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To investigate the role of oxidative stress—induced DNA dam-
age and mutagenesis in cellular senescence and immortaliza-
tion, here we profiled spontaneous and methylene blue plus
light-induced mutations in the cII gene from A phage in trans-
genic mouse embryonic fibroblasts during the transition from
primary culture through senescence and immortalization.
Consistent with detection of characteristic oxidized guanine
lesions (8-0x0odG) in the treated cells, we observed signifi-
cantly increased relative cII mutant frequency in the treated
pre-senescent cells which was augmented in their immortal-
ized counterparts. The predominant mutation type in the
treated pre-senescent cells was G:C—T:A transversion, whose
frequency was intensified in the treated immortalized cells.
Conversely, the prevailing mutation type in the treated im-
mortalized cells was A:T—C:G transversion, with a unique
sequence-context specificity, i.e. flanking purines at the 5’
end of the mutated nucleotide. This mutation type was also
enriched in the treated pre-senescent cells, although to a
lower extent. The signature mutation of G:C—T:A transver-
sions in the treated cells accorded with the well-established
translesion synthesis bypass caused by 8-0xodG, and the hallmark
A:T—C:G transversions conformed to the known replication
errors because of oxidized guanine nucleosides (8-OHdGTPs).
The distinctive features of photosensitization-induced mutagene-
sis in the immortalized cells, which were present at attenuated lev-
els, in spontaneously immortalized cells provide insights into the
role of oxidative stress in senescence bypass and immortalization.
Our results have important implications for cancer biology
because oxidized purines in the nucleoside pool can significantly
contribute to genetic instability in DNA mismatch repair—defec-
tive human tumors.

Malignant transformation is a complex multistep process
during which genetic, epigenetic, and/or environmental factors
trigger a cascade of events, disrupting critical cellular and sub-
cellular targets (1, 2). Of these, disruption of key cell growth
regulatory pathways, resulting in uncontrolled cell prolifera-
tion, is an early event and a hallmark of carcinogenesis (1, 3).
Abrogation of cell-cycle checkpoint controls during malignant
transformation releases the cells from senescence, a state of
permanent growth arrest without undergoing programmed cell

tDeceased.
*For correspondence: Ahmad Besaratinia, besarati@med.usc.edu.

9974 . Biol. Chem. (2020) 295(29) 9974-9985

death (apoptosis) (4). Evasion of cellular senescence gives rise
to an “indefinite” cell proliferation state, otherwise known as
immortalization (5). Immortalization allows cells to continually
divide and accumulate additional oncogenic alterations, which
may lead to a fully malignant phenotype (3, 5). Understanding
the underlying mechanisms of cellular senescence bypass and
immortalization can fundamentally improve our knowledge of
cancer biology (5).

Cellular senescence, first described by Hayflick in 1961 (6), is
a stress condition in which cells, despite being alive, cease to
further proliferate (4). Normal adult somatic mammalian cells
capable of dividing in vivo exhibit a limited life span in vitro as
they undergo senescence after successive rounds of replication
(5). At variable frequency, however, cultivated cells may escape
senescence and become immortalized (5, 7). The immortaliza-
tion frequency seems to be primarily species-dependent (4, 7).
Whereas rodent cells efficiently undergo spontaneous immor-
talization in vitro, primary human and avian cells rarely, if ever,
become spontaneously immortalized in culture (4, 5). Although
the overwhelming majority of cultured rodent cells eventually
senesce, few may grow past this barrier, also known as the “cri-
sis” phase, and acquire the ability to grow indefinitely and
become immortalized cell lines (5).

Mouse embryonic fibroblasts (MEF) are a classic model sys-
tem to study replicative senescence and immortalization (5, 8).
Primary MEF, grown in standard cell culture conditions and
passaged serially, typically undergo senescence after several
rounds of passaging, remain in the “crisis” phase for a while,
then override the senescence block, re-enter the cell cycle, and
switch to an immortalized phenotype (9). It is widely believed
that prolonged exposure of cells to supraphysiological concen-
trations of atmospheric oxygen (20%) used in standard cell cul-
ture incubators is a main contributor to senescence and
immortalization (10). The nonphysiological O, tension, which
imposes a significant burden of oxidative stress on the cells,
leads to generation of reactive oxygen species (ROS) that
induce promutagenic DNA damage, among other macromo-
lecular changes, such as epigenetic modifications (8, 9). The
ROS-induced genetic mutations and epigenetic alterations in
key genes involved in cell-cycle checkpoints and related regula-
tory pathways are thought to play a crucial role in senescence
bypass and spontaneous immortalization of MEF (3-5, 10).

