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Abstract
Sunlight ultraviolet A (UVA) irradiation has been implicated in the etiology of human skin cancer.
A genotoxic mode of action for UVA radiation has been suggested that involves photosensitization
reactions giving rise to promutagenic DNA lesions. We investigated the mutagenicity of UVA in the
lacI transgene in Big Blue mouse embryonic fibroblasts. UVA irradiation of these cells at a
physiologically relevant dose of 18 J/cm2 caused a 2.8-fold increase in the lacI mutant frequency
relative to control, i.e., 12.12 + 1.84 vs 4.39 + 1.99 × 10-5 (Mean + SD). DNA sequencing analysis
showed that of one hundred UVA-induced mutant plaques and fifty-four spontaneously arisen control
plaques, 97 and 51, respectively, contained a minimum of one mutation along the lacI transgene.
The vast majority of both induced- and spontaneous mutations were single base substitutions,
although less frequently, there were also single and multiple base deletions and insertions, and tandem
base substitutions. Detailed mutation spectrometry analysis revealed that G:C→T:A transversions,
the signature mutations of oxidative DNA damage, were significantly induced by UVA irradiation
(P < 0.003). The absolute frequency of this type of mutations was 7.4-fold increased consequent to
UVA irradiation as compared to control (3.38 vs 0.454 × 10-5; P < 0.00001). These findings are in
complete agreement with those previously observed in the cII transgene of the same model system,
and reaffirm the notion that intracellular photosensitization reactions causing promutagenic oxidative
DNA damage are involved in UVA genotoxicity.

INTRODUCTION
Solar ultraviolet (UV) irradiation is implicated in the etiology of basal and squamous cell
carcinomas and malignant melanoma of the skin in humans [1-3]. The UV components of the
sunlight of relevance for these neoplasias are UVB (280-320 nm wavelength) and UVA
(320-400 nm wavelength) [4,5]. The mechanistic involvement of UVB in skin carcinogenesis
is primarily defined by induction of promutagenic cis-syn cyclobutane pyrimidine dimers
(CPDs), pyrimidine (6-4) pyrimidone photoproducts, and Dewar valence photoisomers [6,7].
However, the underlying mechanism of UVA carcinogenicity is not fully delineated [4].
Despite the weak absorbance of UVA by DNA [5], a genotoxic mode of action for UVA has
been demonstrated [6,7]. Yet, the exact process through which UVA exerts genotoxicity
remains elusive [6].

An increasingly popular theory ascribes UVA genotoxicity to its ability to trigger intracellular
photosensitization reactions, thereby giving rise to promutagenic DNA lesions [8,9]. In fact,
UVA has been shown to induce CPDs [10-16] and oxidative DNA damage [12,16-21], as well
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as mutagenesis [11,20-31]. However, the correlation between UVA-induced DNA damage and
-mutations has not been straightforward inasmuch as the spectrum of mutations produced by
UVA has inconsistently matched the mutagenic potential of the various induced lesions [6,7].
Depending on test system, e.g., human vs rodent cells, experimental conditions, including
irradiation protocol, i.e., UVA source and dose, cell type, and mutational target gene, divergent
findings have been reported [6,7]. Comparatively, however, UVA mutagenicity has not been
investigated in different target genes within a single test system. Such an approach could
systematically account for the above-mentioned experimental variables.

Recently, we have shown distinctive oxidative-DNA damage-mediated mutagenicity of UVA
alone [21] and in combination with δ-aminolevulinic acid (δ-ALA) [20], a precursor of the
intracellular photosensitizer protoporphyrin IX (Pp-IX) [32], in the cII transgene in Big Blue
mouse embryonic fibroblasts. In the present study, we have used a similar experimental
approach to determine UVA mutagenicity in a different mutational target gene, the lacI
transgene, in the same model system. The presence of two target loci within a single test system
[33,34] enabled us to investigate UVA mutagenicity independently under uniform
experimental conditions. Furthermore, in the Big Blue system, the availability of two
chromosomally integrated target genes offers a unique opportunity to explore the effects of
DNA sequence context on lesion formation and mutation induction. This advantage is
significant for the present study because a variety of chemical and physical carcinogens,
including solar UV are known to induce specific DNA lesions and mutations in certain DNA
sequence contexts [35]. For example, sunlight UV irradiation has been shown to form
photodimeric lesions at dipyrimidine sites along the p53 tumor suppressor gene, one of the
most frequently mutated genes in human cancers, especially in sunlight-associated skin cancer.
The same nucleotide positions are also the hotspots of single or tandem C→T transitions, the
established signature mutations of photodimers, in the p53 gene of skin tumors (reviewed in
ref. [35]). In the Big Blue system, the lacI and cII transgenes are 1080 and 294 base long,
respectively [33,34], and represent diverse sequence contexts for DNA damage-targeted
mutagenesis.

