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Deletions within the mitochondrial DNA (mtDNA)
are thought to contribute to extrinsic skin aging. To
study the translation of mtDNA deletions into func-
tional and structural changes in the skin, we seeded
human skin fibroblasts into collagen gels to generate
dermal equivalents. These cells were either derived
from Kearns-Sayre syndrome (KSS) patients, who
constitutively carry large amounts of the UV-inducible
mitochondrial common deletion, or normal human
volunteers. We found that KSS fibroblasts, in compar-
ison with normal human fibroblasts, contracted the
gels faster and more strongly, an effect that was de-
pendent on reactive oxygen species. Gene expression
and Western blot analysis revealed significant upregu-
lation of lysyl oxidase (LOX) in KSS fibroblasts. Treat-
ment with the specific LOX inhibitor -aminopropion-
itrile decreased the contraction difference between KSS
and normal human fibroblast equivalents. Also, addi-
tion of the antioxidant N-tert-butyl-a-phenylnitrone re-
duced the contraction difference by inhibiting collagen
gel contraction in KSS fibroblasts, and both f-amin-
opropionitrile and N-tert-butyl-a-phenylnitrone dimin-
ished LOX activity. These data suggest a causal relation-
ship between mtDNA deletions, reactive oxygen species
production, and increased LOX activity that leads to
increased contraction of collagen gels. Accordingly, in-
creased LOX expression was also observed in vivo in

photoaged human and mouse skin. Therefore, mtDNA
deletions in human fibroblasts may lead to functional
and structural alterations of the skin. (A4m_J Pathol 2009,
175:1019—-1029; DOI: 10.2353/ajpath.2009.080832)

Oxidative stress can damage biological macromolecules
including lipids, proteins, and DNA."2 In this regard,
mitochondrial DNA (mtDNA), a circular molecule com-
prising 16,569 bp in human cells, is particularly vulnera-
ble, due to its close proximity to the mitochondrial elec-
tron transport chain as the major intracellular source of
reactive oxygen species (ROS), its lack of histones, and
a limited repertoire of DNA repair capacity.>* Mitochon-
drial DNA encodes for 13 essential components of the
electron transport chain, 22 tRNAs and 2 rRNAs involved
in their translation. As a consequence, mutations of
mtDNA including point mutations and large scale dele-
tions interfere with mitochondrial physiology and result in
cellular dysfunction. So far, more than 100 point muta-
tions associated with a heterogeneous spectrum of
pathological abnormalities have been reported.® Large
scale deletions such as the 4977 bp-containing common
deletion are found in a number of mitochondrial disorders
that can occur sporadically or can be inherited mater-
nally. The best known mitochondrial disease associated
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with the common deletion is Kearns-Sayre syndrome
(KSS). KSS appears to be a sporadical disease that is
clinically characterized by skeletal muscle weakness,
progressive ptosis, external ophthalmoplegia, retinopa-
thy, cardiac conduction defects, and brain damage.®

Mutations of mtDNA are not only found in mitochondrial
diseases but are also frequently detected in aged tissues
with high energy demands such as skeletal muscle, heart,
and neurons,” '° and it has therefore been proposed that
mtDNA mutations are causally related to the aging process.
At least for point mutations, this assumption has recently
been supported by a number of elegant studies using
mtDNA mutator mice.''? The precise molecular mecha-
nisms, however, through which mtDNA mutations in general
and mtDNA deletions in particular contribute to the aging
process of a given tissue, are not yet understood.

In this regard recent studies suggest a role for large
scale deletions of MtDNA in premature (=extrinsic) aging
of human skin.'®~'® Among all environmental factors, so-
lar ultraviolet (UV) radiation is the most important in ex-
trinsic skin aging, a process accordingly also termed
photoaging.’® In photoaged skin, the amount of large
scale deletions of mtDNA such as the common deletion is
increased up to tenfold, as compared with sun-protected
skin of the same individuals.'” Also, chronic exposure to
UV radiation induces large scale deletions of mtDNA in
human skin fibroblasts in vitro as well as in vivo,'®'® and
UV-induced mtDNA mutagenesis is associated with a
decline of mitochondrial functions.™ In human skin, UV-
induced deletions were found to persist for years and
their levels increased after cessation of UV irradiation
even in the absence of further exposures.’®

In the present study, we have addressed the question
how the presence of mtDNA deletions in human skin fibro-
blasts translates into structural and functional alterations in
human skin by using dermal equivalents. Dermal equiva-
lents can be generated by seeding human skin fibroblasts
into a collagen gel, which is then remodeled and contracted
by these cells within several days. After finishing the con-
traction process, the dermal equivalents can be kept in
culture for several weeks. This organotypic model system
has been shown to closely resemble the dermal compart-
ment of living human skin'® and has extensively been used
in cutaneous biological research.?°2 To exclude that any
of the observed changes result from UV radiation-induced
effects that are independent of the generation of large scale
mtDNA deletions, either unirradiated normal healthy human
skin fibroblasts (NHFs) or unirradiated human skin fibro-
blasts from KSS patients, which constitutively carry the UV-
inducible common deletion, were used to generate dermal
equivalents. Here, we report on differences between NHFs
and KSS fibroblasts that occur within the initiation phase of
the dermal equivalents, ie, the first 4 days of culture.

