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ABSTRACT

Proteins are covalently trapped on DNA to form
DNA–protein crosslinks (DPCs) when cells are
exposed to DNA-damaging agents. DPCs interfere
with many aspects of DNA transactions. The
current DPC detection methods indirectly measure
crosslinked proteins (CLPs) through DNA tethered
to proteins. However, a major drawback of such
methods is the non-linear relationship between the
amounts of DNA and CLPs, which makes quantita-
tive data interpretation difficult. Here we developed
novel methods of DPC detection based on direct
CLP measurement, whereby CLPs in DNA isolated
from cells are labeled with fluorescein isothiocyan-
ate (FITC) and quantified by fluorometry or western
blotting using anti-FITC antibodies. Both formats
successfully monitored the induction and elimin-
ation of DPCs in cultured cells exposed to alde-
hydes and mouse tumors exposed to ionizing
radiation (carbon-ion beams). The fluorometric and
western blotting formats require 30 and 0.3 kg of
DNA, respectively. Analyses of the isolated
genomic DPCs revealed that both aldehydes and
ionizing radiation produce two types of DPC with
distinct stabilities. The stable components of
aldehyde-induced DPCs have half-lives of up to
days. Interestingly, that of radiation-induced DPCs
has an infinite half-life, suggesting that the stable
DPC component exerts a profound effect on DNA
transactions over many cell cycles.

INTRODUCTION

DNA is associated with various structural and regulatory
proteins in cells. Proteins are often covalently trapped on
DNA, generating DNA–protein crosslinks (DPCs) when
cells are exposed to DNA-damaging agents (1). The for-
mation of DPCs was originally demonstrated for bacterial
and mammalian cells that were heavily irradiated with
ultraviolet light (2,3). It was subsequently shown that
DPCs are produced by a number of chemical and
physical agents such as aldehydes (4), metal ions (5),
anticancer drugs (6,7) and ionizing radiation (8). Since
crosslinked proteins (CLPs) are extremely large, steric hin-
drance conferred by DPCs likely interferes with many
aspects of DNA transactions, including replication, tran-
scription and repair. Recent studies with defined DPC
substrates have begun to unravel the molecular mechan-
ism by which cells respond to this type of potentially dele-
terious DNA damage (9). In bacteria, DPCs inhibit the
replication of plasmid DNA in vivo (10–12), and replica-
tion forks stalled by DPCs are likely reactivated by
RecBCD-dependent homologous recombination (HR)
and the subsequent action of PriA helicase to continue
DNA synthesis through DPCs (11,13). DPCs containing
small (but not large) CLPs are removed from DNA by
nucleotide excision repair (NER) (11,13–15). HR also
deals with DPCs in mammalian cells (16,17), but there is
virtually no contribution from NER due to its intrinsic
low repair capacity for small CLPs (16,18–21).
The properties of DPCs vary significantly depending on

the CLPs and crosslinking bonds. Recent proteomic
studies have revealed numerous CLPs produced by
ionizing radiation (22), formaldehyde (FA) (23),
antitumor nitrogen mustards (24) and the carcinogenic
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metabolite of 1,3-butadiene (25). In DPCs, proteins are
crosslinked to the base or sugar phosphate moiety either
directly or indirectly through a linker (crosslink agent),
and the half-life (stability) of crosslinking bonds ranges
from hours to days (1). When studying the cytotoxic/mu-
tagenic effects and repair mechanism of DPCs, it is crucial
to detect their induction and removal in genomic DNA.
The detection of DPCs requires several issues to be
addressed. For instance, covalently and non-covalently
bound proteins must be separated stringently: the latter
are present in extreme excess over the former in the
genome. Moreover, DPCs need to be detected selectively
in the background of many other DNA lesions, since
DNA-damaging agents concurrently induce base
damage, DNA strand breaks and DNA interstrand
crosslinks along with DPCs.
Several methods have been developed to detect DPCs.

The alkaline elution method is based on the different
elutabilities of DNA without and with CLPs from a
filter under alkaline conditions (26,27). Cells are filtered
onto a polyvinylchloride filter and lysed with sarkosyl.
DNA retained on the filter is eluted at pH 12.1, with the
adsorption of CLPs to the filter reducing the elutability of
unwound single-stranded DNA, thereby changing the
elution kinetics of the DNA. The nitrocellulose
filter-binding method relies on the different abilities of
DNA without and with CLPs to bind to a nitrocellulose
filter (28,29). Cells lysed with sarkosyl are passed through
the filter, which retains proteins and DNA with CLPs, but
not free DNA. The amount of DNA retained on the filter
via CLPs is assayed for DPCs. The sodium dodecyl sulfate
(SDS)/potassium ion (K+) precipitation method is based
on SDS binding tightly to proteins and forming insoluble
precipitates with potassium ions (5,30). Cells are lysed
with SDS, and SDS-bound proteins and DNA with
CLPs, but not free DNA, are selectively precipitated by
KCl. The amount of DNA precipitated due to CLPs is
assayed for DPCs. In addition to these methods, it has
been shown that a certain type of DPC reduces the migra-
tion of DNA in single cell gel electrophoresis assays
(comet assays) (31,32). Pretreatment of lysed cells with
proteinase K clearly distinguishes DNA with and
without DPCs in these methods.
The aforementioned DPC detection methods have

provided valuable insights into the induction and
removal of genomic DPCs formed by various DNA-
damaging agents. However, as well as there being many
technical issues (5,30,33), the indirect detection of DPCs
based on the amount of DNA employed in these methods
has intrinsic drawbacks. First, the adsorption of DNA
onto the filters and the precipitation of DNA by SDS/
K+ depend on not only the CLPs but also on the length
of DNA, which varies significantly depending on
DNA-damaging agents and their doses. Second, there is
no linear relationship between the amounts of DNA and
CLPs. Thus, determining the amount of CLPs from that
of DNA inevitably requires some assumptions (7,34,35),
which have not been rigorously examined and verified by
compelling evidence. Accordingly, the quantitative inter-
pretation of data derived from the indirect measurement

of DPCs is complicated and needs further support from
totally independent methods.