Transgenic Big Blue® MEF represent a versatile system for
studying mutagenesis and immortalization simultaneously
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(11, 12). The genome of Big Blue® MEF contains multiple copies
of the chromosomally integrated, and easily recoverable, ALIZ
shuttle vector, which carries two mutation reporter genes,
namely the Lacl and cIl transgenes (11). In the present study, we
have constructed a comprehensive catalogue of spontaneous
and photosensitization-induced mutations in a mammalian ge-
nome by interrogating the cII gene from A phage in transgenic
Big Blue® MEF during the transition from primary culture
through senescence and immortalization. More specifically, we
have determined the mutant frequency of ciI transgene as well
as characterized the spectra of cll mutation in Big Blue® MEF
treated with methylene blue plus visible light and counterpart
untreated cells both before senescence and after immortaliza-
tion. Methylene blue is a photosensitizer that, upon excitation
with visible light, produces reactive oxygen species (mainly sin-
glet oxygen (*O,)) which primarily cause oxidation of purine
and pyrimidine bases in the DNA, with oxidized guanine resi-
dues, such as 8-0x0-7,8-dihydro-2'-deoxyguanosine (8-oxodQ),
being the predominant and highly mutagenic lesion (13-15). To
verify the effectiveness of methylene blue plus light treatment in
inducing promutagenic DNA damage in vitro, we subjected the
genomic DNA of the treated and untreated cells to enzymatic
digestion with formamidopyrimidine DNA glycosylase (Fpg),
which cleaves 8-0xodG and other oxidized/ring-opened purines
(16, 17), followed by visualization with alkaline gel electrophore-
sis. A flowchart of the study is shown in Fig. 1.

Results
Cytotoxicity examination

As shown in Fig. 24, treatment of MEF with methylene blue
plus light was dose-dependently cytotoxic. Dependent on both
the concentration of methylene blue and the duration of light
exposure, cell viability decreased as the administered dose
increased. Treatment with 2 um methylene blue plus 5 min
light exposure resulted in 80.0 = 2.7% cell viability that met the
threshold limit of cytotoxicity set for our mutagenicity experi-
ments. Higher doses of methylene blue plus light were prohibi-
tively cytotoxic as they caused high to excessive cell death in
the treated MEF (Fig. 24). As indicated earlier, moderate to
high cell survival post treatment is optimal and most amenable
for mutagenicity studies (12, 18, 19). We also note that methyl-
ene blue treatment alone or light exposure only at the tested
conditions did not cause any detectable cytotoxicity in MEF
(data not shown).

DNA damage detection

Primary MEF treated with methylene blue plus light showed
dose-dependent formation of oxidative DNA damage as illus-
trated by increasing levels of Fpg-sensitive sites, which are in-
dicative of 8-0xodG and other oxidized/ring-opened purines
(16, 17), in the genomic DNA of the treated cells (Fig. 2B). The
extent of the induced DNA damage was directly related to both
the concentration of methylene blue and the length of light ex-
posure. As shown in Fig. 2B, a substantial and readily detectable
level of oxidative DNA damage was observed in cells treated
with 2 um methylene blue plus 5 min light exposure. Consistent
with the cytotoxicity results (above), this observation ensured
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Figure 1. Flow chart of the study design. 70, immediately after methylene
blue plus light treatment, cells were used for DNA damage analysis. T7, 24 h
posttreatment (primary MEF), cells were used for cytotoxicity examination.
T2, 8 days posttreatment (early passage pre-senescent MEF), cells were used
for the first mutagenicity analysis. T3, cells were used for the second mutage-
nicity analysis (immortalized MEF).

that such treatment is effective in inducing promutagenic DNA
damage for our mutagenicity experiments.

Mutation analysis

To investigate the role played by oxidative stress—induced
DNA damage and mutagenesis in cellular senescence and
immortalization, we have determined the c¢/I mutant frequency
and mutation spectrum in Big Blue® MEF treated with methyl-
ene blue plus light and counterpart untreated cells both before
senescence (T2) and after immortalization (T3). Based on the
cytotoxicity and DNA damage results, we selected 2 um meth-
ylene blue treatment plus 5 min light exposure for the mutage-
nicity experiments. Table 1 summarizes the cII mutant fre-
quency data for the treated and control cells before senescence
(at T2) and after immortalization (at T3). As shown in Table 1,
the ¢/l mutant frequencies were significantly increased in the
treated cells relative to controls both before senescence (13.6 =
2.5versus 5.2 + 1.3 X 10™°, p = 0.0326) and after immortaliza-
tion (50.8 + 6.8 versus 9.3 + 1.8 X 10~ >, p = 0.002). More spe-
cifically, there were 2.6-fold and 5.4-fold increases in relative cII
mutant frequencies in the treated cells at T2 and T3, respec-
tively (versus counterpart controls). In both the treated and
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Figure 2. Detection of cytotoxicity and DNA damage in Big Blue® MEF treated with methylene blue plus light and counterpart untreated cells. A, cy-
totoxicity examination was performed by the trypan blue dye exclusion technique, as described in the text. The percentage of viable cells was determined in
triplicate cultures prepared for each treatment condition, and the results were expressed as median = S.E. B, oxidative DNA damage was detected by diges-
tion of the genomic DNA with Fpg enzyme, followed by visualization with alkaline gel electrophoresis, as described in the text. (+) and (—) represent the pres-

ence and absence, respectively, of Fpg enzyme in the reaction mix. M = molecular size marker.
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Table 1
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cll Mutant frequency in Big Blue® MEF treated with methylene blue plus light and counterpart untreated cells before senescence (T2) and

after immortalization (T3)

Verified cIl Reconfirmed cIl Adjusted cII
Total screened Putative cII mutant plaques mutant plaques mutant fre(;uency
Sample plaques (pfu®) mutant plaques (re-plated)” (sequenced)” (X 107°)*
Control (T2) 1,375,000 151 114 79 52+ 1.3
Control (T3) 1,215,020 162 149 126 93+18
Methylene blue + light (T2) 1,029,300 171 140 129 13.6 + 2.5°
Methylene blue + light (T3) 401,511 176 165 164 50.8 + 6.8%%

*Plaque forming unit.

