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Abstract
Formaldehyde is a reactive chemical that is commonly used in the production of industrial,
laboratory, household, and cosmetic products. The causal association between formaldehyde
exposure and increased incidence of cancer led the International Agency for Research on Cancer
to classify formaldehyde as a carcinogen. Formaldehyde-induced DNA-protein crosslinks (DPCs)
elicit responses involving nucleotide excision repair (NER) and homologous recombination (HR)
repair pathways; however, little is known about the cellular and genetic changes that subsequently
lead to formaldehyde-induced genotoxic and cytotoxic effects. Herein, investigations of genes that
modulate the cytotoxic effects of formaldehyde exposure revealed that of five NER-deficient
Chinese Hamster Ovary (CHO) cell lines tested, XPF- and ERCC1-deficient cells were most
sensitive to formaldehyde treatment as compared to wild-type cells. Cell cycle analyses revealed
that formaldehyde-treated XPF-deficient cells exhibited an immediate G2/M arrest that was
associated with altered cell ploidy and apoptosis. Additionally, an elevated number of DNA
double-strand breaks (DSBs), chromosomal breaks and radial formation were also observed in
XPF-deficient cells following formaldehyde treatment. Formaldehyde-induced DSBs occurred in a
replication-dependent, but an XPF-independent manner. However, delayed DSB repair was
observed in the absence of XPF function. Collectively, our findings highlight the role of an XPF-
dependent pathway in mitigating the sensitivity to formaldehyde-induced DNA damage as
evidenced by the increased genomic instability and reduced cell viability in an XPF-deficient
background. In addition, centrosome and microtubule abnormalities, as well as enlarged nuclei,
caused by formaldehyde exposure are also demonstrated in a repair-proficient cell line.
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1. Introduction
Formaldehyde is a common environmental and occupational pollutant. Recently,
formaldehyde exposure has raised significant concern due to mounting evidence suggesting
its carcinogenic potential and serious effects on human health [1]. While data supporting the
carcinogenic potential of formaldehyde remain controversial, cellular and cytogenetic
studies consistently demonstrate that formaldehyde induces mutations and chromosomal
damage in both mammalian and Escherichia coli (E. coli) cells [2–5]. In both cellular and
human studies, formaldehyde exposure is associated with increased levels of chromosomal
aberrations, sister chromatid exchange and micronuclei formation [6–11]. Increased ring and
dicentric chromosomes were also observed in lymphocytes of workers exposed to
formaldehyde [12].

In order to mechanistically understand the basis of formaldehyde-induced genomic
instability, the formation, persistence, tolerance, and processing of the DNA damage caused
by exposure to formaldehyde must be elucidated. It is believed that the primary genotoxic
DNA lesions generated following formaldehyde exposure are DNA-protein crosslinks
(DPCs). DPCs have been detected in cultured mammalian cells, in the respiratory tract of
rats, and in human populations following exogenous formaldehyde exposure [2, 13–15]. The
mutagenic potency and mechanisms of DPC-induced genotoxicity remain unclear.
Advancements in the creation of synthetic and site-specific DPC-containing DNAs are
improving the experimental assessment of these mechanistic details, including the
elucidation of DNA repair pathways that are important for cell survival following exposure
to DPC-inducing agents such as formaldehyde [16–18]. Several studies have investigated
the relative contribution of the homologous recombination (HR) and nucleotide excision
repair (NER) pathways in repair and tolerance of DPCs at the cellular level [19–23]. A
formaldehyde cytotoxicity screen of the non-essential yeast gene deletion library
demonstrated that under low dose, chronic exposure conditions, HR is the primary pathway
that confers resistance to formaldehyde-induced DNA lesions; while following acute, high
dose exposure, the NER pathway becomes critical for cell survival [21]. Specifically, it was
shown that the rad1 (yeast homolog of human XPF), rad4 (yeast homolog of human XPC),
and rad14 (yeast homolog of human XPA) genes of the NER pathway are critical for
survival. Interestingly, in the mammalian cell study by Nakano et al (2009), the
formaldehyde sensitivities of both Rad51- (HR-related) and XPF- (NER- and interstrand
crosslink (ICL) repair-related) deficient cells were similar. Together, these data suggest that
the role of HR and XPF in the prevention of formaldehyde-induced cytotoxicity is conserved
from yeasts to mammals [21].