In view of the restrictions of the currently available
DPC detection methods, it would be useful to develop a
direct method of detecting DPCs by virtue of the meas-
urement of CLPs. We have recently shown that CLPs in
DNA isolated from FA-treated cells can be specifically
labeled with fluorescein isothiocyanate (FITC) and
directly assayed for DPCs by measuring the resulting
fluorescence (11,16). However, the validity and generaliz-
ability of this method have not been rigorously tested for
other DPC-inducing agents. The present study extended
the previous approach by developing two formats of the
DPC detection method based on FITC-labeling: direct
fluorometric analysis and western blotting analysis using
anti-FITC antibodies. Both methods can successfully
monitor the induction and elimination of DPCs in
cultured cells and transplanted mouse tumors exposed to
aldehydes and ionizing radiation (carbon-ion beams),
respectively. The western blotting format requires
one-hundredth of the amount of DNA used for the fluoro-
metric format. Analyses of the in vitro stability of DPCs
isolated from cells and tumors have revealed that alde-
hydes and ionizing radiation produce two types of DPC
with distinct stabilities. The stable components of
aldehyde-induced DPCs have in vitro half-lives of up to
days. Interestingly, that of radiation-induced DPCs has an
essentially infinite half-life, suggesting that the stable DPC
component exerts a profound effect on DNA transactions
over many cell cycles.

MATERIALS AND METHODS

Chemicals and cell culture

Acrolein (ACR) was obtained from Alexis Biochemicals,
and chloroacetaldehyde (CAA) and FA were purchased
from Wako. Crotonaldehyde (CRA), glutaraldehyde (GA)
and trans-2-pentenal (PEN) were purchased from Tokyo
Chemical Industry. MRC5-SV (an SV40-transformed
human fetal lung fibroblast cell line), HeLa (a human
cervical carcinoma cell line) and XP12RO (an SV40-
transformed fibroblast cell line derived from a xeroderma
pigmentosum (XP) complementation group A patient)
were used for the experiments. Cells were cultivated in
Dulbecco’s modified Eagle’s medium (Nissui) supplemented
with 10% inactivated fetal bovine serum (FBS) and L-glu-
tamine. Cells were maintained in a humidified incubator at
37�C with 5% CO2 atmosphere, and harvested with 0.05%
trypsin–EDTA.

Cell survival and sister chromatid exchange assays

Colony forming assays were used for cell survival meas-
urements. Cells were seeded into 100-mm culture dishes
and incubated for 12 h. The medium was then changed to
an FBS-free medium containing aldehydes at the indicated
concentrations, in which cells were incubated for 3 h. Cells
were washed twice with fresh medium and allowed to form
colonies for �7 days. Colonies with more than 50 cells
were counted. The physiologically relevant doses that
gave a 10% survival (LD10) were determined from the
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survival curves. Sister chromatid exchange (SCE) induc-
tion by aldehydes in MRC5-SV cells was analyzed by the
fluorescence-plus-Giemsa method (36). Well-spread
metaphases (total 90) were evaluated per individual
aldehyde treatments for SCEs/cell. MRC5-SV cells have
a hyperdiploid karyotype with a modal number between
60 and 80.

DNA purification from aldehyde-treated cells

Cells in the midlogarithmic phase (typically four 150-mm
dishes) were treated with aldehydes at LD10 concentra-
tions as described above. Cells were recovered without
or with postincubation (up to 12 h) in culture media and
stored at �80�C until use. Chromosomal DNA was
isolated by CsCl density gradient centrifugation as
described previously (11,16) with some modifications.
The cell pellet was suspended in 900 ml of a buffer contain-
ing 10mM phosphate buffer (PB; pH 7.5), 1mM EDTA,
RNase A (20 mg, Sigma), and a protease inhibitor cocktail
(Roche), and kept on ice for 10min. The sample was
mixed with sarkosyl (final concentration 1%) and kept
on ice for 30min. The lysed cells were passed through a
G23-gage needle 20 times to shear DNA, and PB was
added to a final volume of 9ml. The sample was mixed
with 9.3 g of CsCl (Wako) and sedimented at 500 000� g
at 20�C for 4 h with a Beckman Type 90Ti rotor. After
centrifugation, the sample was fractionated (�500 ml)
through a bottom needle hole. Fractions containing
DNA (determined by agarose gel electrophoresis or UV
absorption) were pooled and dialyzed against PB at 4�C.
The dialyzed sample was sedimented again by CsCl
density gradient centrifugation as described above to
ensure the complete removal of free proteins. Fractions
containing DNA were combined and dialyzed against
PB+1mM EDTA (3 h� 2), PB+2M NaCl (3 h� 2) and
finally MilliQ water (3 h� 2) at 4�C. The sample volume
was reduced to 200 ml on a centrifugation evaporator
without applying heat. It is crucial for the DNA yield to
completely recover viscous DNA that has adhered onto
the wall of the evaporation tube. The DNA concentration
was measured on a Thermo Scientific Nanodrop 2000c or
Jasco V-550 UV spectrophotometer, and the DNA was
stored at �20�C until use.

FITC labeling and fluorescence measurement

FITC (Dojindo) was dissolved in dimethylformamide to a
final concentration of 10mM. DNA (50mg) in 20mM
borate buffer (pH 8.0, 100 ml) was mixed with the FITC
solution (final concentration 0.1mM) and incubated at
room temperature for 1 h. DNA was precipitated by
ethanol, and the resulting DNA pellet was washed twice
with 70% ethanol, air dried and dissolved in MilliQ water.
The concentration of DNA was measured on a UV spec-
trophotometer. The fluorescence of FITC-labeled DNA
(30 mg) was measured on a Hitachi F-2500 fluorescence
spectrophotometer.

