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bstract

The formation of mitochondrial deletions brought about by FS20 irradiation was examined in a line of human epithelial cells. In this system, Mt
NA deletions were found to be induced within 24 h following a single irradiation as low as 1.4 mJ/cm2 from an FS20 light source. We observed at

east two distinct FS20-induced Mt deletions: the widely observed 4977 bp common deletion (CD) and a novel 5128 bp deletion flanked by TAGG
epeats at nt 8247–8250 and 13,375–13,378 that has not, to our knowledge been previously described. While glutathione (GSH) at concentrations
etween 50 and 200 �M was found to block the formation of the CD in a dose-dependent manner, GSH at higher concentration induced the CD
ven in unirradiated cells. This is consistent with the idea that low dose GSH inhibits CD formation via reductive elimination of peroxides while

igher concentrations may act as an electron donor to produce reactive oxygen species. Interestingly, in irradiated cells, GSH at intermediate
oncentrations (50 �M) induced a second, shorter, deletion similar to the novel deletion induced by FS20 alone but involving a different TAGG
epeat spanning nt 13,175–13,178.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Mitochondrial DNA is highly susceptible to mutation. Many
f the thousands of mitochondrial mutations that have been cata-
ogued are deletions that often encompass large DNA segments.

itochondrial deletions are known to accumulate with age [1–4]
nd are associated with a variety of pathological conditions.
ne widely observed deletion, encompassing a 4977 bp seg-
ent and known as the common deletion, has been associated
ith diseases of the nervous system [5–8], heart and eye mus-

le [9–12], thyroid [13–16], kidney [17–18] and skin [19–23].

hile some studies suggest that the deletions may play a causal

ole in the development of the diseases with which they are
ssociated, in most cases a direct causative link has not been
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stablished. On the other hand, there is substantial evidence
hat mitochondrial deletions result from DNA damage due to
eactive oxygen species (ROS) including free radicals or super-
xides [24,25] and that the presence of mitochondrial deletions
s itself indicative of oxidative stress in the cells that harbor
hem. Given the widespread interest in the relationship between

itochondrial deletion and their associated disease states, it is
urprising that there are so few reports which utilize cell cul-
ure systems to study the formation of the deletions in vitro.
ere we have employed a model system of cultured human

pidermal keratinocytes to study the induction of mitochon-
rial deletions after exposure to ultraviolet light. We employed
his system to study the formation of mitochondrial deletions
ollowing irradiation with an FS20 ultraviolet light source. In

he irradiated cells we not only observed induction of the com-

on deletion but also of at least one novel deletion. A second
ovel deletion was observed in cells treated with the antioxidant,
lutathione.

mailto:marste@sci.ccny.cuny.edu
dx.doi.org/10.1016/j.jphotochem.2006.04.037
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ig. 1. The FS20 irradiation spectrum. FS20 irradiance in air, and through the
all of the plastic tissue culture flask (f) is shown.

. Experimental/materials and methods

.1. Cell culture and irradiation

Line 22 immortalized human epidermal keratinocytes at pas-
ages 31–39 were used for all experiments. The cells were grown
n DMEM supplemented with 15% fetal bovine serum and
ydrocortisone as previously described [26–28]. For irradiation,
ells were grown to about 35% confluence in T25 flasks and irra-
iated from the bottom with an FS20 lamp (Light Source, Inc.)
t a distance of 35 cm for various times as indicated. The FS20
overs the UVB range (290–320 nm) with an emission spectrum
etween 272 and 390 nm and a λmax of 312.5 nm. Absorption
f light by the plastic wall of the culture flask (Fig. 1) was mea-
ured using a Cary 500 spectrophotometer (Varian, Inc.); the
ask absorbed more than 85% at wavelengths below 295 nm
nd about 51% of the light at λmax.

