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Repair pathways independent of the Fanconi anemia nuclear core complex play
a predominant role in mitigating formaldehyde-induced DNA damage

Taichi Noda P, Akihisa Takahashi?, Natsuko Kondo ¢, Eiichiro Mori?, Noritomo Okamoto ¢, N
Yosuke Nakagawa ¢, Ken Ohnishif, Matgorzata Z. Zdzienicka8, Larry H. Thompson ", Thomas Helleday "/,

Hideo AsadaP®, Takeo Ohnishi “*

2 Department of Biology, School of Medicine, Nara Medical University, 840 Shijo-cho, Kashihara, Nara 634-8521, Japan

b Department of Dermatology, School of Medicine, Nara Medical University, 840 Shijo-cho, Kashihara, Nara 634-8521, Japan

€ Particle Radiation Oncology Research Center, Research Reactor Institute, Kyoto University, Kumatori-cho, Sennan-gun, Osaka 590-0494, Japan

d Department of Otorhinolaryngology, School of Medicine, Nara Medical University, 840 Shijo-cho, Kashihara, Nara 634-8521, Japan

€ Department of Oral and Maxillofacial Surgery, School of Medicine, Nara Medical University, 840 Shijo-cho, Kashihara, Nara 634-8521, Japan
fDepartment of Biology, Ibaraki Prefectual University of Health Sciences, 4669-2 Ami, Ami-mati, Inasiki-gun, Ibaraki 300-0394, Japan

& Department of Molecular Cell Genetics, Collegium Medicum in Bydgoszcz, Nicolaus-Copernicus-University in Torun, ul. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, Poland
" Biosciences and Biotechnology Division, L452, Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA 94551-0808, USA

i Gray Institute for Radiation Oncology and Biology, University of Oxford, Old Road Campus Research Building, Off Roosevelt Drive, Oxford 0X3 7DQ, UK
I Department of Genetics, Microbiology and Toxicology Stockholm University, SE-106 91 Stockholm, Sweden

K Department of Radiation Oncology, School of Medicine, Nara Medical University, 840 Shijo-cho, Kashihara, Nara 634-8521, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 19 November 2010
Available online 25 November 2010

The role of the Fanconi anemia (FA) repair pathway for DNA damage induced by formaldehyde was exam-
ined in the work described here. The following cell types were used: mouse embryonic fibroblast cell lines
FANCA /=, FANCC/~, FANCA~/~C~/~, FANCD2 /= and their parental cells, the Chinese hamster cell lines
FANCD1 mutant (mt), FANCGmt, their revertant cells, and the corresponding wild-type (wt) cells. Cell sur-

Keywords: vival rates were determined with colony formation assays after formaldehyde treatment. DNA double
FANCL::] hvd strand breaks (DSBs) were detected with an immunocytochemical YH2AX-staining assay. Although the sen-
FD(E;\n?epzig' € sitivity of FANCA~/~, FANCC~/~ and FANCA~/~C~/~ cells to formaldehyde was comparable to that of profi-

cient cells, FANCD1mt, FANCGmt and FANCD2 /- cells were more sensitive to formaldehyde than the
corresponding proficient cells. It was found that homologous recombination (HR) repair was induced by
formaldehyde. In addition, YH2AX foci in FANCD1mt cells persisted for longer times than in FANCD1wt cells.
These findings suggest that formaldehyde-induced DSBs are repaired by HR through the FA repair pathway
which is independent of the FA nuclear core complex.

Cross-link damage

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Formaldehyde is an aliphatic monoaldehyde, highly reactive,
and a human carcinogen [1]. Formaldehyde is used as industrial
applications, disinfectant, embalming agent, and miscellaneous
applications. In view of its widespread use and toxicity, exposure
to formaldehyde is a significant consideration for human health.
Formaldehyde induces the formation of DNA-protein cross-links
(DPCs) in target tissues. It has been reported that incomplete repair
of formaldehyde-induced DPCs can lead to the formation of
mutations, in particular chromosome mutations and micronuclei
in proliferating cells [2]. It has been found that transcription-
coupled repair (TCR)/nucleotide excision repair (NER) pathways

* Corresponding author. Fax: +81 81 744 25 3434.
E-mail address: tohnishi@naramed-u.ac.jp (T. Ohnishi).