Immunodetection of DPCs

FITC-labeled DNA (0.3 mg) was vacuum slot-blotted onto
a Hybond-ECL nitrocellulose membrane (GEHealthcare),

and the slot was washed with Tris-buffered saline. The
membrane was blocked with 5% non-fat milk for 1 h,
washed with Tris-buffered saline/Tween-20 (TBST)
comprising 20mM Tris–HCl (pH 7.6), 137mM NaCl and
0.1% Tween-20. The membrane was incubated with a goat
anti-FITC antibody (Bethyl Laboratories) at a 1/40 000
dilution in TBST for 1 h. The unbound antibodies were
removed by washing in TBST (15min� 4). The
membrane was incubated with a horseradish peroxidase
(HRP)-conjugated rabbit anti-goat IgG antibody
(Anaspec) at a 1/20 000 dilution in TBST for 1 h. The
remaining unbound antibody was washed away by TBST.
The membrane was incubated with the ECL western
blotting substrate (Promega) for 1min, and the chemilu-
minescence was measured on a Toyobo FAS1000 lumines-
cence analyzer. Captured images were analyzed using NIH
ImageJ 1.33 software.

Irradiation of mouse tumors

Transplanted mouse tumors were irradiated with
accelerated carbon ions as described previously (37,38).
Briefly, squamous carcinoma cells (SCC VII) were
inoculated subcutaneously into the right hind legs of syn-
geneic male C3H/He mice aged 8–10 weeks (Japan Animal
Co.). Ten days later, tumors, �10mm in diameter, were
irradiated with 12C6+ (290 MeV/u) generated by the
Heavy Ion Medical Accelerator in Chiba (HIMAC). A
6-cm spread-out Bragg peak with a dose-averaged linear
energy transfer (LET) of 80 keV/mm was used for tumor
irradiation. The dose rate was 3.6Gy/min. For the irradi-
ation of hypoxic tumors, tumors in mouse legs were
rendered totally hypoxic by clamping at the proximal side
of the tumor for 15min before irradiation. The clamping
was removed immediately after irradiation. Mice were
sacrificed at the indicated times after irradiation and
rapidly cooled in ice-water. Tumors were excised, washed
with cold PBS and used for further analysis. All animal
experiments were carried out according to the guidelines
for animal experimentation of the National Institute of
Radiological Sciences and Hiroshima University.

DNA purification from irradiated tumors

The excised tumor (� 0.13 g) was minced on ice, suspended
in 1.5ml of lysis buffer containing 5.5M guanidine thio-
cyanate, 25mM sodium citrate (pH 7.0), 0.5% sarkosyl
and 100mM 2-mercaptoethanol, and homogenized by an
IKA Ultra-Turrax T25 homogenizer (10 s� 2) with
cooling. The sample was centrifuged at 3000 g for 10min,
and the supernatant was recovered. The genomicDNAwas
purified as described for aldehyde-treated cells.

Measurement of in vitro half-lives of DPCs

The genomic DNA that was purified from cells or tumors
was labeled with FITC as described above. Proteins
released from DNA were separated from DNA by
dialysis and the remaining CLPs were quantified by fluor-
escence measurements as follows. FITC-labeled DNA
(typically 30–50 mg) was dissolved in 2ml of 10mM
Tris–HCl (pH 7.5) and 1mM EDTA (TE buffer), placed
in a dialysis tube (molecular cut-off=100 kDa) and
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dialyzed against TE at 37�C for up to 72 h in the dark. The
dialysis solution was changed after 3 h and then every10 h
thereafter. The fluorescence of the sample was measured at
the indicated times. Since FITC decomposed spontan-
eously with a half-life of �183 h under the present condi-
tions, the FITC signal of the remaining DPCs was
corrected for a spontaneous decay. Free FITC-labeled
bovine serum albumin and histone H2A were dialyzed
out of the tube almost completely (>95%) within 6 h
under these conditions. The stability of DPCs was
analyzed based on a two-component model, whereby
unstable and stable DPCs decay exponentially following
the first-order kinetics. The compositions and half-lives of
the two components were calculated by regression analysis
using DeltaGraph version 5 (Red Rock Software).

Proteinase K treatment of DPCs

FITC-labeled DNA (typically 30–50mg) was incubated with
1.5mg of proteinase K (Wako) in PB at 37�C for 30min.
After treatment, the sample was dialyzed against cold PB
using a dialysis tube with a molecular cut-off=100kDa
for 6 h and measured for fluorescence.

Analysis of DNA double-strand breaks

The excised tumor was disaggregated by stirring for
20min at 37�C in PBS containing 0.05% trypsin and
0.02% EDTA. DNA double-strand breaks (DSBs) in
dispersed cells were analyzed by static-field gel electro-
phoresis as described previously (37,39). The fraction of
DNA released from the plug relative to total DNA (i.e.
released and retained DNA) was used as a measure of
DNA DSBs.