Despite the evidence that NER and HR are important for survival following DPC-induction,
the molecular events leading to the cytotoxicity and genotoxicity are not well understood.
This study was designed to investigate the genotoxic events induced by formaldehyde in
DNA repair-deficient and proficient cell lines. We show that the function of XPF is critical
in preventing formaldehyde-induced alterations that may lead to genome instability and cell
death.
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2. Materials and methods
2.1. Cells and culture conditions

AA8 (wild-type), UV20 (ERCC1-deficient), UV5 (XPD-deficient), UV24 (XPB-deficient),
UV135 (XPG-deficient), and UV41 (XPF-deficient) Chinese hamster ovary (CHO) cells
(purchased from ATCC) were used in this study. Rad51D (Rad51-deficient) cells were a
kind gift from John Hinz (Washington State University, WA) and Paul Wilson (Brookhaven
National Laboratory, NY). Cells were grown in DMEM supplemented with 10% fetal
bovine serum and antibiotics (ampicillin and streptomycin, Gibco) at 37°C in a 5% CO2
incubator. Cells were arrested at the G1/S phase boundary by treatment with a replication
elongation inhibitor, aphidicolin (1µg/ml) for 17 hr. Synchronized cells were allowed a 2 hr
recovery prior to formaldehyde treatment to facilitate the progression of cells into S phase.
For all experiments, subconfluent cultures of cells were treated for 4 hr with various
concentrations of formaldehyde (Fisher Scientific) and harvested at times as indicated.

2.2. Survival assays
For survival assays, 200–300 cells were plated in a 60 mm plate and grown overnight at
37°C prior to formaldehyde treatment. After 7 days, the plates were fixed, stained with
methylene blue diluted in methanol (4 g/L), and the colonies were counted.

2.3. Cell cycle analyses
Cells were harvested, fixed in ice-cold 70% ethanol, and stained with propidium iodide (PI)
(Invitrogen) prior to measuring DNA content by using a FACSCalibur instrument (Becton
Dickinson) (Flow Cytometry Core, OHSU). Aggregated cells were excluded from the PI-
stained cell suspensions by passing the cell suspensions through the strainer-capped tubes
(BD Falcon) just before analyses. The results were analyzed using FlowJo software (Tree
Star).

2.4. Western blot analyses
Cells were harvested and lysed in a lysis buffer (50 mM Tris–HCl, pH 8.0, 0.5% Nonidet
P-40, 5 mM EDTA, 150 mM NaCl, 1 mM Pepstatin, and 1 mM PMSF). Approximately 50
µg of total cell lysates were run on a SDS–PAGE gel, followed by transfer onto PVDF
membranes that were then immunoblotted independently with the following primary
antibodies overnight at 4°C: mouse monoclonal anti-cyclin B1 (Millipore, 1:1000 dilution),
rabbit polyclonal anti-cdk1/cdc2 (Millipore, 1:1000 dilution), and mouse monoclonal anti-
GAPDH (Sigma, 1:10,000 dilution). After incubation with appropriate secondary antibodies
conjugated to horseradish peroxidise, proteins were detected by the enhanced
chemiluminescence detection system (Western LightningTM Plus-ECL from Perkin Elmer).

2.5. Apoptosis assays
The percentage of cells undergoing apoptosis was determined using an Annexin-V assay
following the manufacturer’s instructions (Invitrogen). Samples were analyzed by flow
cytometry and the percentage of apoptotic cells was determined by scoring for the fraction
of cells that stained negative for PI but positive for Annexin-V.

2.6. Immunofluorescence studies
Cells were fixed in ice-cold methanol:acetone solution (3:1) at −20°C for 10 min, washed
with either PBS (for H2AX staining) or PBG buffer (PBS containing 50 mM glycine),
permeabilized with PBS-T (PBS with 0.2% Triton-X100) for 10 min, and blocked with 0.5
% BSA. Cells were then stained with either anti-mouse γH2AX (Upstate; 1:1000 dilution),
anti-rabbit γ-tubulin (Sigma; 1:10,000 dilution), or anti-mouse β-tubulin (Sigma; 1:1000
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dilution) for 1.5 hr to visualize γH2AX foci, centrosomes and microtubules, respectively.
Appropriate fluorochrome-conjugated secondary antibodies (Alexa Fluor 594-conjugated
goat anti-rabbit (Invitrogen, 1:1000 dilution) and Alexa-fluor 488-conjugated mouse
(Invitrogen, 1:300 dilution)) were used for 30–45 min prior to mounting the slides with
Prolong Gold Antifade Reagent with DAPI (Invitrogen). Cells were visualized with a 40X
objective on an Axioskop 2 microscope (Zeiss). The area and number of giant nuclei were
determined using the ImageJ software.