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.11.094

are involved in repairing formaldehyde-induced DPCs [3]. Cellular
pathways for DNA repair and/or tolerance of DPCs proceeds via the
formation of NER-dependent single-strand break (SSB) intermedi-
ates [4]. In past studies, it has been also detected the formalde-
hyde-induced DSBs [5]. Homologous recombination (HR), but not
NER, plays a pivotal role in the tolerance to DPCs in mammalian
cells [6]. This implies that there may be two pathways for the
repair of DPCs.

Fanconi anemia (FA) repair or DSB repair pathways are involved
in the repair of DNA damage induced by alkylating agents [7-10].
FA is characterized by developmental abnormalities, susceptibility
to certain cancers, and a sensitivity to DNA-DNA cross-linking
agents [11]. Although the FA pathway was initially characterized
with regard to the repair of DNA cross-linking agents [11], addi-
tional studies have found an increasingly detailed involvement in
general recombination repair and in the resolution of replication
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arrest [12-14]. The regulation of the FA pathway is subject to an
intricate system of control, and thirteen FA genes have now been
identified [11], but the precise function of many of the FA proteins
still remains to be elucidated. FANCD1 has been identified as the
breast cancer susceptibility protein BRCA2 [15] which regulates
RAD51 in HR repair [16]. The FA proteins (A, B, C, E, F, G, L and
M), together with the novel FA elements FAAP24/100, are subunits
of a nuclear core complex required for the monoubiquitylation of
FANCD2 [17,18]. It has been confirmed that FANCD2 and other
FA proteins, including FANCG, promote HR repair [15,19-21].

The present study was designed to examine which specific com-
ponents of the FA repair pathway significantly contribute to form-
aldehyde sensitivity. The activity of the components of the FA
repair pathway (FANCA, FANCC, FANCD1, FANCD2 and FANCG)
leading to repair of DNA damage induced by formaldehyde was as-
sessed using colony forming assays. The cells used in this study
consisted of a panel of mouse embryonic fibroblasts (MEF) and Chi-
nese hamster cell lines defective in specific components of the FA
repair pathways.

2. Materials and methods
2.1. Cell lines

MEF cell lines from FANC wild-type (wt) and deficient cells
(FANCwt, FANCA~/~, FANCC~/~, FANCA~/-C~/~ and FANCD2 /")
cells [22] were obtained from the Fanconi Anemia Cell Repository,
Oregon Health and Science University (Portland, OR, USA). The Chi-
nese hamster lung fibroblast cell lines used in this study were: V79
(FANCD1wt), V-C8 (FANCD1 mutant (mt)), V-C8 + FANCD1
(FANCD1 revertant (rev), V-C8 containing a BAC with the murine
FANCD1 gene) [23,24]. The Chinese hamster ovary cell lines used
in this study were: AA8 (FANCGwt), KO40 (FANCG null mt),
40BP6 (FANCGrev, complemented with genomic Chinese hamster
FANCG) [25], and SPD8 [26]. All cells were cultured in DMEM-10
[Dulbecco’s modified Eagle’s medium containing 10% (v/v) fetal bo-
vine serum, 20 mmol/l 2-[4-(2-hydroxyethyl)-1-piperazinyl] eth-
anesulfonic acid, penicillin (50 units/ml), streptomycin (50 pg/
ml), and kanamycin (50 pg/ml)]. The cells were cultured at 37 °C
in a conventional humidified CO, incubator.

2.2. Drug treatments

Formaldehyde (Nacalai Tesque, Kyoto, Japan) was dissolved at a
stock concentration of 10 mM in medium. Cells were exposed to
medium containing formaldehyde at various concentrations for
1 h or 4 days and then rinsed twice with PBS.

2.3. Cell survival

Cell survival was measured using a standard clonogenic survival
assay as previously described [27]. The sensitivity of each cell line
was assessed from its Dsq value, i.e. from the formaldehyde dose
that reduced cell survival to 50%. In order to accurately compare
formaldehyde sensitivities in the repair defective cell lines, the
relative Dsqg values were normalized using the Dsqy value of the
corresponding proficient cell lines.