"Putative cIl mutant plaques were first re-plated for verification and then sequenced for reconfirmation.
*The cIl mutant frequency was adjusted based on the total number of plaques that were first verified by re-plating and then reconfirmed by DNA sequencing. Samples from each group

were assayed for five to eight times and the results are expressed as median = S.E.
9 Statistically significant versus control (T2).

Ll Statistically significant versus control (T3).

* Statistically significant versus methylene blue + light (T2).

Table 2

Types of mutation in the cll gene in Big Blue® MEF treated with
methylene blue plus light and counterpart untreated cells before se-
nescence (T2) and after immortalization (T3)

Methylene  Methylene
blue + blue +
Mutation type Control (T2) Control (T3)  light (T2) light (T3)
Single mutation 75 (94.9%) 121 (96.0%) 129 (100.0%) 162 (98.8%)
Multiple mutations 4 (5.1%) 5 (4.0%) 0 (0.0%) 2 (1.2%)
Base substitution 79 (95.2%) 126 (96.2%)  124(96.1%) 159 (95.8%)
Indel
Insertion 3 (3.6%) 3(2.3%) 2 (1.6%) 0 (0.0%)
Deletion 1(1.2%) 2 (1.5%) 3 (2.3%) 7 (4.2%)

Percentages are indicated in brackets.

control cells, the c/I mutant frequencies were higher at T3 than
T2; in the immortalized treated and control cells, respectively,
the ¢/l mutant frequencies were 3.4-fold and 1.8-fold higher
than those in the corresponding pre-senescent cells (p = 0.0079
and p = 0.06527, respectively).

To establish the mutation spectra of the cII gene in the
treated and control cells before senescence and after immortal-
ization, we performed direct DNA sequencing on the mutant
plaques detected in the respective samples. We sequenced 140
and 165 putative mutant plaques from the pre-senescent and
immortalized treated cells, respectively, and 114 and 149 pla-
ques from the corresponding control cells. Of these, 129, 164,
79, and 126, respectively, had a minimum of one mutation in
the cll gene, as detected by DNA sequencing. This is well within
the historical range for the cII assay because in the Big Blue®
ALIZ system, WT clI-bearing phages with a mutation in the ¢/
gene can also give rise to a phenotypically expressed mutant
plaque (11, 12, 20). Table 2 is a compilation of data on the types
of mutation found in the c/I gene in the treated and control cells
before senescence (T2) and after immortalization (T3). In all
cases, single base substitutions composed the overwhelming
majority of the detected cII mutations, i.e. 96.1 and 95.8% in the
treated cells at T2 and T3, respectively, and 95.2 and 96.2% in
the corresponding control cells. The remainder mutations were
almost exclusively single insertions or deletions (Table 2).

To compare and contrast the frequency distribution of muta-
tions detected in the cII gene in the treated and control cells
before senescence and after immortalization, we calculated the
frequency of each specific type of mutation (e.g. transition,
transversion, indel) in the respective groups. The frequency of

SASBMB

each type of mutation in a group was determined by multiply-
ing the percentage of its occurrence to the c/I mutant frequency
of the corresponding group. As shown in Fig. 34, the frequency
distribution of the induced cII mutations in the treated cells
both at T2 and T3 differed from those in the respective con-
trols; of note, the differences were mostly augmented at T3.
There were statistically significant increases in frequencies of
G:C—T:A transversions (8.9-fold), A:T—G:C transitions (3.6-
fold), A:T—C:G transversions (2.8-fold), indels (2.1-fold), and
G:C—A:T transitions (1.6-fold) in the treated cells at T2 (pre-
senescent) relative to respective controls (Fig. 3B). The treated
cells at T3 (immortalized) showed statistically significant rises
in frequencies of A:T—C:G transversions (23.0-fold), G:C—C:G
transversions (13.7-fold), G:C—T:A transversions (11.3-fold),
indels (8.6-fold), G:C— A:T transitions (2.7-fold), and A:T—G:C
transitions (2.1-fold) relative to pre-senescent controls. The
immortalized control cells (at T3) also showed higher frequencies
of G:C—T:A transversions and A:T—T:A transversions (3.3-
fold), and G:C—C:G transversions (2.4-fold) relative to pre-sen-
escent control cells (at T2) (Fig. 3B).