RESULTS

Outline of the direct DPC detection methods

We developed two formats of the direct DPC detection
method based on the FITC labeling of CLPs: fluorometric
analysis and western blotting analysis using anti-FITC
antibodies (Figure 1). The genomic DNA is purified from
cells or tissues by CsCl density gradient centrifugation.
Although we used two cycles of CsCl density gradient cen-
trifugation to ensure the complete removal of free proteins,
one cycle of DNA purification is generally sufficient for
DPC detection. The DNAazol-based method may be an al-
ternative choice for the purification of DPC-containing
DNA (22,40). The CLPs in purified DNA are selectively
labeled by FITC, which reacts with the primary amines of
proteins but not the aromatic amines of DNA bases. Free
FITC can be completely removed by the simple ethanol pre-
cipitation of DNA. In the fluorometric format, DPCs are
quantified by directlymeasuring the fluorescence of a known
amount of DNA (typically 30mg). This method resembles
the colorimetric quantitation of proteins. In the western
blotting format, DNA (typically 0.3mg) is slot-blotted
onto a nitrocellulose membrane and incubated with an
anti-FITC antibody followed by an HRP-conjugated sec-
ondary antibody. DPCs are quantified by measuring the
chemiluminescence. As demonstrated below, the two
methods yielded consistent results for the detection of
DPCs induced by aldehydes and ionizing radiation.

DPC induction can be detected at physiologically
relevant aldehyde doses

We first measured the sensitivity of MRC5-SV and HeLa
cells to aldehydes to determine the physiologically relevant

Figure 1. Outline of the direct methods of DPC detection. After treatment with aldehydes or ionizing radiation, genomic DNA is purified from cells
or tissues using CsCl density gradient centrifugation. The CLPs in purified DNA are selectively labeled by FITC, and unbound FITC is removed by
the ethanol precipitation of DNA. In the fluorometric format, DPCs are quantified by directly measuring the fluorescence of a known amount of
DNA (typically 30 mg). In the western blotting format, DNA (typically 0.3 mg) is slot-blotted onto a nitrocellulose membrane and incubated with an
anti-FITC antibody followed by the HRP-conjugated secondary antibody. DPCs are quantified by measuring the resultant chemiluminescence.
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dose ranges. Cells were treated with aldehydes for 3 h and
their sensitivities were analyzed using the colony forming
assay. Typical survival curves of MRC5-SV cells are
shown in Supplementary Figure S1. The LD10 values
(mM) were determined from the survival curves and are
summarized in Table 1. The LD10 values for HeLa cells
were similarly determined and are also listed in Table 1.
ACR, CAA and GA exhibited strong cytotoxicity to both
cell types (LD10: 5.6–16 mM), whereas CRA, FA and PEN
exhibited weak cytotoxicity (LD10: 110–220 mM). Since
MRC5-SV and HeLa cells share common aldehyde
sensitivities, we used MRC5-SV cells for subsequent
assays of DPCs.

To analyze DPC induction in the genome, MRC5-SV
cells were treated with aldehydes at LD10. DNA was
isolated from the cells immediately after treatment and
assayed for DPCs using fluorometric and western
blotting formats. Both methods clearly revealed the

induction of DPCs in the genome (Figure 2A and B)
and the signals from the two methods exhibited a good
correlation (Figure 2C). The fluorescence (Figure 2A) and
chemiluminescence (Figure 2B) signals of treated cells
were on average 10-fold greater than those of untreated
control cells, showing that DPC-induction by aldehydes
can be monitored at physiologically relevant doses. It is
unknown whether the background signals for untreated
control cells are due to endogenous DPCs or the
non-specific background associated with FITC labeling.
FA induced more DPCs than the other aldehydes, but
there was a relatively small variation in the yields of
DPCs among the aldehydes, indicating that the equitoxic
doses of aldehydes induce the comparable amounts of
genomic DPCs. To verify that the signals in the present
assays were derived from DPCs, FITC-labeled DNA from
aldehyde-treated cells were digested with proteinase K for
30min and dialyzed to remove the resulting peptides. This
treatment almost completely eliminated the FITC signal
associated with DNA (�94%; Figure 2D), confirming that
FITC had attached to CLPs.

In vivo kinetics of the elimination of
aldehyde-induced DPCs

Since the induction of DPCs by aldehydes was successfully
detected by the FITC-labeling methods (Figure 2), we
then analyzed the elimination of DPCs in cells.
MRC5-SV cells were treated with aldehydes at LD10 and
incubated for up to 12 h in fresh medium. DNA was
isolated from cells after 0, 6 and 12 h of postincubation,
and assayed for DPCs using the fluorometric and western
blotting formats. The two methods yielded consistent

Figure 2. Detection of DPC induction by aldehydes using fluorometric and western blotting formats. MRC5-SV cells were treated with aldehydes at
LD10 (Table 1). DNA was isolated from the cells immediately after treatment and assayed for DPCs using (A) fluorometric and (B) western blotting
formats. (C) Correlation between fluorometric and western blotting signals. Western blotting signals for aldehydes (panel B) are plotted against the
corresponding FITC signals (panel A). (D) Release of the FITC signal (fluorescence) associated with DNA after treatment with proteinase K. Data
points of panels A and B are means of three independent experiments with standard deviation, and those in panel D are based on a single
experiment.

Table 1. LD10 values of aldehydes for MRC5-SV and HeLa cells

Aldehydes LD10 (mM)

MRC5-SV HeLa

ACR 5.8 16
CAA 5.6 11
CRA 110 130
GA 7.1 11
FA 220 220
PEN 200 110
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results. Figure 3A shows the time-dependent changes in
the percentage of remaining DPCs (measured by fluorom-
etry). With all aldehydes, the amount of DPCs decreased
with postincubation time, but their changes did not follow
a simple exponential decay, as was expected from the
spontaneous hydrolysis (4,41–43) or excision repair of
DPCs, suggesting the delayed formation of DPCs after
removing aldehydes from the culture media. The
apparent half-lives with 50% of the DPCs remaining
were 8.2 h (ACR), 7.5 h (CAA), 8.4 h (CRA), 7.2 h (GA),
4.8 h (FA) and 5.7 h (PEN) (Figure 3A, Table 2).
According to the SDS–PAGE analysis of heat-liberated
CLPs, histones seem to be the major proteins that were
crosslinked by FA and ACR (Supplementary Figure S2)
(44). To elucidate whether the active repair of DPCs by
NER was involved in the elimination of DPCs, the
time-dependent changes in DPCs for selected aldehydes
(CAA and FA) were followed by the western blotting