Materials and Methods

Cells and Culture Conditions

Primary KSS skin fibroblasts were derived from skin bi-
opsies obtained from a 9- and a 10-year-old female KSS

patient. Primary NHFs were isolated from skin samples
obtained from a 7- and an 8-year old healthy donor. The
study was approved by the local ethics committee. Cells
were cultivated in Dulbecco’s minimum essential minimal
medium (PAA, Pasching, Austria) supplemented with 10%
fetal calf serum, 1% L-glutamine, 1% antibiotic/antimycotic,
1% sodium pyruvate, and 200 wmol/L uridine (all supple-
ments from Invitrogen, Karlsruhe, Germany except for
uridine, which was purchased from Sigma, Taufkirchen,
Germany) in a humidified atmosphere containing 5%
CO, and used for experiments in passages between 8
and 16. Cells were matched for passage numbers for
each experiment.

Generation of Dermal Equivalents

Dermal equivalents were generated as previously de-
scribed.?*#® Fibroblasts were harvested and resus-
pended in Eagle’s minimum essential medium containing
25 mmol/L HEPES and supplemented with 10% fetal calf
serum, 1% L-glutamine, 1% sodium pyruvate, 1% non-
essential amino acids, 0.2% penicillin/streptomycin, 0.1%
antibiotic/antimycotic. A total of 1 X 10° cells were mixed
with 10.5 mg of native collagen | derived from the dermal
compartment of calf hinds that had been extracted with
acetic acid (Symatese Biomateriaux; Chaponost, France)
and Earle’s minimal essential medium (Biochrom AG;
Berlin, Germany) supplemented with 3.5% NaHCO,, 8%
0.1 N NaOH, 14% fetal calf serum, 0.63% L-glutamine,
0.63% sodium pyruvate, 0.63% non-essential amino ac-
ids, 0.06% penicillin/streptomycin, 0.03% antibiotic/anti-
mycotic, in a total volume of 7 ml and poured into a Petri
dish (Becton Dickinson; Heidelberg, Germany). Collagen
concentration was 1.5 mg/ml. Telopeptides were retained
during the manufactural isolation of the collagen. The
diameter of the collagen gel was measured at the indi-
cated time points until 96 hours after synthesis and sub-
sequently the surface area was calculated. At the begin-
ning of the experiment (time point 0) the area was
considered to be 100%.

For some experiments, contraction was performed un-
der hypoxic conditions. For this purpose, an anoxy cham-
ber (IUL Instruments GmbH; Koénigswinter, Germany)
containing an oxygen-free atmosphere consisting of 80%
N5, 10% CO,, and 10% H, was used. To deplete residual
oxygen in the culture flasks, cells were grown in the anoxy
chamber 48 hours before being used for experiments. Cul-
ture medium was degassed before for 2 hours and equili-
brated for additional 12 hours in the anoxy chamber. Addi-
tionally, all used media for contraction were treated equally.
Generation of dermal equivalents was performed in the
anoxy chamber and equivalents were cultured in the cham-
ber until the end of the experiment.

In some experiments contraction was analyzed in the
presence of B-aminoproprionitrile (BAPN) or N-tert-butyl-
a-phenylnitrone (PBN), which were both purchased from
Sigma. In these experiments cells were incubated for 24
hours in medium containing 10 mmol/L BAPN. Applica-
tion of this rather high concentration was found to be
necessary to inhibit contraction of KSS dermal equiva-



lents robustly and reproducible. No increased apoptosis
rate was found among NHF and KSS fibroblasts culti-
vated for 48 hours in the presence of 10 mmol/L BAPN as
determined by annexin V/7-Aminoactinomycin D staining
(data not shown). BAPN or PBN (10 mmol/L) were also
added directly to the contraction medium. A PBN con-
centration of 10 mmol/L was found to reduce cytosolic
ROS levels in NHF and KSS fibroblasts by 25% (data not
shown). We also did not notice increased apoptosis in
NHF and KSS fibroblasts cultivated with 10 mmol/L PBN
for 24 hours (data not shown).

Contraction experiments were performed with fibro-
blasts from two NHF and KSS donors. Results are pre-
sented as relative gel areas and for sake of clarity data
are pooled for both NHF and KSS equivalents.

Measurement of ROS

Cytosolic ROS production in fibroblasts was measured
using 2,7-dichlorofluorescein diacetate (DCFDA; Invitro-
gen). Cells were incubated in PBS containing 100 umol/L
DCFDA in 24-well plates and DCF fluorescence was
monitored spectrofluorometrically (excitation: 485 nm;
emission: 538 nm) using a Fluoroskan Ascent (Lab-
systems, Helsinki, Finland). For assessment of mitochon-
drial superoxide production cells were incubated in PBS
containing 5 umol/L MitoSOX (Invitrogen). Cells were
washed with PBS three times and MitoSOX fluorescence
was measured spectrofluorometrically. After measure-
ment, cells were detached from plates by incubation with
trypsin and counted. Fluorescence intensity was normal-
ized to cell numbers for determination of ROS levels.