Furthermore, we constructed a detailed map of the location
and type of mutations detected in the cI/ gene in the treated
and control cells before senescence and after immortalization.
As shown in Fig. 4, single or recurring mutations were found at
various nucleotide positions along the cII gene in the treated
and control cells both at T2 and T3. We also performed
sequence-context analysis on the detected mutations in the
treated and control cells before senescence and after immortal-
ization. Mutations occurring at A:T base pairs were more fre-
quent in the immortalized treated cells than counterpart con-
trols (p = 0.0162) and pre-senescent treated cells (p = 0.0217)
(Fig. 5A). Mutations within CpG-containing sequences were
proportionally similar across the treated and control cells (both
at T2 and T3) (Fig. 5B). However, G:C—A:T transitions at CpG
dinucleotides, which are attributed to spontaneous deamina-
tion of 5-methylcytosine (21), were slightly overrepresented in
the pre-senescent and immortalized control cells relative to re-
spective treated cells (Fig. 5C). Of importance, all CpGs within
the cII gene are heavily methylated (11). The most frequent
type of mutation in the immortalized treated cells, A:T—C:G
transversions, occurred almost exclusively at a sequence
context in which the mutated nucleotide was preceded, at the
5’ end, by a purine residue (98.7%), predominantly adenine

J. Biol. Chem. (2020) 295(29) 9974-9985 9977
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Figure 3. Frequency distribution of mutations in the cll gene in Big Blue® MEF treated with methylene blue plus light and counterpart untreated
cells before senescence (T2) and after immortalization (T3). A, frequency of each specific type of mutation (e.g. transition, transversion, indel) was deter-
mined in the treated and control cells. The frequency of each type of mutation in a group was calculated by multiplying the percentage of its occurrence to
the ¢/l mutant frequency of the corresponding group. indel = insertion + deletion. B, -fold changes in frequency of each specific type of mutation in the
treated cells (at T2 and T3) and control cells (at T3) relative to background in control cells at T2 are shown. -Fold change represents the frequency of a specific
type of mutation in a group divided by the frequency of the same type of mutation in control at T2.
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Figure 4. Detailed map of the location and type of mutations detected in the c/l gene in Big Blue® MEF treated with methylene blue plus light and
counterpart untreated cells before senescence (T2) and after immortalization (T3). The detected mutations in each group were plotted against the refer-
ence cll sequence. Mutated bases are typed above the reference sequence. Deleted bases are underlined; multiple deletions are continuously underlined.
Inserted bases are shown with an arrow. Numbers below the reference bases denote the corresponding nucleotide positions in the cll sequence.

(Fig. 5D). This unique sequence specificity of A:T—C:G
transversions in the immortalized treated cells was most dis-
tinguishable at nucleotide position 131 in the cII gene, which
represents a mutational hotspot.

Discussion

In the present study, MEF treated with methylene blue plus
light and counterpart untreated cells entered senescence
within days of each other, and stayed at the crisis phase for
approximately the same duration of time, although resump-
tion of robust growth post crisis was slightly faster in the
treated cells. Upon emergence from senescence, all the
treated and control cultures formed multiple single-cell colo-
nies that were subsequently expanded to generate independ-
ent immortalized cell lines. As shown in Table 1, treatment
with methylene blue plus light was significantly mutagenic to
Big Blue® MEF both at the pre-senescent (T2) and immortal-
ized (T3) stages; however, the extent of mutagenicity was
higher at T3 than T2. This was reflected by the 5.4-fold and
2.6-fold increases in relative c¢/I mutant frequencies in the

SASBMB

treated cells at T3 and T2, respectively (versus counterpart
controls). Of note, untreated control cells that had undergone
spontaneous immortalization, also showed elevated frequency
of cII mutants relative to pre-senescent control cells (1.8-fold
increase) (Table 1).

Photosensitization of methylene blue with visible light gener-
ates predominantly 'O, through a type II reaction in which the
excited methylene blue in a triplet state transfers energy to
ground state molecular oxygen (13-15). 'O, interacts preferen-
tially with guanine moiety in DNA to form 8-oxodG and, less
frequently, other oxidized/ring-opened purines, such as 2,6-
diamino-4-hydroxy-5-formamidopyrimidine (FapyG) (17). The
induced DNA lesions are all substrates for Fpg, a base excision
repair enzyme (16, 22, 23). Methylene blue in the triplet excited
state may partly react with DNA through a type I photosensiti-
zation reaction, which involves preferential oxidation of gua-
nine, and formation of 8-oxodG and, to a lesser extent, FapyG
(15, 24). The preferential targeting of guanine by 'O, and other
ROS is ascribed to the electron-rich nature of this base as it has
the lowest oxidation potential of the four DNA bases (25).

J. Biol. Chem. (2020) 295(29) 9974-9985 9979

0202 ‘2T AInc uo Arelq1 [IPS A SLION DS N e /610°0g 'mmwy/:dny wiouy pepeojumoq


http://www.jbc.org/

Mutagenesis, senescence, and immortalization

(A) | Elexe] (B) M 2t CpG
M atAT [[] at non CpG
*
100 7 100 7
90 + 90
80 80
—~ 70 —~ 701
X X
< 60 < 604
7] »
5 50 - 5 5o
= =}
8 40 8 404
> >
= 30 = 30
20 20 4
0- 0-
Control Control Methylene blue + light ~ Methylene blue + light Control Control Methylene blue + light ~ Methylene blue + light
(T2) (T3) (T2) (T3) (T2) (T3) (T2) (T3)
(C) M at CpG (D) Ws5-A
[] at non CpG Oos-c
ds-c
Os-1
100 7 100 1
90 | 90 1
80 80 1
o 701 —~ 701
S X
~ 60+ < 60
= O]
% 50 - O 50 -
o S
O 304 £ 30
20 4 20 1
101 10+
0- 0
Control Control Methylene blue + light ~ Methylene blue + light Control Control Methylene blue +light ~ Methylene blue + light
(T2) (T3) (T2) (T3) (T2) (T3) (T2) (T3)