.2. Identification of mitochondrial DNA deletions

Deletion analysis was carried by the PCR-based technique
f Soong and Arnheim [29] using the amplimer pair MT2
nd MT1C for amplification of non-deleted sequences (nt
3,175–13,500; revised Cambridge reference sequence, Gen-
ank no. NC 001807). The nested amplimers MT3 and MT2
aired with MT1A were used to detect mitochondrial fragments
epresenting deletions within the segment spanning nt 8224
nd 13,500. For sequencing, PCR reaction mixtures were run
n low melting point agarose gels and the bands were visu-
lized with a transilluminator and excised from the gel with a
calpel. The excised bands were used as templates for PCR ream-
lification with the appropriate primers. The reamplified PCR
roducts were then precipitated 1 h with 1 volume of 4 M ammo-
ium acetate and 2 volumes of isopropyl alcohol. The precipitate

as pelleted and the pellet was washed with 70% ethanol, air
ried and resuspended in TE buffer and sequenced in the RCMI
equencing facility at City College using the amplimers as a
equencing primers. The locations of the deletion(s) boundaries

t
t

p
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ere determined by alignment of the PCR product sequence
ith the Cambridge mitochondrial DNA reference sequence.

.3. Real-time PCR

The Roche LightCyler for Real-Time PCR was used to mea-
ure total mitochondria and the common deletion. Each capillary
ontained 1X LightCycler® FastStart DNA Master HybProbe,
00 nM each forward and reverse primer, 200 nM probe and 0.1
nit heat-labile uracil-DNA glycosylase (Roche Applied Sci-
nce) in a total volume of 10 �l. The probe for the ensuing
mplicon is located at nucleotides 13,461–13,480 of the Cam-
ridge sequence and is tagged with the reporter FAM (6-carboxy
uorescein, λmax 518 nm) at the 5′ end and the quencher BHQ1
t the 3′ end. Pogozelski et al. [30] designed two plasmids, one
hat contains the amplicon for the common deletion and the other
hat contains the amplicon for total mitochondria. In each run, as
ppropriate, the plasmids were run as external controls. For the
ommon deletion, copy number per cell was determined from
he plasmid control copy number and its threshold cycle.

. Results

.1. Mitochondrial deletions induced by FS20 in vitro

We used the technique described by Soong and Arnheim [29]
o study the formation of mitochondrial deletions in vitro after
S20 irradiation of a line of human epithelial cells. This analy-
is makes use of the fact that large deletions result in the fusion
f normally distal DNA segments so that PCR products from
rimers located within these distal segments generate aberrantly
hort products. In these experiments, we found that irradiation
f line 22 keratinocytes with an FS20 light source lead to the
nduction of mitochondrial deletions within 24 h after a single
xposure (Fig. 2). Irradiated cells were found to exhibit at least
wo distinct mitochondrial deletions that generated correspond-
ng PCR products of about 300 and 150 bp with the MT1A
nd MT2 amplimer pair (Fig. 2, upper and middle panels).
hese experiments also showed that induction of the deletions

ncreased in a manner related to irradiation dosage over exposure
imes ranging between 1 and 8 min (1.4–11.4 mJ/cm2) although

aximal band intensities were generally seen after 4 min of
rradiation (5.7 mJ/cm2) and all subsequent experiments were
arried out using an irradiation time of 4 min. Fig. 3 also illus-
rates that, in the in vitro system, the intensity of the PCR bands
orresponding to each deletion varied independently from one
nother and from one experiment to the next but were consistent
ithin each experiment. We generally observed that one type of
eletion predominated in a given experiment although in some
xperiments PCR products for both deletions were present in
bout equal quantity (one example is shown in Fig. 4, lower
anel). PCR products corresponding to mitochondrial genomes
arrying deletions could only be seen in the nested PCR reac-

ions indicating that they represent only a small fraction of the
otal mitochondrial pool.

Real-time PCR showed that the common deletion was
resent even in non-irradiated cells but only at a level of
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Fig. 2. Induction of mitochondrial deletions in cells exposed to an FS20 light
source. T25 culture flasks of immortalized human keratinocyte line 22 cells were
irradiated for various times ranging between 1 and 8 min with the FS20 lamp as
described in Section 2. Twenty-four hours later, total DNA was prepared from the
cells and used as a PCR template for deletion analysis using the amplimer pair,
MT2/MT1A (upper and middle panels). Numbers represent radiation dosage
in mJ/cm2. Upper panel: dose-dependent appearance of a 303 bp PCR band
derived from the 4977 bp common deletion; arrowhead points to the 298 bp
marker band. Middle panel: dose-dependent appearance of a 150 bp PCR product
corresponding to a novel 5128 bp deletion (�uv); arrowhead points to the 154 bp
marker band. Lower panel: presence of non-deleted mitochondrial sequences in
irradiated cells. A 404 bp PCR product generated from the MT3/MT1C amplimer
pair is seen in all lanes; arrowhead points to the 394 bp marker band.
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ig. 3. Effect of glutathione pretreatment on formation of the FS20-induced
itochondrial common deletion. Line 22 cells at about 35% confluence were