MATERIALS AND METHODS
Cell culture and UVA irradiation

Early passage Big Blue mouse embryonic fibroblasts (prepared from 13.5-day old embryos)
were grown to monolayer ∼70% confluence in Dulbecco′s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum. Prior to irradiation, the media were
removed form the culture dishes and the cells were washed thoroughly with phosphate buffered
saline (PBS). The dishes were filled with a 1-cm layer of PBS, placed on ice, and irradiated
with 18 J/cm2 of UVA. The UVA source was a Sellas Sunlight System (Medizinische Geräte
GmbH; Gevelsberg, Germany) with an average fluence rate of 60 mW/cm2 emitting
exclusively wavelengths between 340-400 nm (see fig. 1 of ref. [21]). For homogeneous
irradiation of the cells, the culture dishes were placed directly under the source at a distance
of 1 cm, and were rotated during the course of irradiation, i.e., 5 min. No excessive heat was
generated throughout. Following the irradiation, the cells were washed with PBS, and cultured
in complete growth medium for 8 days. The 8-day growing period is essential for the fixation
of all mutations into the genome. To prevent the cultures from reaching full confluence, all
cell cultures were passed once (1 to 3 split) during the 8-day growing period. At the time of
harvesting, both the irradiated and control cell cultures had undergone 2-3 rounds of
replications, reaching a maximum of 70-80% confluence. All cell culture experiments were
performed under conventional O2 and CO2 tensions (21% and 5%, respectively) using regular
incubators (Forma Scientific, Inc., Marietta, OH). All experiments were conducted in triplicate.
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Genomic DNA isolation
Genomic DNA was isolated using a standard phenol and chloroform extraction and ethanol
precipitation protocol [36]. The DNA was dissolved in TE buffer (1 mM EDTA, 10 mM Tris-
HCl, pH 7.5), and preserved at -80°C until further analysis.

LacI mutation detection system
The mutation assay requires rescuing of the coliphage λLIZ shuttle vector containing the
lacI reporter gene from the genomic DNA of Big Blue mouse embryonic fibroblasts. The
λLIZ shuttle vector is present in approximately 40 copies, and integrated into the genome at a
single locus in a head-to-tail arrangement. The rescued vector is packaged into viable
bacteriophages, and the infective phage particles are introduced into an appropriate host
Escherichia coli (E.coli). Inactivating mutations in the lacI repressor lead to the transcription
of lacZ gene, which encodes β-galactosidase. The mutated lacI are phenotypically scored using
5-bromo-4-chloro-3-indolyl-β—D-galactopyranoside (X-gal) as the chromogenic substrate in
the bacterial lawn. Thus, phages bearing a mutated lacI possess β-galactosidase activity,
thereby cleaving the X-gal and forming blue plaques, whereas wild type lacI -containing phages
give rise to colorless plaques. The lacI mutant plaques are isolated and subjected to DNA
sequencing, thereafter (reviewed in ref. [37]).

LacI mutant frequency and mutation spectrum analyses
The lacI mutant frequency was determined using the Lambda Transgenic Shuttle Vector
Recovery kit according to the manufacturer’s recommended protocol (Stratagene, La Jolla,
CA). Briefly, the λLIZ shuttle vectors were rescued from the genomic DNA (∼5 μg) and
packaged into viable phage particles using the Transpack Packaging Extract (Stratagene). The
phages were pre-adsorbed to an E. coli host, strain SCS-8, and the bacterial culture was plated
on 25-cm NZY agar trays in the presence of X-gal. The trays were incubated overnight at 37°
C, and subsequently screened for blue plaque formation. Titration trays were prepared under
the same conditions to compute the total number of plaques plated. Putative mutant plaques
were verified by replating at low density. The lacI mutant frequency was calculated as the ratio
of the number of verified circular blue plaques-not sectored or pinpoint ones - to the total
number of plaques plated.