Figure 5. Sequence-context analysis of the detected mutations in the c/l gene in Big Blue® MEF treated with methylene blue plus light and counter-
part untreated cells before senescence (T2) and after immortalization (T3). A, distribution of all mutations occurred at A:T versus C:G base pairs (¥, statisti-
cally significant versus control (T3), P = 0.0162 and 1, statistically significant versus methylene blue plus light (T2), P = 0.0217). B, distribution of all mutations
occurred at CpG dinucleotides. C, distribution of G:C—A:T transitions occurred at CpG dinucleotides. D, distribution of bases flanking the 5’ end of the mutated

nucleotide in A:T—C:G transversions.

Consistent with the known photochemical properties of meth-
ylene blue, we detected extensive formation of Fpg-sensitive
sites in the genomic DNA of methylene blue plus light-treated
cells, as shown in Fig. 2B.

8-0x0d@G is a miscoding lesion during DNA replication (26,
27). As such, an adenine is preferentially incorporated opposite
8-0x0dG in the template DNA during translesion synthesis,
which upon next round of DNA replication, produces G:C—T:
A transversion (26-28). Treatment of bacteriophage DNA with
photoactivated methylene blue has been shown to induce G:
C—T:A transversion as a signature mutation in Escherichia coli
(27, 28). Also, the mutM mutY mutants of E. coli deficient in
the repair of 8-oxodG:A mispair, have exhibited extremely high
rate of spontaneous G:C—T:A transversions (29). In the pres-
ent study, the most prevalent type of mutation detected in the
pre-senescent treated cells was G:C—T:A transversions (Fig.
3A). Of significance, this signature mutation was intensified in
the immortalized treated cells (Fig. 3B). G:C—T:A transver-
sions were also overrepresented in the immortalized control
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cells relative to pre-senescent counterparts (i.e. 3.3-fold in-
crease in relative frequency; Fig. 3B).

Although 8-0x0dG predominantly induces G:C—T:A trans-
version (26-28), bypass of this lesion in mammalian cells can
also lead to G:C—A:T transition and G:C—C:G transversion
(30, 31). The latter types of mutation presumably arise from
further photooxidation of 8-oxodG, resulting in hydantoin-
type lesions (32). In our study, G:C—A:T transitions were
enriched in the pre-senescent treated cells, and more so in the
immortalized treated cells relative to controls (Fig. 3, A and B).
Additionally, G:C—C:G transversions were highly elevated in
the immortalized treated cells relative to pre-senescent cells.
Interestingly, the immortalized control cells also exhibited high
frequency of G:C—C:G transversions relative to pre-senescent
cells (Fig. 3, A and B). G:C—C:G transversions have been
reported as the most predominant type of mutation in Trp53
gene in spontaneously immortalized MEF from both WT and
Hupki mice (harboring a homologous normal human 7P53)
(7). Whole-exome sequencing has also shown a preponderance
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of G:C—C:G transversions in spontaneously immortalized
MEF (33). Genome-wide analysis of tumors from patients with
gingivobuccal oral squamous cell carcinoma has shown a high
proportion of G:C—C:G transversions among tobacco users,
which, according to the authors, could be ascribed to oxidative
DNA damage (34).

The most salient finding of the present study is the observa-
tion that A:T—C:G transversions, at a unique sequence-con-
text (i.e. flanking purines at the 5’ end of the mutated nucleo-
tide), were the most frequent type of mutation in the
immortalized treated cells (23-fold increase in frequency rela-
tive to control at T2) (Figs. 3, A and B, and 5D). Importantly,
the hallmark A:T—C:G transversions were also enriched in the
pre-senescent treated cells, although to a lower extent (2.8-fold
increase in frequency relative to control at T2). Oxidative DNA
lesions can be formed through two distinct pathways, including
1) direct oxidation of a base (purine/pyrimidine) in DNA and 2)
misincorporation of oxidized deoxynucleoside triphosphates
(dNTPs) into DNA by DNA polymerase(s) (31, 35, 36). In terms
of accumulation of 8-0xodG in DNA, direct oxidation of gua-
nines and incorporation of oxidized guanine nucleotides, 8-
hydroxy-2'-deoxyguanosine 5'-triphosphate (8-OH-dGTP) are
almost equal contributors (37).

Oxidized dN'TPs are generally poor substrates for DNA poly-
merases although exception exists for certain polymerases (31).
For instance, in humans, polymerase n (Polmn) incorporates 8-
OH-dGTP opposite a template adenine with almost the same
efficiency as that of normal 2'-deoxythymidine triphosphate
(dTTP) (38). Also, two Y-family DNA polymerases of the
archaeon Sulfolobus solfataricus sp. (39) and a Y-family poly-
merase of E. coli (DNA Pol IV) (40) have been shown to almost
exclusively incorporate 8-OH-dGTP opposite adenine in the
DNA template. Such misincorporation leads to A:T—C:G
transversion because the oxidized dGTP pairs with an incom-
ing dCMP in the next round of DNA replication (41, 42).