2.7. Cytogenetic analyses
Cells were harvested, treated with hypotonic solution (75 mM KCl, 5% fetal calf serum) for
10 min, and fixed with 3:1 methanol:acetic acid. Cells were dropped onto slides for
metaphase spreads and stained with Wright’s stain (Fisher Scientific) and G-banded. For
each sample, fifty metaphases for radial formation and one-hundred metaphases for ploidy
analyses were analyzed on a Nikon Eclipse E800 photoscope. Representative photographs
were taken using CytoVision software (Applied Imaging). Assessment of karyotype was
based on comparison with published CHO G-banded karyotypes [24].

3. Results
3.1. XPF- and ERCC1-deficient cells exhibit extreme sensitivity to formaldehyde treatment

Based on increased cytotoxicity following acute formaldehyde exposure in yeast NER
mutants [21], we examined the effect of formaldehyde on cellular viability in several CHO
cell lines with mutations in XPB (UV24), XPD (UV5), XPF (UV41), XPG (UV135), or
ERCC1 (UV20) (Fig. 1). As compared to wild-type cells (AA8), XPF- and ERCC1-deficient
cells demonstrated the greatest sensitivity to formaldehyde treatment; however, the XPB-,
XPD-, and XPG-deficient cells were also sensitive, but to a lesser degree. While this study
was in progress, Nakano et al (2009) reported similar findings on the sensitivity of XPF- and
XPD-deficient cells following an acute (3 hr) formaldehyde exposure. To distinguish
between the contributions of NER and HR pathways in the formaldehyde-induced DNA
damage response, formaldehyde sensitivity of NER mutants was compared with a HR
mutant. Rad51-deficient cells displayed less sensitivity than the ERCC1- and XPF-deficient
cells but greater sensitivity than the other NER mutants (Fig. 1). Interestingly, the ERCC1-
and Rad51-deficient cells exhibit similar relative survivals as reported following exposure to
the cross-linking agents, mitomycin C (MMC) and cisplatin [25]. Together, the survival data
suggest that the XPF/ERCC1 protein complex and Rad51 may be more critical than the
other NER proteins in limiting formaldehyde cytotoxicity in mammalian cells.

3.2. Exposure to formaldehyde causes G2/M arrest
To determine if formaldehyde exposure resulted in altered cell cycle progression, flow
cytometry analyses were carried out on both wild-type and XPF-deficient cells that were
treated with formaldehyde (0–400 µM) for 4 hr followed by staining with PI. Relative to
untreated cells, no obvious change was observed in formaldehyde-treated wild-type cells
(Fig. 2A, first panel), whereas formaldehyde treatment (≥200 µM) caused a noticeable
accumulation of the XPF-deficient cells in G2/M phase (Fig. 2B, first panel). The
reversibility of G2/M blockage in XPF-deficient cells was investigated by allowing a
recovery period of 24 hr or 48 hr following formaldehyde treatment. It was noted that when
XPF-deficient cells were analyzed after a 24 hr or 48 hr recovery, they continued to
accumulate in the G2/M phase in a dose-dependent manner (Fig. 2B, middle and last
panels). In parallel, it was noteworthy that wild-type cells showed a significant G2/M
blockage during the recovery phase (Fig. 2A, middle and right panels). These observations
suggested that the cellular changes continue to accumulate, even after the removal of
formaldehyde. The rise in the G2/M peak occurred concomitantly with a decrease in the G1
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and S phase populations, as is most evident in Fig. 2B (middle panel). The ability of cells to
overcome G2/M arrest appeared to be dose-dependent and a treatment for 4 hr up to 200 µM
was found to be the threshold limit for wild-type cells, whereas at higher formaldehyde
concentrations (≥300 µM), the effect appeared to be irreversible (Fig. 2A, last panel). In the
recovered XPF-deficient cell populations, a significant rise in sub-G1 and post-G2 peaks
representing apoptosis and polyploid populations was also observed at high formaldehyde
exposures (≥200 µM) (Fig. 2B, last panel). Overall, the PI profile of the formaldehyde-
treated XPF-deficient cells displayed a similar, but more severe and immediate G2/M arrest
accompanied with a significant increase in apoptosis and polyploid populations compared to
wild-type cells. In contrast, the cell cycle response of the moderately sensitive XPB-
deficient cells was not significantly different than wild-type cells (Fig. S1).

Entry or exit from G2/M is regulated by the activity of the cdc2-cyclin B complex [26, 27].
Stabilization of this complex is expected to delay mitotic exit, suggesting that the arrest is
associated with the deregulation of cellular checkpoint machinery. To further characterize
the potential molecular mechanisms causing the formaldehyde-induced G2/M arrest, the
levels of cyclin B1 and cdc2 proteins were analyzed in cells treated with either 150 or 300
µM formaldehyde (4 hr), with or without, a 24 hr recovery. Relative to untreated cells, an
elevated expression of cyclin B1 was observed in both formaldehyde-treated wild-type and
XPF-deficient cells (Fig. 2C). However, no change in the levels of cdc2 was observed in
either wild-type or XPF-deficient cells (data not shown). This observation indicates that
formaldehyde-induced G2/M arrest is likely to be associated with stabilization of the cell
cycle regulatory protein, cyclin B1.