For mutation spectrometry, the verified blue plaques were cored, and subjected to polymerase
chain reaction (PCR) using primer 1: 5′-GTACCCGACACCATCGAATG-3′(positions -55 to
-36) and primer 2: 5′-GAGTCACGACGTTGTA-3′ (positions+1270 to +1283) as described
previously [38]. The amplified 1338-bp fragment containing the lacI and flanking regions was
purified using the QIA quick PCR purification kit (QIAGEN GmbH, Hilden, Germany). The
entire length of the lacI gene was sequenced by a Big Dye terminator cycle sequencing kit on
an ABI-377 DNA Sequencer (ABI Prism, PE Applied BioSystems, Foster City, CA) using the
following primers: P3: 5′-CCCGACACCATCGAA-3′(position -53 to -37), P5: 5′-
TGTAAAGCGGCGGTGCA-3′ (position +347 to +363), and P : 5′-
ATTACCGAGTCCGGGCT-3′ 6 (position +797 to +813).

Statistical analysis
Results are expressed as means + SD. The entire mutation spectra and the specific types of
mutation produced by UVA irradiation vs control were compared by the hypergeometric test
of Adams and Skopek [39] and chi-square test, respectively. Values of P ≤0.05 were considered
statistically significant.
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RESULTS
UVA irradiation of mouse embryonic fibroblasts at a physiologically relevant dose of 18 J/
cm2 of UVA [22] resulted in approximately 25% cytotoxicity as determined by trypan blue
dye exclusion assay. The mutagenicity of UVA was confirmed by a 2.8-fold increase in the
relative frequency of lacI mutants in the genomic DNA of UVA-irradiated cells, i.e., 12.76 +
1.77 vs 4.63 + 2.18 × 10-5. For verification purposes, all replated mutant lacI plaques including
one hundred UVA-induced plaques and fifty-four spontaneously arisen control plaques were
subjected to DNA sequencing. Of these, 97 and 51 plaques, respectively, contained a minimum
of one mutation along the lacI transgene (Table 1). Thus, we adjusted the mutant frequency
data on the basis of the above-mentioned DNA sequencing results. As shown in Table 1, the
adjusted fold-increase in the relative frequency of lacI mutants induced by UVA irradiation
remained unchanged, i.e., 2.8-fold increase relative to background (12.12 + 1.84 vs 4.39 + 1.99
× 10-5).

Mutation spectrometry analysis showed that the vast majority of both induced- and spontaneous
mutations were single base substitutions (90.5 vs 90.2%, respectively), although less
frequently, there were also single and multiple base deletions and insertions, and tandem base
substitutions (see Table 2). Detailed spectra of mutation produced by UVA irradiation or
derived spontaneously are presented in Figure 1. To underscore the difference(s) between
UVA-induced and control mutation spectra, we compared the frequency of each type of
mutation, e.g., transitions, transversions, etc. between the respective mutation spectra. Because
the lacI transgene in the Big Blue system is a non-transcribed gene [37], the strand bias of
mutagenesis, a phenomenon caused by transcription-coupled DNA repair [40,41], is unlikely
to affect the spectrum of mutations in this transgene [37]. Therefore, it is justified to combine
the strand mirror counterparts of all transitions (e.g., G→A + C→T) and transversions (e.g.,
G→T + C→A and G→C + C→G) when comparing the specific types of mutation between
different treatment groups.

As shown in Table 3, the frequency of G:C→T:A transversions was significantly elevated in
the UVA-induced mutation spectrum as compared to control (P < 0.003). The absolute
frequency of this type of mutations was 7.4-fold increased consequent to UVA irradiation
relative to control (3.38 vs 0.454 × 10-5; P < 0.00001). In addition, the UV-induced mutation
spectrum showed a 3.8-fold increase in the absolute frequency of A:T→G:C transitions relative
to control; however, the difference did not reach a statistically significant level (P = 0.28). The
absolute frequencies of other types of mutation were variably and less extensively elevated as
compared to control (see Table 3). The predominant rise in the absolute frequency of G:C→T:A
transversions accounted for approximately 38% of the observed induction in the mutant
frequency consequent to UVA irradiation. The combined increase in the absolute frequencies
of other types of UVA-induced mutation contributed to the remainder of the observed induction
(see Table 3).