The frequency of spontaneous A:T—C:G transversions has
been shown to increase more than 1000-fold over the back-
ground in mutT mutant E. coli, which is deficient in hydrolyz-
ing 8-OH-dGTP to the monophosphate form and sanitizing
the nucleotide pool (29, 43, 44). The extremely high levels of
A:T—C:G transversions in the mutT mutant strain are nearly
completely suppressed when the cells are cultured in anaerobic
conditions, indicating the integral role of oxygen and 8-OH-
dGTP in the observed mutagenesis (45). Furthermore, when
the cDNA for MutT homolog 1 (MTH1), a human counterpart
of E. coli MutT, is expressed in mutT mutant cells, the strik-
ingly high rate of spontaneous A:T—C:G mutations reverts to
normal (46). Russo et al. (47) have demonstrated that overex-
pression of hMTH1 markedly attenuates the mutation rates in
DNA mismatch repair (MMR)-defective mouse and human
cells, suggesting that the high spontaneous mutation rates in
MMR-defective cells are mostly because of incorporation of
oxidized dANTPs into DNA and, less likely, caused by spontane-
ous replication errors. The authors concluded that incorpora-
tion of oxidized purines from the ANTP pool may contribute
significantly to the extreme genetic instability of MMR-defec-
tive human tumors (47).
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In the present study, the preponderant A:T—C:G and
G:C—T:A mutations in the immortalized treated cells and, to a
lesser extent, in the pre-senescent counterparts as well as spon-
taneously immortalized untreated cells, are consistent with the
previously reported results by others in different model systems
(26-29, 35, 38, 40, 43, 44, 46, 47). In our study, the predominant
induction of G:C—T:A transversions in the pre-senescent
treated cells, which was augmented in the immortalized coun-
terpart cells, is likely to have arisen from error-prone replica-
tion bypass of 8-oxodG generated by photosensitization of
methylene blue. On the other hand, the overwhelming preva-
lence of A:T—C:G transversions in the immortalized treated
cells and, less so, in the corresponding pre-senescent cells, is
likely because of erroneous replication of oxidized guanine
nucleosides (8-OHdGTP) produced in the nucleotide pool con-
sequent to methylene blue plus light treatment. A scenario can
be envisioned in which the pre-senescent treated cells, which
have undergone several rounds of DNA replication, predomi-
nantly manifest the signature mutation of 8-oxodG, ie. G:C—
T:A transversion. This mutagenic event, leading up to senes-
cence, would be considered short-term effect attributable to the
induced oxidative stress. Conversely, the immortalized treated
cells, which have had the opportunity to undergo numerous
rounds of cell division and DNA replication, preferentially
exhaust the oxidized dGTP pool, and give rise primarily to A:
T—C:G transversions, in addition to G:C—T:A transversions
and other mutations. These characteristic mutations, arising post
crisis and after senescence bypass, would constitute long-term
effect ascribed to the imposed oxidative stress. Follow-up studies
are warranted to investigate the modulation of DNA polymerases
and composition of nucleotide pool during cellular senescence
and immortalization.

We note that photoactivated methylene blue can also induce
oxidized adenine residues, although at much lower level than
8-0x0dG (25). For example, treatment of calf thymus DNA
with methylene blue plus light produces 8-0x0-7,8-dihydro-2’-
deoxyadenosine (8-oxodA) ~29-fold lower than that of 8-
oxodG (25). Site-specific mutagenicity studies have demon-
strated that 8-oxodA has mutagenic potential (48), although
when tested under similar conditions, the mutation frequency
of 8-oxodA was, at least, 4-fold lower than that of 8-oxodG
(49). Considering the comparatively weaker mutagenicity of 8-
oxodA than 8-0xodG and the much lower yield of 8-oxodA in
DNA after methylene blue plus light treatment, we may specu-
late a minor contribution of 8-oxodA to the herein observed
elevation of A:T—C:G and A:T—G:C mutation frequencies in
the treated cells.