retreated with glutathione. Twenty-four hours later cells were uv irradiated with
n FS20 lamp for 4 min (5.7 mJ/cm2). DNA was harvested 24 h after irradiation
nd analyzed for mitochondrial deletions. The numbers indicate the concen-
rations of glutathione in micromolar. Symbol ‘+’ indicates that the cells were
rradiated after pretreatment with glutathione; control cells (con) were neither
rradiated nor pretreated. Arrowhead points to the 300 bp marker band; marker
ands of 150 and 50 bp are seen below.
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bout 0.003 copies/cell or in about 0.04% of the total mito-
hondrial genomes. After 4 min irradiation, this increased to
.013 copies/cell or about 0.12% of mitochondrial genomes. A
ose-dependent increase in deletion formation was seen in cells
rradiated for 1, 2 and 4 min (Fig. 5).

Mitochondrial deletions are widely believed to involve strand
reaks caused by reactive oxygen species such as superox-
des or oxygen free radicals. If the FS20-induced mitochondrial
eletions involve ROS, then their formation ought to be sup-
ressed by antioxidants, particularly those that act directly to
liminate ROS via reductive mechanisms. In order to determine
hether ROS production plays a direct role in the formation of
eletions in the FS20 irradiated cells, we examined the effects
f the antioxidant, glutathione (GSH) on mitochondrial dele-
ions in the in vitro system. When cells were pretreated 24 h
rior to irradiation with GSH at concentrations ranging from
0 to 200 �M the antioxidant was found to block formation of
he deletions in a dose-dependent manner (Fig. 3). However,
rradiated cells treated with GSH at 100 and 200 �M also dis-
layed two additional small MT1A/MT2 PCR bands of about
50 and 100 bp, respectively. Surprisingly, we also observed a
CR product of about 300 bp in cells treated with 1 mM GSH
lone.

Sequence analyses carried out on the gel purified PCR bands
n Fig. 2 showed that the PCR product of about 300 bp repre-
ented the well characterized 4977 bp deletion referred to as the
ommon deletion (CD) that is generated from complementary
uts within two perfect 13 bp repeats that flank the deletion [29].
he smaller band was found to contain a fusion product derived

rom a larger deletion of 5128 bp (�uv) with cut sites within
he flanking tetramer; TAGG (mitochondrial nt 8247–8250) and
ts inverted complement ATCC (nt 13,375–13,378; Fig. 4) and
ppears to represent a novel deletion not previously described.
n several cases, we were able to detect low levels of sponta-
eous deletion in control cultures. The spontaneous deletions
ll proved to be the 5128 bp deletion seen in FS20 irradiated
ells (�uv). In the �uv deleted mitochondrial genomes, the
ragments of the cut sites were present in the fusion sequence,
ATCC, indicating a mechanism of deletion involving two pos-
ible cut schemes within the TAGG and ATCC motifs, either
A↓GG/A↓TCC or T↓AGG/↓ATCC. Sequence analysis of
he PCR product of ∼150 bp in irradiated cells treated with
00 �M GSH showed it to be identical with the PCR product
orresponding to the novel 5128 bp deletion induced by FS20
lone (Figs. 2, middle panel, and 4). The smaller product of
100 bp was not seen to exhibit homology to any mitochon-

rial sequences in an NCBI BLAST search. We also found that,
n FS20 irradiated cells pretreated with GSH at the two higher
oncentrations (500 and 1000 �M), the MT1A/MT2 amplimers
roduced a more intense band with a slightly larger apparent size
han the 303 bp product corresponding to the common deletion.
he nucleotide sequence data showed that these bands repre-
ented a 4927 bp deletion distinct from either of the deletions