To examine if formaldehyde-induced G2/M arrest was related to DNA replication, wild-type
and XPF-deficient cells were synchronized with aphidicolin (Fig. S2A and B, respectively)
followed by an acute formaldehyde treatment (200 µM) for 4 hr. Formaldehyde-induced cell
cycle arrest was even more pronounced in synchronized cultures compared to
unsynchronized cultures, suggesting that actively replicating cells are more sensitive to
formaldehyde exposure, resulting in a G2/M arrest (Fig. 2D). Furthermore, following a 24 hr
recovery, the S phase arrested and formaldehyde-treated wild-type cells were able to recover
significantly from G2/M arrest (Fig. 2D, right panel), whereas minimal recovery,
accompanied with cell death and ploidy changes was observed for XPF-deficient cells (Fig.
2D, right panel).

3.3. Formaldehyde-induced cell death
The cell cycle distribution following formaldehyde exposure showed that both wild-type and
XPF-deficient cells exhibited a pronounced sub-G1 peak, following a recovery of 48 hr in a
dose-dependent manner. To measure apoptosis, Annexin-V assays were used to identify the
cells in an early apoptotic phase when the membrane phospholipid phosphatidylserine is
redistributed from the cytoplasmic face to the outer leaflet, making it accessible to Annexin-
V. Wild-type and XPF-deficient cells were harvested following a 48 hr recovery from a 4 hr
formaldehyde treatment at the indicated concentrations. Consistent with the cell cycle
analyses, high levels of apoptosis and necrosis were observed in wild-type and XPF-
deficient cells during the recovery phase post formaldehyde treatment (Figs. S3A and B).
Both wild-type and XPF-deficient formaldehyde-treated cells showed a dose-dependent
gradual, but clear shift, of the viable population towards the quadrant representing Annexin-
V positive cells (Fig. S3). Relative to wild-type cells, the higher percentage of XPF-deficient
cells undergoing apoptosis (Fig. 2E) implicates XPF in preventing cell death, presumably by
repairing formaldehyde-induced DNA lesions.
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3.4. Enlargement of nuclei and centrosome abnormalities in formaldehyde-treated cells
To examine any effects caused by formaldehyde on the nuclear morphology, formaldehyde-
treated wild-type cells were fixed and stained with a nuclear counterstain (DAPI) 4 hr post
treatment and following a 48 hr recovery. The untreated cells had a mean nuclear area of
119 µm2. Relative to untreated cells, a significantly high number of cells with enlarged
nuclei were observed in the cell populations that were processed immediately after a 4 hr
treatment as well as those that had undergone a 48 hr recovery post formaldehyde treatment
(mean nuclear area of giant nuclei: ≥ 185 µm2) (Figs. 3A and B). The enlarged nuclei
exhibited active, ongoing DNA synthesis, as evidenced by continued BrdU incorporation
(data not shown). Consistent with previous studies, several cells bearing micronuclei were
also detected in the formaldehyde-treated populations (as indicated by an arrow in Fig. 3A).

As shown in Fig. 2, cell cycle analyses following formaldehyde exposure showed enhanced
post-G2 peaks, suggestive of polyploidy. To investigate this further, formaldehyde-treated
wild-type cells were also stained for centrosomes using an anti-γ tubulin antibody. It was
observed that a significant number of formaldehyde-treated cells contained an abnormal
number of centrosomes (Figs. 4A and B). The abnormality in the number of centrosomes
began to appear immediately after the formaldehyde treatment; however, cells with giant
nuclei were observed to a minor extent in formaldehyde-treated cells after 4 hr treatment and
increased dramatically after a 48 hr recovery (Figs. 3A and B). Together, these data suggest
that the appearance of centrosome defects precede the enlargement of nuclei in the
formaldehyde-treated cells. Defects in centrosome amplification and microtubule formation
have been associated with impaired cytokinesis [28, 29], that could explain the appearance
of giant nuclei in response to formaldehyde exposure. When formaldehyde-treated cells
were stained for microtubules using an anti-β-tubulin antibody, these analyses revealed that
abnormal centrosome-containing cells were capable of undergoing both bipolar and
multipolar cell divisions (Fig. 4C). Based on these observations, it was predicted that
abnormal centrosome-containing cells after cell division would yield progenies with
chromosomal mis-segregation defects.