Real-Time PCR

DNA was extracted from the cells using the QlIAamp DNA
Mini Kit (Qiagen, Hilden Germany) following the instruc-
tions of the manufacturer. Concentration of DNA was
measured photometrically. Semiquantitative measure-
ment of total mitochondrial DNA (mtDNA) and the level of
the mitochondrial Common Deletion were performed us-
ing an ABI Prism 7000 sequence detection system (Ap-
plied Biosystems, Foster City, USA) according to Koch et
al.?® The 83 bp fragment serving as an internal standard
for quantification of total mMtDNA was amplified by using
the primers 5'-GATTTGGGTACCACCCAAGTATTG-3" and
5'-AATATTCATGGTGGCTGGCAGTA-3'. Presence of the
Common Deletion was verified by amplification of a 108
bp fragment using the primers 5’-ACCCCCATACTCCTTA-
CACTATTCC-3" and 5'-AAGGTATTCCTGCTAATGCTAG-
GCT-3'. Amplification was performed in a 25 ul reaction
volume with 1X Platinum SYBR Green gPCR SuperMix-
UDG (Invitrogen) containing 100 ng DNA and 50 nmol/L
of each primer. PCR conditions were 2 minutes at 50°C,
10 minutes at 95°C, followed by 50 cycles of 15 seconds
at 95°C and 1 minute at 60°C. Level of the Common
Deletion was calculated in comparison with integer
mtDNA.

RNA isolation of fibroblasts was performed using
TRIzol reagent (Invitrogen) according to the instructions
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of the manufacturer. For RNA isolation from skin biopsies
the RNeasy fibrous tissue mini kit (Qiagen) was used. RNA
quantity and quality were verified photometrically. Poly(dT)-
primed cDNA was synthesized after DNase | treatment
using 1 mg of total RNA in a reaction containing 80 U
RNaseOut, 400 U reverse transcriptase, 10 mmol/L dithio-
threitol, and 100 umol/L of each dNTP (all reagents were
obtained from Invitrogen). Expression of lysyl oxidase (LOX)
was analyzed by semiquantitative real-time PCR. For hu-
man samples the LOX-specific primers 5-ACATCCTGT-
GACTATGGCTACC-3" and 5'-CTGGGGTTTACACTGAC-
CTTTA-3" were used and expression was normalized to 18S
ribosomal RNA (5'-GCCGCTAGAGGTGAAATTCTTG-3’
and 5’-CATTCTTGGCAAATGCTTTCG-3'). For murine sam-
ples the LOX primers 5'-CAACATTACCACAGCATGGA-3'
and 5-ACCAGGTAGCTGGGGTTTAC-3" were used and
the expression was normalized to RPS6 (5'-ATTCCTG-
GACTGACAGACAC-3" and 5'-GTTCTTCTTAGTGCGTT-
GCT-8'). Transcripts were amplified for 40 cycles of 20
seconds at 94°C followed by 20 seconds at 56°C and 45
seconds at 72°C.

Western Blot

For Western blot analysis, cells were homogenized in
lysis buffer (125 mmol/L Tris, 4% SDS, 20% glycerin, 100
mmol/L dithiothreitol). Equal amounts of protein were
separated by SDS-polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. Blots were
blocked with 5% skim milk in TBS-Tween 20 (0.002%;
TBS-T) buffer for 1 hour at room temperature and rinsed
with TBS-T. They were incubated overnight at 4°C with a
goat anti-lysyl oxidase polyclonal antibody (Santa Cruz,
Heidelberg, Germany) followed by washing in TBS-T.
Subsequently, blots were incubated with an anti-goat
horseradish peroxidase-conjugated secondary antibody
for 1 hour at room temperature and washed with TBS-T.
As a horseradish peroxidase substrate, Chemiglow re-
agent (Biozym Scientific, Hess. Oldendorf, Germany)
was used. For detection and quantification of the protein
bands a charge-coupled device camera (Fluorchem
8900 imaging system, « Innotech, San Leandro, CA) and
the AlphaEaseFC software were used.

Immunohistological Analysis

For immunohistological analysis, samples of dermal
equivalents were embedded in optimal cutting tempera-
ture compound (Leica Microsystems, Nussloch, Ger-
many) and snap-frozen with liquid nitrogen. Sections
were cut at 8 um using a CM3050 S Cryostat (Leica
Microsystems) and fixed in ice-cold acetone. The follow-
ing antibodies (Abs) were used in this study: anti-Pyd
[trifunctional pyridinium crosslink, pyridinoline (Pyd)] Ab
(Osteomedical GmbH, Buende, Germany), anti-Vimentin
Ab (Monosan, Uden, The Netherlands), anti-phospho
(Y397)-focal adhesion kinase Ab (FAK; Invitrogen), and
fluorochrome-conjugated secondary Ab (Molecular Probes,
Karlsruhe, Germany). Staining of actin filaments was
performed using fluorescein isothiocyanate-conjugated
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phalloidin (Molecular Probes). Sections were analyzed
using an Olympus BX60 fluorescence microscope (Olym-
pus GmbH, Hamburg, Germany) and AnalySIS software
or a LSM 510 Meta confocal microscope (Zeiss, Jena,
Germany) and Axiovision software.