format using NER-proficient MRC5-SV and NER-
deficient XP12RO (XPA) cells. The two types of cell ex-
hibited similar DPC elimination kinetics (Figure 3B)
strongly suggesting that NER does not play a role in the
removal of genomic DPCs. This result is consistent with
the findings from both our and other laboratories of the
negligible involvement of NER in the repair of DPCs in
mammalian cells (16,21,41). Interestingly, mammalian
cells deficient in XPF that is responsible for the 50-
incision in NER are sensitive to FA, but whether XPF
plays a role in the context of NER or other repair mech-
anisms remains to be elucidated (16,45). Yeast cells
deficient in NER factors that correspond to mammalian
XPC and XPF are also sensitive to acute high-dose
FA treatment (but not to chronic low-dose FA treatment).
However, the NER-deficient yeast cells exhibit a simi-
lar rate of elimination of FA-induced DPCs as
wild-type cells (46). Thus, it remains to be seen whether

Figure 3. In vivo kinetics of the elimination of aldehyde-induced DPCs. (A) Elimination of genomic DPCs after treatment with aldehydes. MRC5-SV
cells were treated with the indicated aldehydes at LD10 (Table 1) and incubated in fresh medium. DNA was isolated from cells after 0, 6 and 12 h of
postincubation, and assayed for DPCs using the fluorometric format. (B) Elimination of aldehyde-induced genomic DPCs in NER-proficient
MRC5-SV (WT) and NER-deficient XP12RO (XPA) cells. Experiments were performed with selected aldehydes (CAA and FA) as described for
panel A. DPCs were detected using the western blotting format. Data points of panels A and B are means of three independent experiments with
standard deviation.

Table 2. In vitro half-lives and initial compositions of unstable and stable DPCs induced by aldehydes and C-ion beams

Agents Half-life (h) Composition (%) Apparent half-life (h)a

Unstable Stable Unstable Stable In vitro In vivo Ratio

Aldehydes
ACR 5.4 26.9 23.8 76.2 18.2 8.2 2.2
CAA 5.4 26.6 26.7 73.3 17.0 7.5 2.3
CRA 2.4 23.9 16.1 83.9 17.9 8.4 2.1
GA 5.3 24.1 12.1 87.9 20.2 7.2 2.8
FA 6.8 103.5 90.4 9.6 8.0 4.8 1.7
PEN 6.6 54.1 59.6 40.4 12.4 5.7 2.2

Ionizing radiation
C-ion 10.7 3.5� 104 40.1 59.9 – – –

aApparent in vivo and in vitro half-lives for aldehydes were determined from Figures 3 and 4, respectively. In vitro half-lives for C-ion beams were
determined from Figure 7B. The ratio indicates the value of apparent in vitro half-life/apparent in vivo half-life.
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cells have repair mechanisms whereby DPCs are actively
removed from the genome.

Aldehydes induce two types of DPC with distinct
stabilities

To obtain insights into the characteristics of
aldehyde-induced DPCs, the in vitro stability of DPCs
was analyzed. DNA isolated from cells immediately after
treatment at LD10 was labeled with FITC and incubated in
TE buffer (pH 7.4) at 37�C, with dialysis (molecular
cut-off=100 kDa) against the same buffer to separate
the proteins released from DNA. The remaining DPCs
were quantified by measuring the fluorescence of the
sample inside the dialysis tube. The amount of DPCs
decreased with the incubation time (Figure 4).
Interestingly, with all adehydes, the observed DPC decays
were fit better by an exponential model with two compo-
nents than with a single component, suggesting that the
aldehydes had induced two types of DPC with distinct
stabilities, i.e. unstable and stable DPCs. The half-lives
and initial compositions (%) of unstable and stable DPCs
were calculated using a two-component model and are
summarized in Table 2. The half-lives of unstable DPCs
were around 6 h, and those of stable ones were around
25 h [except for FA (103.5 h) and PEN (54.1 h)]. More im-
portantly, stable DPCs were the major initial component
for ACR, CAA, CRA and GA (73.3–87.9%), whereas
unstable DPCs for FA and PEN (90.4 and 59.6%). Thus,
the apparent in vitro half-lives (Table 2) primarily correlate
with the initial yield of dominant DPC species. The
apparent in vitro half-lives were consistently about 2-fold
greater than apparent in vivo half-lives (Table 2) determined
from Figure 3, implying that more and/or stronger

nucleophiles are involved in the hydrolysis of DPCs in
actual cells than in TE buffer.

SCE frequencies increase with increasing DPC levels

We have recently shown that DPCs are tolerated by HR,
such that replication forks stalled by DPCs undergo
breakage and are restored by HR (16). Since SCEs are
intimately related to HR associated with fork collapse/
breakage (47), we analyzed the correlation between the
induction of SCEs and DPCs by aldehydes. MRC5-SV
cells were treated at LD10, and SCE induction was
scored (Figure 5A). The SCE frequency was increased
by aldehyde treatment, and there was a positive correl-
ation between the amount of genomic DPCs (data taken
from Figure 2A) and the frequency of SCEs (Figure 5B).
This observation is consistent with the finding that DPCs
are processed by HR (16), when they are not reversed by
spontaneous hydrolysis. Aldehydes produce DNA
base-aldehyde adducts together with DPCs. However, it
is unknown whether such adducts induce SCEs. In
contrast, DPCs induced not only by aldehyde (FA) but
also by 5-aza-20-deoxycytidine result in replication fork
breakage (16), which triggers HR and hence can lead to
SCEs. Accordingly aldehyde-induced DPCs are at least in
part responsible for the observed SCEs, while the role of
DNA base-aldehyde adducts in SCE induction remains to
be elucidated.