roduced by irradiation alone. Sequence alignments showed that
his new deletion (�uv+GSH) was generated by cuts within the

uv upstream TAGG tetramer at nt 8247–8250 and a second
AGG direct repeat at nt 13,175–13,178. Sequence analyses of
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Fig. 4. Diagrammatic summary of the deletions induced by FS20 and FS20 + GSH. Upper panel: the location of the MT1A MT2 PCR primers, and the 13 bp direct
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epeats flanking the 4977 bp common deletion on the mitochondrial genome ar
he �uv and �uv+GSH deletions are shown in the detail. Lower panel: the juncti

uv and the corresponding MT1A/MT2 PCR products in an experiment in wh
nd 150 bp marker (M) bands, respectively.

he PCR product of ∼300 bp seen in cells treated with 1 mM
SH alone (Fig. 3) showed that this product represented induc-

ion of the common deletion.

. Discussion

In this report, we have described an in vitro model system of
uman epithelial cells in which mitochondrial genomic deletions
ere induced by FS20 irradiation. In addition to the 4977 bp
eletion often observed in a wide variety of pathological condi-
ions we also found at least two other deletions produced by FS20
r FS20 in combination with GSH that appear to be novel. The
reakpoints of the vast majority of the mitochondrial deletions

ccur at sites that are within, or just adjacent to, segments that
re repeated at or close to the breakpoints of the deletion (sum-
arized on the MITOMAP website, http://www.mitomap.org).
he breakpoints of the two novel deletions occurred either within

s
b
w
t

wn. The locations of TAGG and ATCC tetramers that contain the cut sites for
equences formed from splicing the cut ends of the common deletion (CD) and
th deletions can be seen; the respective PCR products comigrate with the 300

epeats of the tetrameric sequence TAGG (�uv+GSH) or within
AGG and its inverted complement, ATCC (�uv). We found no
ther reports of deletions occurring at TAGG and/or ATCC sites
lthough there is at least one report of CCTA used as a cut site
n a case of mitochondrial myopathy [31]. We were unable to
iscern any significant features of the sequences flanking the
AGG cut sites nt 8247–8250 and 13,175–13,178 that might
ccount for why deletions at these TAGG sites might be favored
ver any of the other 15 TAGG motifs that are present within
he MT2/MT1A primer region. It has been suggested that the
ucleotide environments surrounding the cut site motifs may
lay a role in determining site selection, possibly by inducing
favorable local tertiary structure [32]. The deletions removed
egments of the mitochondrial covering complexes I, IV and V
ut the frequency of the deletions under the conditions tested
as too small to cause significant damage to overall electron

ransport function.

http://www.mitomap.org/
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Fig. 5. Real-time PCR measurements of the induction of the common deletion
in FS20 irradiated keratinocytes using real-time PCR. Mitochondrial DNA dele-
tions in line 22 keratinocytes irradiated for 1, 2 and 4 min were examined by
real-time PCR. Relative levels of deletion in irradiated vs. unirradiated cells are
shown for the common deletion ( ) and for the �uv deletion (�). Relative levels
o
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Fig. 6. Possible mechanism for the generation of the �uv deletion. Replication
of the mitochondrial genome proceeds asymmetrically along the L strand from
the origin (ori) leaving an unpaired segment of the H strand (thick line) that
forms a loop via parallel alignment of the tetrameric sequence, TAGG and its
downstream reverse complement, ATCC. Hoogsteen base pairs stabilize the
aligned tetramers in a duplex or possibly in a triple helix if the H and L strands are
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f total mitochondria are indicated by symbol ‘�’. The �uv deletion was ampli-
ed with MT2 and the deletion specific primer TTTGAAATATCCACAACCTT
hich anneals only to the junctional site created by the deletion.