LOX Expression in Mouse Skin

All animal studies were approved by the local animal
ethics committee. Skh-1 hairless mice were obtained
from Charles River (Wilmington) and bred in our animal
facility. They had free access to acidified water and ro-
dent chow and were kept in a 12-hour-light-dark cycle
under specific pathogen-free conditions. Animals at the
age of six weeks were irradiated with a UVA1 source
(Sellamed Systems, Sellamed, Gevelsberg, Germany)
emitting radiation between 340 and 400 nm. Mice re-
ceived a dose of 10 J/cm? per day (=approximately five
minutes exposure) and were irradiated five times per
week. Sham irradiated animals were placed into the irra-
diation cage for identical time periods but without receiv-
ing UV irradiation. After 15 weeks, 20 hours after the last
irradiation, mice were euthanized by CO, asphyxiation
and dorsal skin biopsies were obtained for RNA isolation,
and LOX mRNA expression was analyzed by real-time
PCR as previously described. Five mice per group were
analyzed.

LOX Expression in Human Skin

To analyze LOX mRNA expression in human skin, biop-
sies were used, which previously had been obtained in
an independent clinical study.?” The study was approved
by the local ethics committee. The Declaration of Helsinki
Principles was obeyed. Briefly, adults voluntarily planning
to use sunbeds for at least 3 months had participated in
this study. The participants had declared to have never
used sunbeds before or had stopped using sunbeds
regularly at least 18 months ago. Two 4 mm punch biop-
sies from buttock and neck skin (laterally) were taken 1
day after written informed consent. Then, probands be-
gan to use sunbeds according to their choice in a regular
manner. Three months later another two biopsies from

buttock and neck skin were collected for RNA isolation.
Biopsies from four male and two female probands were
used for this study. LOX mRNA expression was assessed
by real-time PCR as previously described.

Statistics

For all measurements data are expressed as mean =
SEM. The statistical significance of the differences be-
tween groups was calculated with Student’s t-test. Differ-
ences were considered significant when P < 0.05.

Results
Characterization of KSS Skin Fibroblasts

In initial experiments we sought to confirm that KSS fibro-
blasts constitutively carry increased levels of UV-induc-
ible large scale deletions of mtDNA as compared with
NHF. For this purpose, primary skin fibroblasts from two
different KSS patients and two different healthy volun-
teers were analyzed by semiquantitative real-time PCR
for the presence of the common deletion.?® KSS patients
and healthy volunteers were age-matched and NHF and
KSS fibroblasts were always used at identical passage
numbers in these and all subsequent experiments. As is
shown in Figure 1A, KSS fibroblasts carried significantly
increased levels of the common deletion as compared
with NHF. In addition, increased burden of mtDNA dele-
tions was associated with an increased production of
ROS in the cytosol and the mitochondrial compartment of
KSS cells as determined by DCF and MitoSOX staining,
respectively (Figure 1, B and C).

Collagen Gel Contraction by KSS Fibroblasts

We next assessed whether KSS cells—similar to NHF—
were capable of forming dermal equivalents if they were
seeded into collagen gels. In this system, fibroblasts
contract the collagen gels within several days to form a
dermal equivalent, a process that is accompanied by
reorganization and remodeling of the collagen matrix.2®
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Figure 1. Increased levels of mtDNA deletions are associated with increased ROS levels in KSS fibroblasts. NHF and KSS fibroblasts of two different donors each
were cultured as described in the Materials and Methods. A: Fibroblasts were harvested and DNA was isolated. Abundance of deleted mtDNA was measured on
the basis of the Common Deletion, in comparison with undeleted mtDNA by real-time PCR. Data are means = SEM of six independent experiments. DCF (B) and
MitoSOX (©) fluorescence were measured in a microplate reader. Data are means = SEM of three independent experiments. Statistically significantly different
compared with both NHF, *P < 0.05.
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Figure 2. Increased collagen gel contraction capacity of fibroblasts with
deletions of the mtDNA. NHF and KSS fibroblasts of two different donors
each were seeded into collagen gels, and the gel area was determined at the
various depicted time points. From the start of the experiment, the gel area
was set to 100%. Data are means = SEM of eight independent experiments.
Statistically significantly different for both KSS compared with both NHF
equivalents, *P < 0.05.