DPCs are preferentially formed in hypoxic tumors upon
irradiation with C-ion beams

C-ion beams are successfully used in cancer therapy due to
their enhanced biological effectiveness and improved
beam focusing (48,49). With X-rays, DPCs are

Figure 4. In vitro kinetics of the elimination of aldehyde-induced DPCs. DNA isolated from cells immediately after aldehyde treatment (LD10) was
labeled with FITC and incubated in TE buffer (pH 7.4) at 37�C, with dialysis against the same buffer (molecular cut-off=100 kDa) to separate the
proteins released from DNA. The remaining DPCs were quantified by measuring the fluorescence of the sample inside the dialysis tube. The
percentage of remaining DPCs for the indicated aldehydes is plotted against the incubation time. Data points are means of two dialysis experiments.
Regression curves based on a two-component exponential model are shown by the solid line. The parameters of the regression curves (half-life and
initial composition) are listed in Table 2. Note that the rates of loss of DPCs were lower during ultracentrifugation and dialysis at 20 and 4�C,
respectively, than the rates measured at 37�C (see ‘Discussion’ section and Supplementary Figure S3 and Supplementary Table S1).
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preferentially formed under hypoxic conditions (26).
Keeping these in mind, we irradiated normoxic and
hypoxic SCC VII mouse tumors with C-ion beams and
analyzed the formation of DPCs and DNA DSBs by the
FITC-labeling methods and static-field gel electrophoresis,
respectively. The tumors implanted in mouse hind legs
were rendered hypoxic by constricting the blood flow for
15min before irradiation. Figure 6A shows the induction
of DNA DSBs measured immediately after the irradiation
of normoxic and hypoxic tumors. Consistent with the
known oxygen effect on DSB formation (8), DNA DSBs
were formed more efficiently in normoxic than hypoxic
tumors. The oxygen enhancement ratio of DSB induction
was 2.4. Figure 6B and D show the induction of DPCs
measured by the fluorometric and western blotting
formats, respectively. Both analyses showed that DPCs
were formed more efficiently in hypoxic than normoxic
tumors. According to the slopes of the dose-response
plots, the induction rate of DPCs was greater in hypoxic
tumors than in normoxic ones by a factor of 4.4

(fluorometry) or 3.3 (western). There was a good correl-
ation between the results of fluorometric and western
blotting analyses (Figure 6E). The fluorescence signal
was almost completely lost (�94%) after digestion of
FITC-labeled purified DNA with proteinase K,
substantiating that the FITC label was tethered to the
CLPs (Figure 6C).

C-ion beams generate extremely stable DPCs as a
major component

Genomic DPCs induced by aldehydes were relatively
unstable and mostly lost within 12 h in vivo due to spon-
taneous hydrolysis (Figure 3A). We asked whether this is
true for DPCs induced by C-ion beams. Normoxic and
hypoxic SCC VII tumors were irradiated with 40 Gy.
With hypoxic tumors, clumping was removed after irradi-
ation to restore the blood supply. Irradiated mice were
kept for 0, 1, 6 and 18 h, and tumors were excised and
assayed for DPCs. The amounts of DPCs in normoxic
and hypoxic tumors initially decreased to �70% during
6 h of postincubation, but did not change significantly
with further incubation (Figure 7A). After 18 h, 60% of
the DPCs remained, a level that was markedly higher than
those of aldehydes (Figure 3A). Similar time-dependent
kinetics of DPC elimination were obtained by western
blotting assays (data not shown). Thus, C-ion beams
likely generate highly stable genomic DPCs as a major
component. The in vivo half-life of the unstable compo-
nent for normoxic and hypoxic tumors was around 6 h
(graphically determined assuming asymptotic values).
The in vivo half-life of the stable component could not
be determined due to the short incubation time of mice.
The in vitro half-lives of unstable and stable DPCs (pH 7.4
and 37�C) were evaluated using isolated DNA and a
two-component exponential model (Figure 7B) as
described for aldehyde-induced DPCs (Figure 4). The
unstable DPC component had a half-life of 10.7 h, which
is comparable to those of aldehyde-induced DPCs,
whereas the stable DPC component had an essentially
infinite half-life (�35 000 h; Table 2). The initial compos-
itions of unstable and stable DPCs were 40.1 and 59.9%,
respectively. These results suggest that C-ion beams
induce essentially irreversible crosslinks between DNA
and proteins as a major DPC component. Thus, the for-
mation of irreversible crosslinks may be a characteristic of
DPCs induced by C-ion beams (and perhaps other
ionizing radiations).

DISCUSSION

In the present study, we have developed novel methods for
the direct detection of DPCs based on the FITC labeling
of CLPs. The fluorometric and western blotting formats of
detection brought consistent results and were successfully
employed for the analysis of DPCs induced by aldehydes
and ionizing radiation. Although the fluorometric format
requires more DNA (typically 30 mg) than does the
western blotting format (typically 0.3 mg), it provides a
straightforward measurement of DPCs without any
signal amplification steps that could introduce additional