While we underscore the novelty and significance of our
findings, we also acknowledge the limitations of our study. For
example, interspecies differences in immortalization (4, 5) may
influence the generalizability of our findings. Seminal works by
others have shown the importance of inactivation of the p53/
p19ARF pathway in MEF immortalization (reviewed in Refs.
3-5). Subsequent high throughput screening approaches have
identified disruption of additional signaling pathways, includ-
ing the RAS/MAPK pathway, the AKT pathway, and the JNK
pathway, as potential contributors to senescence bypass and
immortalization in MEF (3-5). However, immortalization of
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human cells in culture is more complex than that of MEF (5).
Although disruption of the p53/p14ARF pathway, which corre-
sponds to mouse p53/p19AREF, remains critical, perturbation of
the Rb/p16 axis together with reactivation of telomerase are
also essential for immortalization of human cells in vitro (5, 7).
Despite these added complexities, several key components of
cellular senescence and immortalization have been retained
during evolution and remain functional in both mice and
humans (3-5). Thus, the use of MEF in vitro or mouse models
in vivo can provide invaluable information about the underly-
ing mechanisms of senescence and immortalization in human
cells (5). Furthermore, in the present study, we have used the
cIl transgene of the Big Blue® MEF as a mutation reporter
gene. Transgenes are likely to be transcriptionally inactive, as
evidenced by the absence of corresponding mRNA in various
tissues of transgenic animals (11). This is relevant because tran-
scription-coupled repair, which preferentially removes DNA
lesions from the transcribed strand of endogenous genes, is a
key determinant of mutagenesis in mammalian cells (12, 18,
19). The reduced DNA repair capacity of transgenes because of
absence of transcription-coupled repair, however, may prove
advantageous for mutation detection. This is because trans-
genes with diminished DNA repair proficiency, are more likely
to accumulate promutagenic DNA lesions than endogenous
genes (11, 18). This, together with the high copy number of
transgenes relative to single copy endogenous genes, may
contribute to the high sensitivity of transgenes for mutation
detection (12, 18). Altogether, we and others have shown that
mutation analysis in transgenes can faithfully recapitulate
many aspects of mutagenesis in endogenous genes, although
discordant results have also been reported (12, 18, 20). Lastly,
DNA damage can result from other ROS, including superox-
ide radical (O, °), hydrogen peroxide (H,O,), and hydroxyl
radical (*OH), which were not analyzed in this study,
although 'O, and *OH are the only ROS capable of directly
damaging DNA (15, 17, 42, 45).

In conclusion, we have generated a compendium of sponta-
neous and photosensitization-induced mutations in MEF dur-
ing transition from primary cells through senescence and
immortalization. The distinguishing features of photosensitiza-
tion-induced mutagenesis in the immortalized cells, which are
present, at reduced levels, in spontaneously immortalized cells,
underscore the importance of oxidative stress in senescence
bypass and immortalization. Future investigations are war-
ranted to examine the implications of our findings for human
carcinogenesis.

Experimental Procedures
Generation of mouse embryonic fibroblasts

This study was conducted in accordance with the National
Institutes of Health’s Guide for the Care and Use of Laboratory
Animals (50), and all efforts were made to minimize animal suf-
fering. The study was approved by our Institutional Animal
Care and Use Committee (IACUC) under the Protocol Number
09012. Primary MEF were isolated from embryos derived from
Big Blue® mouse on C57BL/6 genetic background, according
to our published protocol (11). Briefly, mouse embryos were
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harvested in utero at 13.5 days of gestation. Following removal
of the head and internal organs, individual embryos were
placed in a centrifuge tube and incubated with collagenase
(Sigma-Aldrich), in DMEM (0.1% v/v) (Irvine Scientific, Santa
Ana, CA) for up to 4 h at 37°C. At hourly intervals, the embryo-
collagenase mixes were gently centrifuged, pellets were washed
with DMEM, and incubation continued in the collagenase solu-
tion for the next hour. Upon completion of the digestion, col-
lected cells were transferred to 150-mm Petri dishes containing
DMEM, supplemented with 10% FBS (Irvine Scientific) and
nonessential amino acids, and subsequently cultured at 37°C.
Following 3—4 days of growing, confluent cultures were har-
vested, and cells were snap frozen (i.e. 2-3 X 10° cells per vial).
Upon thawing, MEF cultures were established and expanded
for the experiments described below.

Cell culture and treatment

Prior to mutagenicity experiments, a preliminary study was
conducted to evaluate the cytotoxicity and DNA-damaging
effects of methylene blue plus light, under various treatment
conditions. Such preliminary work is conventionally performed
to establish a physiologically relevant dose at which a given
treatment exerts detectable genotoxic effects without causing
excessive cell death. This is important because DNA damage
induced by in vitro treatment can only be translated into muta-
tion if the treated cells remain viable and proliferate, afterward
(11). This allows for the induced DNA damage to evade repair,
miscode during translesion synthesis, and upon DNA replica-
tion, give rise to mutation (11). I vitro, primary Big Blue® MEF
undergo cell division every 28—30 h for a few weeks before they
reach senescence (i.e. passages 5-7). The cells remain in the cri-
sis phase for 3—5 weeks after which single cell clones are formed
and spontaneous immortalization occurs (18).

