expression levels in mtBALB
ybrids suggesting that expression of CCL20/CCR6 can be partially
egulated by inhibition of NF-�B and/or MAPK signaling. This is
n correlation with Calvayrac et al. [39] and with Wang et al. [40]

ho prevented the up-regulation of CCL20 by inhibiting of NF-�B.
dditionally, it was indicated that NF-�B is involved in modulation
f CCL20 by other mediators such as TNF� in some human can-
er cells [41], prolactin in keratinocytes [42] or hypoxia in primary
uman monocytes [43]. Moreover, Kwon et al. previously suggested

 role of the Ras-MAPK pathway signaling in MIP-3alpha (CCL20)
xpression in Caco-2 human colonic epithelial cells through the Ets
ranscription factor activation [22].

Our in vitro data indicate that mtDNA alterations can trigger the
hanges in expression of some nuclear encoded genes associated
ith malignancy and subsequently induce biochemical and phe-
otypic changes in cells with altered mtDNA. The role of CCL20

n tumor growth was previously described [44]. Thus, we have
valuated whether the up-regulation of chemokine CCL20 induced
y mtDNA alterations plays a critical role in tumor development.
ur in vivo data indicate increased tumor growth in control IgG1-

reated group of mice injected with mtBALB cells compared to the
ontrol IgG1-treated group of mice injected with mtB6 cybrids.
mportantly, we observed the ability of anti-CCL20 neutralizing
ntibody to significantly inhibit the in vivo tumor growth of tumori-
enic mtBALB cybrids expressing high levels of CCL20 compared
o isotype control IgG1 antibody. These data correlate with the
bservations of Beider et al. who showed that CCL20 neutraliza-
ion inhibits the CCL-20 and CXCR4-dependent growth of human
rostate and colon tumor cells in vivo [45].
In conclusion, this study reports the evidence that nucleotide
hanges in mtDNA can cause the up-regulation of chemokine CCL20
hrough the increased ROS levels contributing to the development
f tumorigenic phenotypes seen in our mutant mtBALB cybrids
 invasive capabilities [24]. Moreover, nucleotide changes in mtDNA can trigger the
cy such as MMP-9 and CCL20 [25].

(Fig. 9). These findings strongly support the role of mtDNA alter-
ations in tumorigenesis and further understanding of the role of
mtDNA mutations in various human malignancies may help to
identify new molecular targets for cancer therapies. Specifically,
CCL20/CCR6 inhibition may serve as a potential tool for novel treat-
ment strategies to halt skin cancer progression.
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