For comparison purposes, we have also determined the spontaneous and UVA-induced cII
mutant frequencies in the genomic DNA of UVA-irradiated and control cells, respectively.
The UVA-induced and control cII mutant frequencies were 27.2 + 0.38 and 6.0 + 0.42 ×
10-5, respectively. The respective mutant frequencies reported in our previous study were 28.6
+ 0.43 and 6.2 + 0.4 × 10-5 [21]. Furthermore, we have quantified the UVA-induced and control
lacI mutant frequencies in the leftover genomic DNA from our above-mentioned previous
study [21]. The respective mutant frequencies were 13.1 + 1.9 and 4.6 + 2.1 × 10-5, which are
very comparable to the respective values obtained in the present study. The slightly higher
lacI mutant frequencies quantified in the leftover genomic DNA are presumably due to the
adventitious generation of DNA strand breaks during freeze-thaw process of the long-term
preserved samples. Taken together, these findings are reassuring in that they clearly show that
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under standardized experimental conditions, the induced and spontaneous mutations quantified
in both the lacI and cII transgenes (even in independent sets of experiment) are perfectly
reproducible and can be used for comparative analysis.

DISCUSSION
Sunlight UV irradiation is a prime etiologic factor for human skin cancer [1-3]. The
predominant UV component of the sunlight is UVA radiation [4,5]. As a known genotoxic
agent, UVA radiation has been shown to induce both DNA damage and mutation [6,7].
However, the mechanism of UVA-induced mutagenesis is obscure [6,7]. A widely recognized
theory raises the possibility that UVA triggers photosensitization reactions, thereby giving rise
to promutagenic oxidative DNA damage, especially 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-
oxo-dG) [6,7]. Because the mutagenic potential of 8-oxo-dG is well-established, i.e., induction
of G→T transversions [6], one can easily test the above-mentioned theory by investigating
UVA-induced DNA damage-targeted mutagenesis.

Recently, we have shown that UVA irradiation of Big Blue mouse embryonic fibroblasts at a
physiologically relevant dose of 18 J/cm2 results in a significant generation of 8-oxo-dG
[21]. We have also demonstrated that the extent of 8-oxo-dG formation can be pronounced by
combining the UVA irradiation with a treatment with δ-ALA [20], a precursor of the
intracellular photosensitizer Pp-IX [32]. In both cases, we have observed a unique spectrum
of mutations induced by UVA irradiation in this transgenic system [20,21]. The spectrum of
UVA-induced mutations was characterized by a significant increase in the relative frequency
of G:C→T:A transversions in the cII transgene [20,21]. In the present study, we have used a
similar experimental approach to investigate the mutagenicity of UVA in a different mutational
target gene, the lacI transgene, in the same model system.

Analysis of mutant frequency data revealed a 2.8-fold increase in the relative frequency of
lacI mutants consequent to UVA irradiation. The elevation of relative mutant frequency in the
lacI transgene is slightly lower than that previously observed in the cII transgene after
irradiation of the same cells under similar conditions [21]. Our mutation spectrometry analysis
revealed that G:C→T:A transversions were significantly induced by UVA irradiation (P <
0.003). The absolute frequency of this type of mutations was 7.4-fold increased consequent to
UVA irradiation as compared to control (3.38 vs 0.454 × 10-5; P < 0.00001). These findings
are of importance because they underline a similar mutagenicity of UVA in different mutational
target genes in two separate experiments. Our overall findings obtained independently in the
lacI and cII transgenes support the theory that intracellular photosensitization reactions causing
promutagenic oxidative DNA damage are involved in UVA genotoxicity.