For the preliminary study, early passage Big Blue® MEF were
grown as monolayers at ~50-60% confluence in DMEM sup-
plemented with 10% FBS. Prior to treatment, the media were
removed, and cells were washed thrice with PBS. Freshly pre-
pared methylene blue (Sigma-Aldrich) dissolved in double-dis-
tilled water (stock solution: 10 mm) was added to aliquots of
PBS at a final concentration of 2 or 10 um. Methylene blue—
containing PBS aliquots were then added to prewashed MEF
culture dishes. For each treatment condition, a set of six MEF
cultures was used, including three for cytotoxicity examination
and three for DNA damage analysis. The culture dishes con-
taining methylene blue were incubated at 37°C for 30 min in
the dark. Subsequently, they were illuminated on ice with visi-
ble light for 5, 15, or 45 min (Sylvania, 200 W, A21 SW;
OSRAM Sylvania Inc., Wilmington, MA, USA). Throughout
the light exposure, culture dishes stayed on a rotating platform
(Lazy Susan turntable) at a distance of 10 cm from the bulb. Im-
mediately after the exposure (T0), one half of the cultures,
including differently treated cultures and untreated controls (in
triplicates), were harvested by trypsinization, pelleted by cen-
trifugation, and preserved at —80°C until DNA damage analy-
sis. The remainder cultures were thoroughly washed with PBS,
fed with complete growth medium, and grown in standard cell
culture conditions (20% O,, 5% CO,, and 37°C) for 24 h.
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Subsequently, they were harvested (T1) and subjected to cyto-
toxicity examination by the trypan blue dye exclusion tech-
nique. We set a threshold limit of >20% cytotoxicity and a
readily detectable level of DNA damage to establish a physio-
logically relevant dose of methylene blue plus light for our
mutagenicity experiment. These threshold criteria are consis-
tent with those used in our previous studies and those by others
(12,18, 19). Upon evaluation of the cytotoxicity and DNA dam-
age in differently treated MEF cultures versus controls, we
chose a treatment of 2 um methylene blue plus 5 min light ex-
posure for all mutagenicity experiments (see “Results”).

To study ROS-induced mutagenesis before cellular senes-
cence and after immortalization, primary Big Blue® MEF were
treated with methylene blue (2 um) plus light (5-min exposure),
as described above. Following the treatment, cells were washed
with PBS, fed with DMEM plus FBS, and cultivated in a stand-
ard cell culture incubator. The cultures were passed (1:3) when
cells reached ~90% confluence, which was, on average, every
3—4 days. Control untreated cultures were prepared and
handled similarly, as above. Both the experimental and control
cultures were in sets of 12, including 6 for pre-senescence (T2)
and 6 for immortalization (T3) analyses. At 8 days posttreat-
ment (T2), one half of the treated and control cultures were
harvested, while the remainder underwent further cultivation
and passaging, as needed. The T2 harvested cultures (i.e. pre-
senescent cells) had undergone several rounds of population
doublings, which is a prerequisite for fixation of mutation into
the genome (11). After a few weeks of cultivation, the remain-
ing set of cultures entered the crisis phase and became senes-
cent. The senescent cultures were fed twice weekly until they
resumed growth and started to form visible clones under mi-
croscopy. Single well-isolated clones were selected and
reseeded in new dishes for expansion. Dilution cloning was
then performed to produce, at least, two single-cell clones,
from each expanded culture. Each single-cell clone was further
expanded to establish a pure monoclonal population of cells,
thus generating an immortalized cell line. The immortalized
MEF cell lines derived from the treated and control cultures
were harvested and stored at —80°C until further analysis. A
schematic diagram of the study design is shown in Fig. 1.

Cleavage assay with DNA repair enzyme and alkaline gel
electrophoresis

To detect the characteristic DNA damage induced by meth-
ylene blue plus light treatment, we digested the genomic DNA
of the treated and control cells with Fpg, a base excision repair
enzyme (16, 17), followed by visualization with alkaline gel
electrophoresis, as described previously (20) (see supporting
information).

cll Mutation analysis

Genomic DNA isolated from the treated and control Big
Blue® MEF before senescence and after immortalization was
screened for ¢/l mutations by the Transpack Packaging Extract
kit according to the manufacturer’s instructions (Stratagene
Corp./Agilent Technologies, Santa Clara, CA, USA). Using the
packaging extracts, we recovered the ALIZ shuttle vectors from
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the genomic DNA and packaged them individually into viable
phage particles. The packaged A phages were then used to
infect cultures of G1250 host E. coli. The phage-infected G1250
cultures were subsequently plated onto TB1 agar plates and
incubated at 24°C for 48 h (i.e. selective conditions) to screen
for cIl mutant plaques. To enumerate the total number of pla-
ques screened, dilutions of the corresponding phage-infected
G1250 cultures were similarly plated and incubated at 37°C
overnight (i.e. nonselective conditions). Mutant frequency of
the cII gene, which represents the mutagenic potency of the
test compound(s) or given treatment, is the ratio of the number
of mutant plaques (formed in selective conditions) to the total
number of plaques screened (WT and mutant cIl plaques
formed in nonselective conditions). To determine the patterns
of mutation in the cII gene (i.e. mutation spectrum) in the
treated and control cells, direct DNA sequencing was per-
formed on the verified c/I mutant plaques, according to our
published protocol (18) (see supporting information).

Statistical analysis

Distribution of data was evaluated both visually and by the Sha-
piro-Wilk test. All results are expressed as median = S.E. Com-
parison of mutant frequency data between two different groups
was done using the Wilcoxon-Mann-Whitney test. The chi-
square test was used to compare the frequency of each specific
type of mutation (e.g transition, transversion, indel) between two
different groups. All statistical tests were two-sided. Values of
p < 0.05 were considered statistically significant. All statistical
analyses were performed using the R environment for statistical
computing, which is a free and open source software.

Data availability

All data are contained within the manuscript.
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