Surprisingly, KSS skin fibroblasts did not only contract
the collagen gels, but did so significantly faster than NHF.
As is shown in Figure 2, this difference is greatest be-
tween 2 to 48 hours after the cells have been seeded into
the collagen gels, whereas at later time points it becomes
less and eventually the surface areas of the contracted
gels are no longer different between KSS and NHF. We
next asked whether the increased contraction capacity of
KSS fibroblasts was related to increased ROS production
by these cells. To address this question, KSS and NHF
were kept under hypoxic conditions and subsequently
assessed for their capacity to contract collagen gels in a
hypoxic atmosphere. As is shown in Figure 3A, the pre-
viously observed contraction difference between KSS
and NHF cells was clearly reduced under hypoxic con-
ditions (Figure 3A). The inhibitory effect of oxygen deple-
tion on contraction was more pronounced in KSS equiv-
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Figure 3. Increased contraction capacity of KSS fibroblasts depends on
increased ROS production. A: NHF and KSS fibroblasts of two different
donors were incubated for 48 hours in an oxygen-free environment before
they were seeded into collagen gels using oxygen-deprived media. The area
of the gels was determined at the various depicted time points. Shown is the
relative gel area of the equivalents compared with time point 0. Data are
means * SEM of three independent experiments with pooled results for both
NHF and KSS equivalents. B: NHF and KSS fibroblasts of two different donors
each were seeded into collagen gels in the presence of 10 mmol/L PBN or
control medium and the gel area was determined at various time points. Data
are means * SEM of three independent experiments with pooled results for
both NHF and KSS equivalents. Statistically significantly different compared
with KSS controls, *P < 0.05. Statistically significantly different compared
with NHF controls, “P < 0.05.
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alents during the first 6 hours of contraction. For instance,
after 6 hours, oxygen depletion led to a 100% increased
gel area among KSS equivalents, while an increase of
only ~30% was noted for the oxygen-depleted NHF
equivalents. Moreover, under normoxic conditions, addi-
tion of the antioxidant PBN reduced the contraction dif-
ference between NHF and KSS equivalents by inhibiting
contraction of KSS fibroblasts (Figure 3B). In contrast,
contraction of NHF equivalents was not affected by PBN
during the first 6 hours of the contraction phase. Taken
together these results indicate that the increased capac-
ity of KSS fibroblasts to contract collagen gels is a con-
sequence of increased ROS production by these cells
and depends on the availability of oxygen.

Role of LOX in Collagen Gel Contraction

We next sought to determine the cellular mechanism
through which ROS-induced collagen gel contraction
was mediated in KSS cells. In this regard it is of interest
that the copper- and oxygen-dependent enzyme LOX
has previously been implicated to play an important role
in extracellular matrix stability.2%*° Accordingly, LOX cat-
alyzes the oxidation of peptidyl lysine side chains of
certain proteins to yield a-aminoadipic-8-semialdehyde.
These aldehydes can spontaneously form condensation
products with each other or a lysine residue thereby
cross-linking two proteins. The condensation products
undergo further non-enzymatically rearrangements re-
sulting in the formation of stable end products like pyr-
idinoline (Pyd) or deoxypyridinoline allowing covalent
crosslinking of molecules like collagen and elastin in the
extracellular matrix.®"32 Since LOX activity is an indis-
pensable prerequisite for collagen gel contraction,®® we
next assessed LOX expression in KSS and NHF cells. We
have found that KSS fibroblasts are characterized by
increased LOX mRNA (Figure 4A) and protein (Figure 4,
B and C) expression. To determine whether increased
LOX levels were of functional relevance for the contrac-
tion difference between KSS and NHF cells, we per-
formed additional contraction experiments with the LOX
inhibitor BAPN. In the presence of BAPN, the previously
recognized enhanced collagen gel contraction capacity
of KSS fibroblasts was reduced to a similar extent as
previously observed under hypoxic conditions or on
treatment with PBN (Figure 5). As noted before, this effect
was seen best between 2 and 6 hours after beginning of
contraction. Moreover, increased LOX expression ap-
peared to be associated with increased LOX activity
because compared with NHF, collagen gels containing
KSS cells showed enhanced staining for Pyd crosslinks 6
hours after the beginning of the contraction process as
revealed by immunofluorescence analysis (Figure 6A).
Interestingly, Pyd crosslinks were mainly located in the
cytoplasm of the fibroblasts. This finding supports the
results of previous studies indicating additional intracel-
lular functions of LOX apart from its well-established role
in stabilizing the extracellular matrix.3* 3¢ As it is also well
known that LOX regulates phosphorylation of FAK,3%:37:38
we analyzed the phosphorylation status of FAK at ty-
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Figure 4. Increased lysyl oxidase expression in KSS fibroblasts. NHF and KSS fibroblasts of two different donors each were cultured as described in Materials
and Methods. A: Cells were harvested and RNA was extracted. The LOX transcript was detected by semiquantitative real-time PCR. Expression was normalized
to 18S RNA. Data are means = SEM of five independent experiments. B: Western blot analysis of LOX expression in NHF and KSS fibroblasts. C: Densitometric
analysis of LOX expression in NHF and KSS fibroblasts. Data are means = SEM of four independent experiments. Statistically significantly different compared with

both NHF, *P < 0.05.

rosine 397. Compared with NHF KSS fibroblasts showed
increased FAK phosphorylation in the equivalent (Figure
6A). Treatment with the LOX inhibitor BAPN led to a
dramatic reduction of Pyd crosslink formation in the KSS
equivalents while the crosslinks were only moderately
reduced in NHF equivalents. In parallel, phosphorylation
of FAK was reduced by BAPN and similar to the decrease
of Pyd crosslinks this effect was also more pronounced in
KSS fibroblasts. Finally, treatment with the antioxidant
PBN reduced LOX activity in collagen gels seeded with
KSS fibroblasts, as indicated by the reduced staining
intensity for Pyd crosslinks and decreased phosphoryla-
tion of FAK (Figure 6A). In contrast to BAPN, PBN had no
clear inhibitory effect on Pyd crosslink formation and FAK
phosphorylation at tyrosine 397 in NHF equivalents re-
flecting our data from contraction experiments (Figure 3B
and Figure 5).