The spectrum of mutations produced by UVA irradiation in different studies has not always
been compatible with the mutagenic potential of the various induced lesions [6,7]. The disparity
has been more noticeable in studies where the two endpoints, i.e., DNA damage and mutation,
have not been quantified simultaneously and/or within a single test system [6]. We have shown
that cells of various species and types are differently resistant toward cytotoxic and genotoxic
effects of UVA radiation [16,20,21]. Such differences might have arisen from the varying DNA
repair capacity and diverse content of intracellular photosensitizers, specific for each species
and cell type [6,7]. Additionally, experimental variables such as UVA source and dose may
have contributed to some discrepancies [6]. For example, irradiation sources, which emit
contaminating UV wavelengths, e.g., in the UVB range, could cause distorted induced mutation
spectra as a result of UVB-specific DNA lesion formation. This is of significance because per
joule basis, UVB radiation is up to 50,000 times more genotoxic than UVA radiation [42].
Ikehata et al. [26] have used an irradiation source emitting a small, yet, appreciable fraction
of UVB radiation, and reported an induced mutation spectrum predominated by single and
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tandem C→T transitions at dipyrimidine sites in the lacZ transgene in mouse skin epidermis.
Woollons et al. [43] have shown that the 0.8% UVB component of a UVA sunlamp accounted
for 75% of the CPDs induced in human keratinocytes irradiated in vitro.

The relatively high detection limit of most available assays for quantification of photo-induced
DNA damages - especially at the nucleotide resolution level-has necessitated intense UVA
irradiation, enabling sufficient production of DNA lesions [12,14,15]. Such high doses of UVA
irradiation could cause severe cytotoxicity, thereby, precluding the DNA damage to be
translated into mutation through cell division [6]. We have found that the type of induced DNA
lesions is determined by UVA irradiation dose, i.e., at low irradiation dose (of relevance for
mutagenesis), oxidative DNA damage is predominantly formed [20,21], whereas at extremely
high irradiation dose, both CPDs and oxidative DNA damage are induced [16]. It is imperative
that UVA-induced DNA damage and mutagenesis be investigated simultaneously and at a
biologically relevant dose. Our studies are unique in that they compare DNA damage-targeted
mutagenicity of UVA in independent target genes and within a single test system, thus,
controlling for the potential confounding variables.

In conclusion, we have confirmed a similar mutagenicity of UVA irradiation in the lacI and
cII transgenes in Big Blue mouse embryonic fibroblasts. The characteristic DNA damage-
targeted mutagenicity of UVA reaffirms the notion that intracellular photosensitization
reactions causing promutagenic oxidative DNA damage are responsible for UVA genotoxicity.
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ABBREVIATIONS
X-gal, 5-bromo-4-chloro-3-indolyl-β—D-galactopyranoside; 8-oxo-dGs, 8-oxo-7,8-
dihydro-2′-deoxyguanosines; CPDs, cis-syn cyclobutane pyrimidine-dimers; δ-ALA, δ-
aminolevulinic acid; DMEM, Dulbecco’s Modified Eagle’s Medium; E. coli, Escherichia coli;
PBS, phosphate buffered saline; PCR, polymerase chain reaction; Pp-IX, protoporphyrin IX;
UV, ultraviolet.
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Figure 1.
Detailed mutation spectra of the lacI transgene in Big Blue mouse embryonic fibroblasts
irradiated with 18 J/cm2 of UVA or control. Mutations were quantified 8 days after
irradiation using the Lambda Transgenic Shuttle Vector Recovery kit for Big Blue rodents
(Stratagene). Verified mutant plaques were subsequently subjected to DNA sequencing
analysis. Of one hundred UVA-induced- and fifty-four spontaneously arisen control mutant
plaques, 95 and 51, respectively, contained a minimum of one mutation along the lacI
transgene. UVA-induced mutations are typed in capital letters above the reference lacI
sequence, whereas control mutations are shown in small letters below the reference lacI
sequence. Substituted bases are in bold. Deleted bases are underlined; multiple deletions are
continuously underlined. Inserted bases are shown with an arrow. Numbers below the bases
are the nucleotide positions.
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TABLE 2
Types of UVA-induced and spontaneously derived mutations in the lacI transgene in Big Blue mouse embryonic
fibroblasts irradiated with 18 J/cm2 of UVA or control

Mutation type UVA Control
Single mutation 86 (90.5%) 46 (90.2%)

Multiple mutations 9 (9.5%) 5 (9.8%)

Base substitution
Single 93 (89.4%) 48 (85.7%)

Tandem (CC→AT) 0 1 (1.8%)
(TT→AC) 0 1 (1.8%)

Deletion Single 6 (5.8%) 1 (1.8%)
Multiple 3 (2.9%) 3 (5.4%)

Insertion Single 2 (1.9%) 1 (1.8%)
Multiple 0 1 (1.8%)

One hundred UVA-induced- and fifty-four spontaneously arisen control lacI mutant plaques were analyzed by DNA sequencing.
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