Figure 5. Induction of SCEs by DPCs. (A) MRC5-SV cells were
treated with the indicated aldehydes (LD10) and SCE induction was
scored as described in ‘Materials and Methods’ section. The leftmost
column (Cont) shows the data for untreated control cells. Data are
means of three independent experiments with standard deviation.
(B) Correleation between the level of genomic DPCs and the SCE fre-
quency. The SCE frequencies for aldehydes (panel A) are plotted
against the corresponding amounts of genomic DPCs shown in
Figure 2A.
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signal variations. Conversely, the western blotting format
is highly sensitive and requires much smaller DNA
samples for the assay. DPCs containing a particular
protein can be detected by the western blotting method
using protein-specific antibodies, e.g. DNA cytosine
methyltransferases (50) and topoisomerases (51,52).
However, the present FITC-labeling method allows the
comprehensive detection of CLPs using a single
antibody. The present methods have the advantage of
enabling the linear correlation of the signal intensities of
fluorometric and western blotting analyses with the
amount of DPCs. Such a linear correlation cannot be
obtained by the indirect measurements of DPCs using
alkaline elution, filter binding, SDS/K+ precipitation,
and comet methods. Conversely, indirect methods can
analyze DPCs in cells without the purification of
genomic DNA. Thus, the direct and indirect methods
have partly complementary aspects and can be used as
appropriate, depending on whether quantitative or quali-
tative data are sought. DPCs induced by aldehydes can be
slowly reversed during the isolation of genomic DNA, and
this is also true for unstable DPCs induced by C-ion
beams (Table 2). To estimate the loss of DPCs during
DNA isolation, we measured the stability of DPCs
induced by selected aldehydes at 20�C (ultracentrifugation
step) and 4�C (dialysis and most sample handling steps)
(Supplementary Figure S3). The stabilities of DPCs were

measured as described for those at 37�C (Figure 4). The
total loss of DPCs estimated from the obtained results was
15% for FA-induced DPCs (the most unstable DPCs) and
8% for ACR-induced DPCs (fairly stable DPCs) in DNA
isolation involving one ultracentrifugation (7 h at 20�C
and 24 h at 4�C), and 28% for FA-induced DPCs and
15% for ACR-induced DPCs in DNA isolation involving
two ultracentrifugations (14 h at 20�C and 43 h at 4�C)
(Supplementary Table S1). Thus, the underestimation of
the initial yield of reversible DPCs will be 8–15% and
15–28% for DNA isolations involving one and two ultra-
centrifugations, respectively. Although we used two cycles
of ultracentrifugation to ensure the complete removal of
free proteins in the present study, one cycle is generally
sufficient for DPC detection. This also minimizes the
underestimation of the initial yield of DPCs.
It has been shown that various aldehydes induce DPCs

in cells (4). Here, we have quantified aldehyde-induced
genomic DPCs upon treatment at LD10 concentrations
(Figure 2). Using the data in Figure 2A and Table 1 for
MRC5-SV cells, the in vivo DPC-inducing efficiencies of
aldehydes can be evaluated: CAA (93), GA (68), ACR
(64), CRA (5.0), FA (4.3) and PEN (1.0), where the
numbers in parentheses indicate the relative amounts of
DPCs induced per micromolar of aldehyde. The in vitro
DPC-inducing efficiencies of these aldehydes (except for
CAA) have also been determined using plasmid pUC13

Figure 6. Induction of DNA DSBs and DPCs in normoxic and hypoxic tumors upon irradiation with C-ion beams. Normoxic and hypoxic SCC VII
mouse tumors were irradiated with C-ion beams and excised immediately after irradiation. DNA DSBs and DPCs were analyzed by static-field gel
electrophoresis and the FITC-labeling methods, respectively, as described in ‘Materials and Methods’ section. (A) Dose response plots of the
induction of DNA DSBs. The fraction of DNA released from the plug relative to total DNA (i.e. released and retained DNA) was used as a
measure of DNA DSBs. (B) Dose response plots of the induction of DPCs measured by the fluorometric format. (C) Release of the FITC signal
(fluorescence) associated with DNA after treatment with proteinase K. (D) The same as panel B except that DPCs were measured using the western
blotting format. (E) Correlation between fluorometric and western blotting signals. Western blotting signals for different doses (panel D) are plotted
against the corresponding FITC signals (panel B). The background signals obtained with unirradiated tumors were subtracted in panels A, B and D.
Data points of panels A, B and D are means of the irradiation of three or four mice with standard deviation, and those of panel C are based on a
single experiment.
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and calfthymus histone (53): GA (590), ACR (37), CRA
(0.72), FA (4000) and PEN (1.0), where the reported
DPC-inducing efficiencies (DPCs induced permicromolar
of aldehyde) were standardized relative to that of PEN for
comparison with the in vivo data. Comparison of the
in vivo and in vitro data points to that GA and ACR are
potent DPC-inducers both in vivo and in vitro. In contrast,
CRA and PEN are poor DPC-inducers in vivo and in vitro.
Interestingly, FA is a very potent DPC-inducer in vitro,
but is a poor DPC-inducer in vivo, indicating that FA is
efficiently detoxified by metabolic enzymes and chemical
reactions with cellular constituents such as glutathione
(54). In the present study we systematically analyzed the

in vitro and in vivo half-lives of aldehyde-induced DPCs,
since they have not previously been systematically assessed
in a unified way (41–43,55,56). Although rigorous analysis
of in vivo DPC stability was not possible due to consider-
able data scatter and the delayed formation of DPCs,
precise analyses of in vitro half-lives revealed the induction
of unstable and stable DPCs with half-lives of 2.4–6.8 h
and 23.9–103.5 h, respectively (Table 2). Both types of
DPC will have an immediate impact on transcription,
and stable DPCs will further affect DNA replication,
which resumed 12–15 h after aldehyde treatment (data
not shown). In light of the reactivity of the aldehyde
group, the aldehydes used in the present study likely
react with the side chains of lysine, cysteine and histidine
residues to form adducts. The resulting adducts further
react with the amino group of DNA bases to form
various types of crosslinking bonds, which may have
different stabilities. However, their relation to unstable
and stable DPCs remains to be elucidated.