2.4. Recombination assay

SPD8 cells were grown in the presence of 5 pig/ml 6-thioguanine
in order to reduce the frequency of spontaneous reversions prior to
treatments. The protocol for the reversion assay [26] with SPD8
cells involved the inoculation of flasks (75 cm?) with 1.5 x 10° cells
in DMEM 4 h prior to a 24 h treatment period in a humidified 5%

CO, incubator. After a 50 uM formaldehyde treatment, the cells
were rinsed three times with 10 ml of PBS, and 30 ml of DMEM
was added to the cells, and they were to allow to recover from
the treatment for 48 h. Selection of revertants was performed by
plating three dishes/group (3 x 10> cells/dish) in the presence of
hypoxanthine-L-azaserine-thymidine (HAsT; 50 mM hypoxan-
thine, 10 mM r-azaserine, 5 mM thymidine). Two dishes containing
500 cells each were plated for cloning. All plates were fixed. The
cloning plates were harvested after 8 days of growth, and colonies
were fixed with methanol and stained with a 2% Giemsa solution.
The cells on the selection plates were grown for 10 days before
fixation.

2.5. Histological study of histone H2AX phosphorylation

Mouse anti-phospho-H2AX (ser139) monoclonal antibodies
(Upstate Biotechnology, Lake Placid, NY, USA) were used to detect
YH2AX foci. The immunocytochemical methods have been
described in detail previously [28,29]. YH2AX foci were observed
with anti-yH2AX antibodies (green) and nuclei were stained with
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI) (blue).

2.6. Flow cytometry analysis of H2AX phosphorylation at ser139

To determine the extent of phosphorylation of H2AX at ser139,
samples were analyzed using a flow cytometer (Becton Dickinson,
San Jose, CA, USA) as previously described [28,29]. Mean values of
YH2AX expression (MV) were calculated according to the formula
MV = Mx - Mc, where Mx is the mean yYH2AX fluorescence at
30 min after treatment, and Mc is the mean yYH2AX fluorescence
in untreated controls.

2.7. Statistical analysis

Statistical analyses were performed using the Student’s t-test.

3. Results

3.1. Repair genes which respond to formaldehyde-induced DNA
damage

Cellular responses to formaldehyde were examined using colony
formation assays. The formaldehyde sensitivity of FANCA~/~, FANCC~/
~ and FANCA~/~C~/~ cells was comparable to that seen in proficient
cells (Fig. 1A). On the other hand, FANCD1mt, FANCGmt and
FANCD2 /- cells were more sensitive to formaldehyde than the cor-
responding proficient cells (Fig. 1A). The relative Dsq values after
exposure to formaldehyde are: FANCD1mt cells (0.45) =2 FANCGmt
cells (0.50)=FANCD2 /= cells (0.52)<<FANCA~/-C/~ cells
(0.78) =~ FANCA~/~ cells (0.80) = FANCC~/~ cells (0.82) (Fig. 1B).

3.2. Frequency of HR induced by formaldehyde

Since HR repair resembles the FA repair pathway through a step
involving FANCD1, it is of interest to know whether HR in SPD8
cells is specifically induced by formaldehyde. After exposure to
50 uM formaldehyde, HR frequencies increased by a factor of 2.4
when compared to control cells (Fig. 2).

3.3. Immunocytochemical staining of YH2AX foci
YH2AX immunocytochemical staining, a very sensitive method

of detecting DSBs, was used to examine the presence of YH2AX
foci. Fig. 3 shows a typical photograph of YH2AX foci in FANCD1wt
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Fig. 1. Cellular sensitivity to formaldehyde. Panel A: (i) closed circles, FANCA*/* cells; open circles, FANCA ™/~ cells. (ii) Closed circles, FANCC*'* cells; open circles, FANCC/
cells. (iii) Closed circles, FANCA**C*'* cells; open circles, FANCA~/~C~/~ cells. (iv) Closed circles, FANCD2*/* cells; open circles, FANCD2 '~ cells. (v) Closed circles, FANCDwt
cells; closed triangles, FANCDrev; open circles, FANCDmt cells. (vi) Closed circles, FANCGwt cells; closed triangles, FANCGrev; open circles, FANCGmt cells. Each point
represents the mean of three independent experiments. Panel B: relative Dsq values (% compared to proficient cells) for formaldehyde sensitivity.
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Fig. 2. Formaldehyde-induced HR repair in SPD8 cells. The reversion frequency
from a non-functional to a functional hprt gene, giving resistance to HaST following
a 24 h treatment with 50 uM formaldehyde is shown. Columns show the mean of
two independent experiments; bars indicate the SD. An asterisk (*) indicates the
differences are statistically significant (P < 0.05).

and FANCD1mt cells after a 1h treatment with 500 uM form-
aldehyde.