The mechanism by which deletion occurs in mitochondria is
enerally believed to involve a slipstrand intermediate in which
he Heavy strand upstream repeat segment mispairs with the
omplementary sequences of its downstream counterpart; this
eads to the formation of a single stranded loop which is subse-
uently removed to create the deletion [25]. However, the �uv
eletion cut sites are inverted complements of one another rather
han direct repeats. Therefore, a similar slipstrand mechanism
ould require that the cut site sequences be aligned in parallel

nd the duplex stabilized by Hoogsteen base pairs. Hoogsteen
ase pairing is frequently seen in distorted DNA helices, par-
icularly in triple helical DNA [33] but has also recently been
emonstrated in duplexes of short oligonucleotides [34]. For the
uv repeat sequences, it is likely that a parallel duplex could be

enerated via mispairing of the cut sites either via an intrastrand
uplex or in a triple helical intermediate with the double stranded
ownstream cut site similar to the model proposed by Rocher et
l. [35] (Fig. 6).

We were also able to use the in vitro system to test the
ffects of antioxidants on the formation of deletions. Depending
pon concentration, glutathione pretreatment both suppressed
nd induced mitochondrial deletions. At low concentrations the
S20-induced deletions were suppressed by GSH pretreatment

s well as other antioxidants including ascorbic acid (not shown)
ndicating that their formation was mediated by ROS. How-
ver, the induction of deletions by GSH alone or in concert
ith uv radiation was unexpected. The antioxidant effects of

d
fi

till base paired at the downstream tetramer. Nicking, followed by degradation
f the single stranded loop and ligation of the ends (AT and AGG or A and
AGG) creates the deletion.

lutathionered stem from its ability to carry out the reduction
f peroxides and free radicals. However, at the higher concen-
rations, GSH might, itself, also generate ROS by reduction
f oxygen via electron carriers: 2GSH → GSSG + H+ + 2e−,
− + O2 → O2

−.
The majority (22 out of 27) of the FW20-induced deletions

hat we sequenced were not the 4977 bp common deletion but
ere rather the novel, 5128 bp deletion (�uv). Although the rea-

ons for this variability remain unknown, it seems likely that
light differences in ongoing metabolism and/or redox status of
he cells in different experiments might produce differing rates
f deletion at the different mitochondrial genomic loci. Berneb-
rg et al. [20] studied UVA-induced mtDNA deletions in human
broblasts. In that system, deletions were only seen after mul-

iple irradiations using >1000-fold higher doses of ultraviolet
adiation than used here but, in the keratinocyte system, using
S20, deletions were seen after a single irradiation.

. Conclusions
UVB irradiation of keratinocytes produced novel mitochon-
rial DNA deletions involving repeats of sequence, TAGG. The
nding that the antioxidant, glutathione, at high concentrations
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induced formation of the common deletion or, in combination
with UVB irradiation, enhanced formation of the TAGG-based
deletions suggests the possibility that reductive antioxidants
might, under certain conditions, actually act to enhance the for-
mation of reactive oxygen species.

Acknowledgements

This work was supported by Grants GM008168, GM56833,
U56 CA096299 and RCMI Grant RR3060 from the National
Institutes of Health and a PSC-CUNY grant from the State of
New York, as well as a grant from the Foundation of the Uni-
versity of Medicine and Dentistry of NJ.

References

[1] S. Simonetti, X. Chen, S. DiMauro, E.A. Schon, Accumulation of deletions
in human mitochondrial DNA during normal aging: analysis by quantitative
PCR, Biochim. Biophys. Acta 1180 (2) (1992) 113–122.

[2] J.W. Pak, A. Herbst, E. Bua, N. Gokey, D. McKenzie, J.M. Aiken, Mito-
chondrial DNA mutations as a fundamental mechanism in physiological
declines associated with aging, Aging Cell 2 (1) (2003) 1–7.

[3] Y.H. Wei, H.C. Lee, Oxidative stress, mitochondrial DNA mutation, and
impairment of antioxidant enzymes in aging, Exp. Biol. Med. 227 (9)
(2002) 671–682.

[4] G.A. Cortopassi, A. Wong, Mitochondria in organismal aging and degen-
eration, Biochim. Biophys. Acta 1410 (1999) 183–193.

[5] C. Mawrin, E. Kirches, G. Krause, R. Schneider-Stock, B. Bogerts, C.K.
Vorwerk, K. Dietzmann, Region-specific analysis of mitochondrial DNA
deletions in neurodegenerative disorders in humans, Neurosci. Lett. 357
(2) (2004) 111–114.