3.5. Formaldehyde-induced DSBs occur in a replication-dependent manner
It is plausible that the cell cycle deregulation is a secondary, rather than a primary
consequence of formaldehyde treatment, where the G2/M arrest of formaldehyde-treated
cells is triggered in response to aberrant DNA structures and abnormal chromosomal
rearrangements occurring during DNA replication. In order to address this possibility, DNA
and chromosomal breakage/radial analyses were carried out with wild-type and XPF-
deficient cells under the same conditions as followed for cell cycle analyses. It has
previously been shown that formaldehyde induces DNA double-strand breaks (DSBs) [19,
30]. To investigate the effect of XPF deficiency on formaldehyde-induced DSBs, DNA
breaks were measured by examining the phosphorylation of histone variant (γH2AX) that
accumulates at the sites of DSBs, forming foci detectable by immunostaining. DNA DSB
formation was quantitated by counting the number of γH2AX foci per nucleus and the cells
were categorized as having zero, one to ten, and > 10 foci per nucleus. Both wild-type and
XPF-deficient cells showed an accumulation of γH2AX foci upon formaldehyde treatment
(Figs. 5A and B), suggesting that formaldehyde-induced DSBs are not dependent on the
XPF endonuclease. Time-course experiments (24–72 hr post formaldehyde treatment)
revealed that the accumulation of γH2AX foci peaked between 24–48 hr; however, the
repair kinetics of formaldehyde-induced DSBs was significantly delayed in the XPF-
deficient cells compared to wild-type cells (Figs. 5A and B). No overall decline of γH2AX
foci containing nuclei was observed in XPF-deficient formaldehyde-treated cells, whereas
the fraction of formaldehyde-treated wild-type cells decreased by 15% in a 24 hr time frame
(compare 48R and 72R). Although an increase in the number of nuclei with one to ten
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γH2AX foci accompanied by a decline in nuclei with >10 γH2AX foci was observed in
XPF-deficient cells, we believe that the receding number of nuclei with >10 γH2AX foci
may be associated with cell death rather than repair of DSBs. This observation suggests that
the XPF protein may participate in repairing formaldehyde-induced DNA damage following
DSB formation.

It has been previously demonstrated that DSBs induced by cross-linking agents are
specifically formed in S phase cells, presumably at stalled replication forks [25]. Further
experiments were performed to determine if formaldehyde-induced DSBs were also
dependent on active replication elongation in a manner similar to that observed for cross-
linking agents. Cells were treated with formaldehyde (200 µM) for 4 hr either in the
presence of aphidicolin (an inhibitor of DNA polymerase α) or following a 2 hr release after
aphidicolin treatment when most of the cells had progressed into the S phase. Accumulation
of γH2AX foci was predominantly observed in the S phase arrested and formaldehyde-
treated cells (Fig. 5C), suggesting that replication elongation is required for generation of
formaldehyde-induced DSBs.

3.6. Exposure to formaldehyde generates cytogenetic defects
Cytogenetic analyses of wild-type cells treated with formaldehyde revealed chromosomal
breaks and radial formation in a dose-dependent manner. However, consistent with the flow
cytometry data, the chromosomal breaks and radials appeared only during the recovery
period and not immediately after treatment (Figs. 6A, B and S4). In contrast, the XPF-
deficient cells showed accumulation of breaks immediately after treatment in a dose-
dependent manner. However, at 48 hr post treatment, cells showed fewer chromosomal
breaks but increased radial formation, as is evident from Figs. 6A and 6B. The functional
significance of the XPF gene was evident by the fact that XPF-deficient cells formed radials
at a significantly higher frequency (>90%) as compared to wild-type cells (12–36%) at the
same given formaldehyde concentrations (300–400 µM) (Fig. 6B). A comparison of radial
formation in the XPF-deficient, XPB-deficient, and Rad51-deficient cells revealed that
following formaldehyde treatment (100 µM), accumulation of radials in the XPF-deficient
and Rad51-deficient cells occurred at a significantly higher frequency than the XPB-
deficient cells (Fig. 6C). It was also observed that approximately 5% of Rad51-deficient
cells exhibited spontaneous radial formation and unlike XPF-deficient cells, Rad51-deficient
cells showed increased radials immediately after formaldehyde treatment that continued to
escalate following a recovery period of 48 hr (Fig. 6C).