A recent paper indicated a role for LOX in the regula-
tion of actin filament polymerization. The authors demon-
strated an increase in phalloidin staining in breast cancer
cells on LOX inhibition.®® To determine whether actin
filament polymerization was affected in NHF and KSS
equivalents, we performed phalloidin staining on cryo-
sections of equivalents harvested 6 hours after prepara-
tion. Fluorescence microscopic analysis revealed weak
phalloidin staining for control equivalents while treatment
with BAPN resulted in increased signal intensity for both
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Figure 5. Enhanced collagen gel contraction of KSS fibroblasts depends on
increased LOX expression. NHF and KSS fibroblasts were incubated for 24
hours in the presence of the LOX inhibitor BAPN (10 mmol/L). Then, cells
were harvested and seeded into collagen gels and the area of the gels was
determined at the various depicted time points. Shown is the relative gel area
of the equivalents. Data are means * SEM of three independent experiments
with pooled results for both NHF and KSS equivalents. Statistically signifi-
cantly different compared with KSS control, *P < 0.05. Statistically signifi-
cantly different compared with NHF control, P < 0.05.

NHF and KSS equivalents (Figure 6B). Increased phal-
loidin staining was also noted in KSS equivalents treated
with PBN but not in NHF paralleling the results obtained
for analysis of Pyd crosslink formation, FAK phosphory-
lation and collagen gel contraction. In aggregate, these
results indicate that increased expression and activity of
LOX is critical for enhanced collagen gel contraction by
KSS fibroblasts and suggest that LOX activity may be
regulated by ROS. They also indicate that at least in
dermal equivalents increased amounts of mtDNA dele-
tions in human skin fibroblasts translate into structural
and functional changes into the surrounding collagen
tissue.

Colocalization Analysis of Pyd Crosslinks

To analyze subcellular distribution of Pyd crosslinks in
more detail, we next performed colocalization experi-
ments on cryosections of NHF and KSS equivalents har-
vested 6 hours after preparation. Confocal microscopy
analysis confirmed increased abundance of Pyd crosslinks
in KSS fibroblasts compared with NHF. Pyd crosslinks
were mainly found in proximity to the plasma membrane
and also in membrane protrusions, which were particu-
larly pronounced in KSS fibroblasts (Figure 7). Additional
staining for vimentin revealed a very similar distribution of
this marker in NHF and KSS fibroblasts resulting in ex-
tensive colocalization with Pyd crosslinks, which was es-
pecially prominent in the membrane protrusions of the
KSS fibroblasts (Figure 7A). Phalloidin staining indicated
a diffuse distribution of actin filaments throughout the
cells and colocalization with the Pyd crosslinks at the
plasma membrane and within the membrane protrusions
(Figure 7B). Finally, we analyzed colocalization of Pyd
crosslinks and phospho-FAK (Y397), as LOX has been
described to regulate FAK phosphorylation. Enhanced
phosphorylation of FAK was observed in KSS fibroblasts
confirming our results obtained by fluorescence micros-
copy (Figure 7C). Although phospho-FAK was distributed
in a difftuse manner throughout the cells, increased abun-
dance was found at distinct sites close to the plasma
membrane. Interestingly, we also noted an accumulation of
Pyd crosslinks at these sites resulting in extensive colocal-
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NHF
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ization of both markers (see arrows) suggesting a link be-
tween LOX-mediated Pyd crosslink formation and FAK
phosphorylation. These results indicate that intracellular
structures might serve as targets for LOX-mediated Pyd
crosslink formation and suggest a role for Pyd crosslinks in
intracellular signaling events.

In Vivo LOX Expression

We therefore next wondered whether increased LOX ex-
pression can also be observed in skin in vivo. For this
purpose, skin samples from sham-irradiated or chroni-
cally UV-exposed hairless mice, which at the time of
biopsy showed significant signs of photoaging including
increased wrinkle formation, reduced numbers of collagen
fibers and increased expression of matrix metalloprotein-
ase-13,%° were analyzed for LOX mRNA expression. In all
animals, LOX mRNA expression was significantly in-
creased as compared with sham-irradiated control ani-
mals (Figure 8A). We therefore next analyzed LOX mRNA

Phalloidin

Figure 6. BAPN and PBN affect Pyd crosslink
formation, phosphorylation status of FAK,
and actin filament formation in NHF and
KSS dermal equivalents. NHF and KSS fi-
broblasts were incubated for 24 hours in
the presence of 10 mmol/L BAPN. Then,
cells were harvested and seeded into col-
lagen gels with or without BAPN. PBN was

added directly to the contraction medium
at a concentration of 10 mmol/L. After 6
hours, skin equivalents were collected and
prepared for immunohistologic analysis of
Pyd crosslinks (A), phospho-FAK [Y397] (A),
and actin filaments using phalloidin™"® (B).
Controls with secondary antibody confirmed

specificity of Pyd and phospho-FAK stain-
ing. Scale bar = 20 um.

expression in skin biopsies that had been obtained in an
independent study from human volunteers that were us-
ing sunbeds on a regular basis for several months. We
had previously reported that in these individuals, sunbed
use significantly increased the amounts of the common
deletion present in their skin, as compared with the same
skin site before sunbed use.?” Here we show that an
increased level of mtDNA with deletions in the skin of
these individuals was associated with an increased ex-
pression of LOX mRNA (Figure 8B).