3.4. Phosphorylation of histone H2AX

Since it is difficult to quantify YH2AX-positive foci, the intensity
of the YH2AX signals was assayed with flow cytometry. When cells
were fixed immediately after a 1 h treatment with formaldehyde,
the dose-response for YH2AX was similar in FANCD1wt cells and
FANCD1mt cells (Fig. 4A). There was no significant difference in
the number of YH2AX foci induced by formaldehyde in FANCD1wt

cells and FANCD1mt cells (Fig. 4A). There were also no large
changes at 24 h after formaldehyde exposure in FANCD1mt cells.
On the other hand, in FANCD1wt cells, the number of YH2AX
foci decreased by approximately 45% shortly after processing
(Fig. 4B).

4. Discussion

The aim of this study was to determine which FA proteins play
important roles in the repair of formaldehyde-induced DNA dam-
age. FANCA and FANCC appear to play only minor roles in the repair
pathway for formaldehyde-induced DNA damage (Fig. 1) while
FANCD1, FANCG, and FANCD2 appear to be more important
(Fig. 1). The data obtained here agree with recent reports showing
that FANCD1 or FANCD2 deficient DT-40 (chicken) cells and FANCG
deficient human cancer cells are hypersensitive to formaldehyde
[30]. In addition, these results are consistent with previous studies
which examined the sensitivity of these cells to another cross-
linking agent (mitomycin C) or methylating agent (methylmethane-
sulfonate) [25,27]. Formaldehyde-induced DNA damage may be
repaired through the FA repair pathway which is independent of
the FA nuclear core complex. Recently, it has been found that
FANCD?2 interacts with FANCD1 independently of the FA nuclear
core complex [31]. In addition, FANCG has a role which is indepen-
dent of the FA nuclear core complex. Once FANCG is phosphorylated
at serine 7, it forms a complex comprising FANCD1, FANCD2, FANCG,
and XRCC3, in this complex promotes HR repair [31]. In fact, it was
found that HR repair was induced by formaldehyde (Fig. 2). The data
obtained here are in agreement with recent reports that HR repair
plays a pivotal role in the repair of formaldehyde-induced DPCs in
mammalian cells [6]. Although it was not detected the accumulation
of formaldehyde-induced DSBs using pulsed-field gel electro-
phoresis [4], it is currently believed that the detection method
used in these studies is not sufficiently sensitive. Visualization of
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Fig. 3. Typical photographs of YH2AX in FANCD1wt and FANCD1mt cells after a 1 h treatment with 500 uM formaldehyde. (a-f) FANCD1wt cells; (g-1), FANCD1mt cells; (a-c)

and (g-1) show YH2AX; (d-f) and (j-1) are stained with DAPIL.
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Fig. 4. Flow cytometry analysis of H2AX phosphorylation induced by formaldehyde. (A) mean values of YH2AX intensity vs. dose immediately after a 1 h treatment with
formaldehyde. (B) mean values of YH2AX intensity at times after a 1 h treatment with 500 pM formaldehyde. The relative inducible YH2AX levels at different time points
were normalized against the YH2AX levels measured immediately after treatment. Closed circles, FANCD1wt cells; open circles, FANCD1mt cells. Three asterisks (***) indicate

the difference is statistically significant at P < 0.001.

formaldehyde-induced DSBs in the nuclei of cells was achieved by
utilizing immunocytochemical methods with antibodies recogniz-
ing YH2AX (Fig. 3). This assay is extremely sensitive and is a specific
indicator for the existence of a DSB [32,33]. Analysis of the post-
treatment kinetics of YH2AX fluorescence with flow cytometry re-
vealed a pattern suggesting that damage is processed more slowly
in FANCD1mt cells than in FANCD1wt cells (Fig. 4B).

In conclusion, these findings support the idea that formalde-
hyde-induced DSBs may be repaired by HR through the FA repair
pathway which functions independently of the FA nuclear core
complex.
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