C-ion beams also produced unstable and stable DPCs
(Figure 7). However, the nature of stable DPCs induced
by C-ion beams was quite different form that of
aldehyde-induced DPCs. Although the exact in vivo
half-life of the stable component could not be evaluated
due to its long half-life (Figure 7A), in vitro analysis
revealed that these DPCs were irreversible with an essen-
tially infinite half-life (Figure 7B, Table 2). The dose range
used here results in an overkill of cells, but is clinically
relevant to the radiation therapy of tumors (57,58).
Although cells irradiated with 40 Gy are non-viable (i.e.
unable to divide), it would require higher doses to
biochemically inactivate DNA repair systems in cells.
Consistent with this notion, we have previously shown
that cells and tumors irradiated with 40 Gy retain a sig-
nificant repair activity for DNA DSBs (37,39), suggesting
that cells remain biochemically active with respect to
repair. It is also noteworthy that the radiation-induced
inactivation doses to reduce the activity to 37% of
DNase I, ribonuclease and alkaline phosphatase in
aqueous solution have been determined to be 100–1000
Gy (59–61). Accordingly it is unlikely, though not conclu-
sive, that the in vivo observation of stable DPCs is a
consequence of the inactivation of DPC repair by irradi-
ation. The in vivo and in vitro half-lives of the
C-ion-induced unstable DPC components were �6 and
10.7 h, respectively. The difference between the two
values is likely attributable to more and/or stronger
nucleophiles prensent in cells than in TE buffer, as was
suggested for aldehyde-induced DPCs (Table 2). Previous
studies have shown that DPCs produced by X- and g-rays
are released with biphasic kinetics. However, the in vivo
half-lives of the two components were 20min–2 h and
2–13 h (26,29,62), and much shorter than those observed
in the present study. Furthermore, the release of DPCs
attributed to repair in these studies at least partially
results from a non-enzymatic process, as demonstrated
by the spontaneous release of unstable DPCs that
accounted for 40% of DPCs (Figure 7B, Table 2). The
exact nature of stable (irreversible) DPCs remains to be
elucidated. Some can be induced by hydroxyl radicals
and likely contain a stable C–C bond between

Figure 7. In vivo and in vitro kinetics of the elimination of DPCs
induced by C-ion beams. (A) In vivo elimination of radiation-induced
DPCs in tumors. Normoxic and hypoxic SCC VII mouse tumors were
irradiated with C-ion beams (40 Gy) and excised after 0, 1, 6 and 18 h
of postincubation. DPCs were analyzed by the fluorometric format.
The percentages of remaining DPCs for normoxic and hypoxic
tumors are plotted against the incubation time. Data points are
means of the irradiation of two mice. Data points are simply connected
without regression analysis. (B) In vitro kinetics of the elimination of
radiation-induced DPCs. DNA isolated from hypoxic tumors immedi-
ately after irradiation (40 Gy) was labeled with FITC and incubated in
TE buffer (pH 7.4) at 37�C, with dialysis against the same buffer (mo-
lecular cut-off=100 kDa) to separate the proteins released from DNA.
The remaining DPCs were quantified by measuring the fluorescence of
the sample inside the dialysis tube. The percentage of remaining DPCs
is plotted against the incubation time. Data points are means of two
dialysis experiments. The regression curve based on a two-component
exponential model is shown by the solid line. The parameters of the
regression curve (half-life and initial composition) are listed in Table 2.

e143 Nucleic Acids Research, 2012, Vol. 40, No. 18 PAGE 10 OF 13



thymine–tyrosine or thymine–lysine, like those identified
in the irradiation of a DNA–nucleohistone mixture (63,64)
and mammalian cells (65,66). The formation of other
types of stable DPC via the direct one electron oxidation
of guanine has also been demonstrated in a model reaction
and a reconstituted nucleosome core particle system
(67,68).

Early studies showed that DPCs are formed preferen-
tially under hypoxic conditions when cultured cells or
tumors/tissues are irradiated with X- and g-rays
(26,69–71). However, the direct quantitative comparison
of DPC-induction efficiencies under normoxic and
hypoxic conditions is rather difficult, albeit not impossible,
since DPCs were quantified by indirect methods (alkaline
elution and filter binding) in these studies. The present
result demonstrated that DPCs were preferentially but
not exclusively formed in hypoxic tumors. The induction
of DPCs in normoxic tumors was 23–30% relative to
hypoxic tumors (Figures 6B and D). Implanted SCC VII
tumors with a 10mm diameter (used in this study) are
reported to contain an 8.5% hypoxic fraction (72). Thus,
the observed DPC-formation efficiency in normoxic
tumors is slightly but significantly greater than that
simply expected from the fraction of hypoxic cells,
indicating the DPC formation in the normoxic fraction of
cells in the tumor. It remains to be elucidated whether the
detection of DPC formation in normoxic tumors is due to
improvement of the detection method in this study, or is
related to the radiation quality, i.e. sparsely ionizing X- and
g-rays versus densely ionizing C-ion beams. Densely
ionizing radiations such as accelerated nitrogen and neon
ions and a particles induce DPCs in mammalian cells
(73–75), but no conclusive results have been obtained
regarding the relationship between DPC induction and
radiation quality such accelerated ions and LETs.

The long lasting DPCs induced by ionizing radiation or
aldehydes are not repaired by NER (16), and they stall
replication and transcription. The replication forks stalled
by DPCs are likely reactivated by HR to continue DNA
synthesis through DPCs as proposed from our previous
(11,13,16) and present (Figure 5) studies. Although HR is
generally an error-free process, futile cycles of HR at
DPCs over many cell cycles may accidentally result in er-
roneous recombinations. The transcriptional arrest by
persisting DPCs may attenuate the expression of
proteins that are essential for cell function. Both events
exert adverse effects on cells.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–3 and Supplementary Table 1.
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