Discussion

Deletions of the mtDNA are commonly found in photo-
aged skin. It is however presently unclear how mtDNA
deletions contribute to the premature aging process. In
the present study, we assessed the capacity of skin
fibroblasts derived from KSS patients harboring high lev-
els of UV-inducible mtDNA deletions to contract a type |
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Figure 7. Colocalization analysis of Pyd crosslinks, vimentin, actin filaments,
and phospho-FAK in NHF and KSS dermal equivalents. Dermal equivalents
were generated as described above, harvested after 6 hours, and processed
for immunohistologic analysis using antibodies specific for Pyd crosslinks in
combination with an anti-vimentin antibody (A), phalloidin™"® (B), or an
anti-phospho-FAK [Y397] antibody (C). Colocalization was analyzed using
confocal microscopy. Note colocalization of high intensity staining for Pyd
crosslinks and phospho-FAK in NHF and KSS fibroblasts (arrows).

collagen gel and form dermal skin equivalents. Fibro-
blasts from KSS patients were found to contract collagen
gels faster and stronger than normal, healthy dermal
fibroblasts. This difference, which was observed for two
separate primary skin fibroblast strains from two different
patients when compared with two normal fibroblast
strains from two healthy donors, was not due to differ-
ences in donor age or passage number of cells. mtDNA
of both KSS cell strains, however, contained significantly
higher amounts of the common deletion (Figure 1). These
observations indicate that the increased and accelerated
collagen contraction capacity of KSS cells is due to their
higher common deletion levels.

This assumption is supported by the present observa-
tion that the contraction difference between KSS and
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Figure 8. Increased LOX expression in the skin of UVA-irradiated hairless
mice and sunbed users. A: Skh-1 hairless mice were chronically irradiated
with an UVA1 source five consecutive days a week and received a daily dose
of 10 J/cm®. After 15 weeks, mice were euthanized and dorsal skin samples
were collected for RNA isolation. LOX expression was analyzed using semi-
quantitative real-time PCR. Five individual mice were analyzed in both
groups. Statistically significantly different compared with non-irradiated
mice, *P < 0.05. B: Biopsies from neck and buttock skin of voluntary
probands intending to use sunbeds were taken before the beginning of
sunbed use. During the following three months the volunteers used sunbeds
according to their choice before another two biopsies of neck and buttock
skin were collected. RNA was isolated from the biopsies and LOX expression
was measured by semiquantitative real-time PCR. Data are means = SEM for
six probands. For each proband LOX expression in neck and buttock skin
after sunbed use was normalized to the expression before sunbed use.
Statistically significantly different compared with expression before sunbed
use, *P < 0.05.

normal cells is dependent on the production of ROS.
Accordingly, KSS fibroblasts showed increased ROS lev-
els, both intramitochondrially and within the cytoplasm,
and hypoxic culture conditions or treatment of cells with
the antioxidant PBN abrogated the contraction differ-
ence. These results confirm and extend the findings of
a previous study showing that ROS induces the reor-
ganization and contraction of collagen gels by mesan-
gial cells.*® Increased intramitochondrial ROS produc-
tion is thought to be a major consequence of mtDNA
mutations®'~*3 We therefore propose that the increased
common deletion levels in KSS cells and the resulting
intramitochondrial ROS production trigger a retrograde
signaling cascade that affects gene expression and
cellular function in KSS fibroblasts and thereby ac-
counts for their increased capacity to contract collagen
gels. In this study we have exclusively analyzed KSS
cells for the presence of the common deletion, be-
cause previous studies have shown that this large
scale deletion of mtDNA is UV-inducible and photoag-
ing-associated.’® 51727 We can therefore not exclude
that the KSS cells used in the present study may carry
additional mtDNA mutations, which may also contribute
to the initiation of this signaling cascade.

At the level of gene expression, one outcome of the
proposed retrograde signaling pathway is an increased