At higher formaldehyde concentrations, both wild-type and XPF-deficient cells also showed
an accumulation of cells exhibiting aneuploidy and polyploidy (ranging from triploid to
octaploid). Interestingly, karyotypic analyses showed comparable ploidy changes for both
wild-type and XPF-deficient formaldehyde-treated cells (Table 1). This was surprising since
the flow cytometry data suggested more ploidy change in XPF-deficient cells (Fig. 2B).
While flow cytometry measures DNA content of the entire population being studied,
karyotyping is performed selectively on the metaphase population derived from the dividing
cells. This technical limitation of cytogenetic analyses allowed for an assessment of only the
mitotic population exclusive of the non-mitotic population and could result in an
underestimation of the ploidy status. Thus, it is possible that a subset of cells analyzed
through flow cytometry, but not identified by karyotypic analyses, represented the
population that failed to reach mitosis during the time period captured by cytogenetics. As
an indirect test, this hypothesis was examined by comparing the mitotic indices for the
untreated and formaldehyde-treated wild-type and XPF-deficient cells. Although the mitotic
indices for the untreated wild-type and XPF-deficient cells were comparable, the mitotic
indices for the XPF-deficient formaldehyde-treated cells were significantly lower than the
wild-type treated cells (data not shown). Based on these cytogenetic studies, it can be
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concluded that a functional XPF gene is important for suppression of formaldehyde-induced
chromosomal breaks, radials, and possibly ploidy alterations.

4. Discussion
Previous studies have begun to elucidate the DNA repair and tolerance pathways that
mitigate the genotoxic events following formaldehyde exposure. Specifically, formaldehyde
has been shown to elicit cellular responses involving NER and HR pathways to overcome
DNA damage. One of the critical players in the NER pathway is the XPF/ERCC1 complex
that makes an incision 5′ to the lesion, followed by strand displacement and XPG-mediated
3′ incision [31]. Interestingly, both biochemical and cellular studies support an additional
role for XPF/ERCC1 in ICL repair [32–38], where it is proposed to work in conjunction
with the HR pathway (independent of NER) to remove the ICL lesion. Consistent with
previously published data [19], our study shows an increased formaldehyde sensitivity of
XPF and ERCC1 mutants compared to other NER mutants, suggesting that the role of the
XPF/ERCC1 complex is more critical than the other NER components for processing
formaldehyde-induced DNA damage. One plausible explanation for the hypersensitive
phenotype of the XPF and ERCC1 mutants, relative to other NER mutants may be that these
proteins are involved in repair of both formaldehyde-induced DPCs and non-DPC lesions
(such as ICLs), while the function of classical NER players remain confined to DPCs only.
Alternatively, it is possible that both DPC and ICL repair mechanisms share common steps
for processing and removal of the lesions. However, our studies in yeast clearly demonstrate
that formaldehyde and ICL tolerance pathways are distinct but may have some common
steps for processing and removal of formaldehyde-induced lesions [21].

To elucidate the role of XPF endonuclease in repair of formaldehyde-induced DPCs and
examine similarities and/or differences between ICL- and DPC-induced repair mechanisms
in mammalian cells, we studied the formation and repair of DSBs that may be formed during
the processing of formaldehyde-induced DPCs. It has been previously demonstrated that
formaldehyde induces DNA DSBs as measured by the appearance of γH2AX foci; however,
the nature of these DSBs and their repair kinetics have not been well studied, particularly in
an XPF-deficient background. Unlike IR-induced DNA DSBs that have a very short half-life
of minutes [39], formaldehyde-induced DSBs are significantly long-lived as evidenced by
the slow rate at which γH2AX foci declined in AA8 cells (an overall 15% decrease in a 24
hr period). A previous study conducted by Niedernhofer et al (2004) showed that MMC-
induced DSBs occur via an ERCC1-independent mechanism; however, the DSBs persisted
in the absence of ERCC1 suggesting that ERCC1 is required for the repair of MMC-induced
DSBs. It is worth noting that our data on formaldehyde-induced DPCs are comparable to
MMC-induced DSBs that also exhibit very slow repair kinetics as shown in ERCC1-deficent
cells [40]. Thus, it is tempting to speculate that MMC and formaldehyde-induced DSBs
share common structural intermediates but differ from IR-induced DSBs. Relative to wild-
type cells, XPF-deficient cells exhibited a slightly higher frequency of spontaneous γH2AX
foci presumably due to DSBs arising from unrepaired endogenous DNA lesions. It is shown
herein that analogous to MMC-induced DSBs [40], most of the formaldehyde-induced DSBs
are initiated during the S phase of the cell cycle and can be prevented by inhibiting
replication elongation. The significance of the S phase-specific formaldehyde-induced DSBs
may be associated with either lesion recognition, or processing of lesions resulting in a DSB
at stalled replication forks. Our finding that formaldehyde-induced DSBs are generated in an
XPF-independent manner favors a model in which the initial DSB is catalyzed by another
endonuclease. However, when XPF function is compromised, DNA DSBs persist for longer
and failure to repair these breaks eventually results in cell death. Collectively, these data
support a role for XPF in the late steps of formaldehyde-induced DSB repair.
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Many of the earlier studies on the formaldehyde-induced DNA damage response focused on
studying the immediate effects of this agent and did not assess the cellular alterations
following post treatment. This study demonstrates that the cytotoxic and genotoxic effects of
formaldehyde may be a consequence of secondary lesions generated during processing of
the primary adducts (i.e., DPCs converted to single-strand or double-strand breaks). This is
supported by the flow cytometry and cytogenetic results demonstrating that the cell cycle
changes and chromosomal rearrangements were more pronounced during recovery
following formaldehyde treatment. However, in the absence of repair/tolerance mechanisms,
these adverse effects were exhibited immediately and more severely. Specifically, the
appearance of chromosomal breaks and radials at high formaldehyde concentrations (≥200
µM) in the wild-type background were observed only during the recovery period, whereas
these effects were evident in the XPF-deficient cells immediately after treatment, even at the
lowest concentration of formaldehyde (50 µM). Collectively, these findings highlight the
cellular and cytogenetic abnormalities that develop following formaldehyde exposure, and
also suggest that humans with compromised repair function(s) are at increased risks of
formaldehyde-induced genomic instability. In mammalian cells, similar patterns of cell
cycle profiles, DSB formation and repair kinetics, and chromosomal abnormalities, suggest
that there is a substantial overlap between the repair mechanisms triggered by ICL-inducing
agents and formaldehyde.