[6] H. Lane, N. Bermingham, M.A. Farrell, J. Redmond, S. Connolly, F.M.
Brett, Mitochondrial disorder with a common 4977-bp deletion presenting
as a novel multisystem neurodegenerative disorder, Ir. Med. J. 96 (8) (2003)
249–250.

[7] D.G. McDonald, J.B. McMenamin, M.A. Farrell, O. Droogan, A.J. Green,
Familial childhood onset neuropathy and cirrhosis with the 4977 bp mito-
chondrial DNA deletion, Am. J. Med. Genet. 111 (2) (2002) 191–194.

[8] G. Gu, P.E. Reyes, G.T. Golden, R.L. Woltjer, C. Hulette, T.J. Montine, J.
Zhang, Mitochondrial DNA deletions/rearrangements in parkinson disease
and related neurodegenerative disorders, J. Neuropathol. Exp. Neurol. 61
(7) (2002) 634–639.

[9] P.H. Lin, S.H. Lee, C.P. Su, Y.H. Wei, Oxidative damage to mitochondrial
DNA in atrial muscle of patients with atrial fibrillation, Free Radic. Biol.
Med. 35 (10) (2003) 1310–1318.

[10] T. Arai, K. Nakahara, H. Matsuoka, M. Sawabe, K. Chida, S. Matsushita,
K. Takubo, N. Honma, K. Nakamura, N. Izumiyama, Y. Esaki, Age-related
mitochondrial DNA deletion in human heart: its relationship with cardio-
vascular diseases, Aging Clin. Exp. Res. 15 (1) (2003) 1–5.

[11] M. Tabaku, E. Legius, W. Robberecht, R. Sciot, J.P. Fryns, J.J. Cassiman,
G. Matthijs, A novel 7.4 kb mitochondrial deletion in a patient with con-
genital progressive external ophthalmoplegia, muscle weakness and mental
retardation, Genet. Couns. 10 (3) (1999) 285–293.

[12] F. Degoul, I. Nelson, S. Amselem, N. Romero, B. Obermaier-Kusser,
G. Ponsot, C. Marsac, P. Lestienne, Different mechanisms inferred from
sequences of human mitochondrial DNA deletions in ocular myopathies,
Nucleic Acids Res. 19 (3) (1991) 493–496.

[13] T. Rogounovitch, V. Saenko, S. Yamashita, DNA and human thyroid dis-
eases, Endocr. J. 51 (3) (2004) 265–277.

[14] T.I. Rogounovitch, V.A. Saenko, Y. Shimizu-Yoshida, A.Y. Abrosimov,
E.F. Lushnikov, P.O. Roumiantsev, A. Ohtsuru, H. Namba, A.F. Tsyb, S.
32] J.H. Hou, Y.H. Wei, AT-rich sequences flanking the 5′-end breakpoint of the
4977-bp deletion of human mitochondrial DNA are located between two
bent-inducing DNA sequences that assume distorted structure in organello,
Mutat. Res. 403 (1–2) (1998) 75–84.



3 Photo

[

[

46 F. Ji et al. / Journal of Photochemistry and
33] M.D. Frank-Kamenetskii, S.M. Mirkin, Triplex DNA structures, Ann. Rev.
Biochem. 64 (1995) 65–95.

34] J. Aishima, R.K. Gitti, J.E. Noah, H.H. Gan, T. Schlick, C. Wolberger, A
Hoogsteen base pair embedded in undistorted B-DNA, Nucleic Acids Res.
30 (23) (2002) 5244–5252.

[

biology A: Chemistry 184 (2006) 340–346
35] C. Rocher, T. Letellier, W.C. Copeland, P. Lestiennea, Base composi-
tion at mtDNA boundaries suggests a DNA triple helix model for human
mitochondrial DNA large-scale rearrangements, Mol. Genet. Metabol. 76
(2002) 123–132.


	Novel mitochondrial deletions in human epithelial cells irradiated with an FS20 ultraviolet light source in vitro
	Introduction
	Experimental/materials and methods
	Cell culture and irradiation
	Identification of mitochondrial DNA deletions
	Real-time PCR

	Results
	Mitochondrial deletions induced by FS20 in vitro

	Discussion
	Conclusions
	Acknowledgements
	References