expression of LOX. Increased LOX mRNA expression in
KSS cells was associated with increased protein expres-
sion and of functional relevance for the capacity of KSS
cells to contract collagen gels, because KSS cells-con-
taining dermal equivalents showed increased numbers of
collagen crosslinks and chemical inhibition of LOX by the
inhibitor BAPN reduced both the number of crosslinks
and the collagen contraction capacity of KSS cells (Fig-
ures 5 and 6). Moreover, depletion of atmospheric oxy-
gen, an essential substrate for LOX, also abrogated the
contraction difference between KSS fibroblasts and NHF
(Figure 3). Increased expression of LOX mRNA has also
been observed in other cells than fibroblasts derived
from patients suffering from KSS and chronic progressive
external ophtalmoplegia, another disease caused by de-
letions of the mtDNA,** supporting our hypothesis that
LOX expression can be induced by mtDNA deletions.
Our observations are also in line with previous studies
indicating a critical role of LOX in collagen gel contrac-
tion.®*“° Crosslinking of collagen fibers also occurs dur-
ing wound healing responses and increased LOX
expression has been reported to occur under such con-
ditions.*® The present observation that human skin fibro-
blasts carrying large amounts of the common deletion
translate into structural and functional alterations into the
extracellular matrix by virtue of LOX overexpression fur-
ther supports the concept that skin aging processes and
wound healing responses resemble each other.*” Inter-
estingly, Pyd crosslinks were mainly detected in the cy-
toplasm of the fibroblasts suggesting that LOX is active
intracellularly during collagen gel contraction. This find-
ing is in good agreement with several other studies as-
sessing intracellular functions for LOX.34737 Apparently, a
major effect of intracellular LOX activity is the stimulation
of migratory capacity. This process involves the indirect
phosphorylation and activation of FAK3®2738 and is pos-
sibly also closely linked to the regulation of actin filament
formation by LOX.3¢ Consistent with our hypothesis that
KSS fibroblasts display enhanced LOX activity, we ob-
served increased phosphorylation of FAK at tyrosine 397
in these cells when seeded in collagen lattices. Also
extensive formation of membrane protrusions was ob-
served in KSS fibroblasts, a process that is also regulated
by FAK [see ref.*® for a review]. Either treatment with the
LOX inhibitor BAPN or the antioxidant PBN reduced LOX
activity in KSS fibroblasts as indicated by the decrease in
Pyd crosslinks, increased actin filament formation and
reduced FAK phosphorylation. This is in line with the
findings of Wan et al, who showed that the treatment of
fibroblasts from normal human skin or hypertrophic scars
with various antioxidants could reduce the level of Pyd
crosslinks*® and Weyant et al, who demonstrated de-
creased FAK phosphorylation in colon cancer cells on
antioxidant treatment.®® These results suggest that en-
hanced LOX- and FAK-dependent migration of KSS fibro-
blasts might contribute at least in part to their increased
capacity of contracting collagen lattices.

Confocal microscope analysis revealed high abun-
dance of Pyd crosslinks in the membrane protrusions and
in proximity to the plasma membrane of KSS fibroblasts
and an extensive colocalization with phospho-FAK (Y397)
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at these sites. These results suggest that LOX-mediated
Pyd crosslinks might play a role in FAK phosphorylation
and activation. Additionally, Pyd crosslinks also largely
colocalized with vimentin and partially with actin fila-
ments. As LOX is known to be involved in the control of
actin polymerization,®® Pyd crosslinks might also be im-
portant for the regulation of this process and might addi-
tionally influence organization of the vimentin network.

In this regard it is of interest that LOX overexpression
was not restricted to and thus a potential in vitro artifact,
but instead it was observed in vivo in photoaged human
and mouse skin as well (Figure 7). Also, increased LOX
expression in human skin was associated with increased
amounts of the common deletion,?” indicating that the
cause/effect relationship between mtDNA mutagenesis
and LOX expression that was observed in vitro in dermal
equivalents is of in vivo relevance for human skin. Our
results identify LOX expression as a previously unrecog-
nized biomarker for photoaged skin. However, they do
not allow concluding whether increased LOX expression
is of pathogenetic relevance for photoaging of human
skin or merely an epiphenomenon. It should be noted that
apart from its role in the stabilization of the extracellular
matrix, additional functions of LOX have been identified.
Accordingly, LOX could act as a tumor suppressor as
transfection of Ha-Ras-transformed cells with LOX sense
cDNA resulted in suppression of tumorigenesis when
these cells were injected into athymic mice.®" Also, LOX
was shown to be essential for hypoxia-induced metasta-
sis of breast cancer and was identified to have chemo-
tactic properties for unstimulated human peripheral
blood mononuclear cells and vascular smooth muscle
cells.37:%253 |ncreased LOX expression in photoaged
skin may thus additionally contribute to the development
or metastasis of skin cancer, ie, a skin pathology that is
known to be frequently associated with photoaging.

In conclusion, this study provides compelling evidence
that human skin fibroblasts carrying large amounts of the
UV-inducible common deletion in their mitochondrial ge-
nome translate functional and structural alterations into a
dermal equivalent. They also suggest that this contrib-
utes to skin aging although limitations of the dermal
equivalent model have to be considered when compared
with the in vivo situation and full skin. However, under the
experimental conditions of this study, ie, the use of KSS
fibroblasts as a surrogate for chronically UV-irradiated
cells—in dermal equivalents, these alterations appear to
result from a ROS-initiated retrograde mitochondrial sig-
naling pathway that leads to increased LOX activity.
These observations further support the concept that UV-
inducible large scale deletions of mtDNA are of functional
relevance for photoaging of human skin.'®°%% Indeed,
separate studies using KSS-containing dermal equiva-
lents, which in contrast to the present study have been
analyzed at later time points (>4 day-old dermal equiv-
alents), indicate that KSS-containing dermal equivalents
show several more features that are highly characteristic
of photoaged human skin (Krutmann et al, manuscript in
preparation).
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