In addition to chromosomal breaks and radial formation, formaldehyde treatment also
resulted in polyploidy and aneuploidy in both wild-type and XPF-deficient cells. Polyploidy
and aneuploidy are believed to be a consequence of unequal chromosomal segregation, and
it has been suggested that the presence of multiple centrosomes can subsequently promote
either bipolar or multipolar cell divisions, leading to chromosomal mis-segregation and
abnormalities [28]. However, viable progenies result mostly from bipolar cell divisions but
not multipolar cell divisions [41]. Our data suggest that formaldehyde-treated cells
accumulate centrosome abnormalities and that following bipolar cell divisions, these may
result in daughter cells containing mis-segregated chromosomes as evidenced by the ploidy
changes demonstrated by flow cytometry and cytogenetic analyses.

5. Conclusions
Epidemiological studies provide evidence linking formaldehyde exposure with an increased
risk of leukemia [42, 43]. Humans exposed to formaldehyde appeared to have low peripheral
blood cell counts and the myeloid blood progenitor cells isolated from these workers had
significantly elevated leukemia-specific chromosomal changes [44]. Despite some
contradictory findings, studies in rodents have suggested a correlation between
formaldehyde exposure with squamous cell carcinomas, intestinal leiomyosarcoma,
hemolymphoreticular neoplasms, and testicular tumors [44]. Animal studies have also
suggested that formaldehyde could act as a tumor promoter or act as a co-carcinogen when
administered with other substances [1, 45].

Our observation that formaldehyde-induced genomic instability is associated with
centrosome abnormalities and chromosome segregation defects shed light on the possible
underlying mechanisms contributing to carcinogenic risks associated with formaldehyde
exposure. Considering the carcinogenic potential of formaldehyde, it is important to study
the cytotoxic intermediates that are generated upon exposure to formaldehyde and
understand the underlying mechanisms involved in processing of the DNA lesions. Our
findings substantially extend the knowledge of the cellular and genetic changes caused by
formaldehyde exposure and reveal the significance of XPF function in maintaining genomic
stability and mitigating cytogenetic defects caused by formaldehyde.
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Abbreviations

CHO Chinese hamster ovary cells

DPC DNA-protein crosslink

NER nucleotide excision repair

PI propidium iodide

G1 gap phase 1

G2 gap phase 2

HR homologous recombination

M mitotic phase
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Fig. 1.
An XPF/ERCC1-dependent pathway is critical in limiting formaldehyde-induced
cytotoxicity. Wild-type, a HR mutant and several NER mutant cell lines were treated with
formaldehyde at the indicated concentrations for 4 hr. The viability of the cells was
determined by colony forming assay. Standard deviations (S.D.) were derived from three or
more independent experiments. AA8: Wild-type, UV24: XPB-deficient, UV5: XPD-
deficient, UV41: XPF-deficient, UV135: XPG-deficient, UV20: ERCC1-deficient, and
Rad51D: Rad51-deficient.

Kumari et al. Page 13

DNA Repair (Amst). Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Kumari et al. Page 14

DNA Repair (Amst). Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Formaldehyde treatment causes cell cycle arrest and cell death that is severely pronounced
upon loss of XPF function. Cell cycle progression was measured for AA8 (wild-type) (A)
and UV41 (XPF-deficient) (B) cells by flow cytometry analyses of DNA content. The cells
were treated with formaldehyde for 4 hr at the indicated concentrations and DNA content
was measured immediately after the treatment, as well as after a 24 hr (24h-R) and 48 hr
(48h-R) recovery time. The flow cytometry results have been summarized by generating
overlay images representing all the samples harvested at each time point (4h, 24h-R, and
48h-R). (C) Western blot analyses were performed to study the changes in the levels of G2/
M checkpoint protein, cyclin B1. AA8 and UV41 cells were treated with 150 µM and 300
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µM formaldehyde and harvested at indicated time points. Anti-cyclin B1 and anti-GAPDH
antibodies were used to detect the protein levels of cyclin B1 and GAPDH (the loading
control), respectively. (D) Synchronized cultures of AA8 and UV41 cells were released
from aphidicolin treatment, and 2 hr later treated with formaldehyde (200 µM). The cells
were harvested immediately after a 4 hr formaldehyde treatment (Aph 2h-R+F200 4h), as
well as after a 24 recovery following formaldehyde treatment (Aph 2h-R+F200 24h-R).
(E) Using an Annexin-V assay, the relative percentage of apoptosis was measured for AA8
and UV41 cells after a 48 hr recovery following a 4 hr formaldehyde treatment (200 µM and
400 µM). Graphic representation of the quantitative data obtained in Figs. S3A and B.
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Fig. 3.
Appearance of enlarged nuclei after formaldehyde treatment. Indirect immunofluorescence
staining of untreated and formaldehyde-treated AA8 (wild-type) cells that were fixed
immediately after a 4 hr treatment (300 µM) or following a 48 hr recovery (A). Cells were
fixed in paraformaldehyde, permeabilized with Triton-X100 and the nuclei were stained
with DAPI. (B) In order to determine the relative ratio of enlarged nuclei, approximately
400 nuclei were scored for each time point in three independent experiments. The photos
were taken under 40× magnification on a Zeiss microscope (scale bar = 25 µM). The error
bars indicate S.D. derived from three independent experiments.
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Fig. 4.
Centrosome and microtubule abnormalities in cells exposed to formaldehyde. (A) Indirect
immunofluorescence staining of untreated and formaldehyde-treated AA8 (wild-type) cells
immunostained with antibody against centrosomes, followed by rhodamine-conjugated
secondary antibody (scale bar = 25 µM). (B) The percentage of cells with normal number
(≤2), and abnormal number and size (≥2 and/or large) of centrosomes are summarized in
panel B. A total of 200–400 cells were counted at each time point in three independent
experiments. (C) Control and formaldehyde-treated (300 uM for 4 hr followed by a 48 hr
recovery) cells were immunostained with antibody against microtubules, followed by FITC-
conjugated secondary antibody (scale bar = 10 µM). DAPI was used as a nuclear
counterstain. Photographic images were taken under 40× magnification on a Zeiss
microscope.
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Fig. 5.
Formaldehyde-induced DSBs are generated in an XPF-independent, but replication-
dependent manner. γH2AX foci formation was measured in AA8 (wild-type) (A) and UV41
(XPF-deficient) (B) cells at different time points following a recovery (24–72 hr) from
formaldehyde exposure (200 µM for 4 hr). An average of two experiments is graphically
represented, in which 300–500 nuclei were scored for each sample per experiment. (C)
γH2AX foci formation was measured in AA8 cells treated with formaldehyde (200 µM for 4
hr) in the presence of aphidicolin or released from aphidicolin treatment and 2 hr later
treated with formaldehyde (200 µM for 4 hr).
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Fig. 6.
Formaldehyde-induced chromosomal breaks and radials are limited in the presence of a
functional XPF gene. (A) A comparison of AA8 (wild-type) and UV41 (XPF-deficient) cells
containing chromosomal breaks is graphically represented. Following formaldehyde
treatment, AA8 and UV41 cells were harvested immediately after a 4 hr treatment or
following a 48 hr recovery. (B) Percentage of AA8 and UV41 cells containing radials (post
48 hr recovery) is graphically represented. (C) A comparison of radial formation in AA8,
UV24 (XPB-deficient), UV41, and Rad51D (Rad51-deficient) cells immediately after a 4 hr
formaldehyde treatment (100 µM) or following a 48 hr recovery.
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