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Abstract

Formaldehyde is a reactive aldehyde that has been classified as a class | human carcinogen by the
International Agency for Cancer Research. There are growing concerns over the possible adverse
health effects related to the occupational and environmental human exposures to formaldehyde.
Although formaldehyde-induced DNA and protein adducts have been identified, the genomic
instability mechanisms and the cellular tolerance pathways associated with formaldehyde
exposure are not fully characterized. This study specifically examines the role of a genome
stability protein, Bloom (BLM) in limiting formaldehyde-induced cellular and genetic
abnormalities. Here, we show that in the absence of BLM protein, formaldehyde-treated cells
exhibited increased cellular sensitivity, an immediate cell cycle arrest, and an accumulation of
chromosome radial structures. In addition, live-cell imaging experiments demonstrated that
formaldehyde-treated cells are dependent on BLM for timely segregation of daughter cells. Both
wild-type and BLM-deficient formaldehyde-treated cells showed an accumulation of 53BP1 and
vH2AX foci indicative of DNA double-strand breaks (DSBs); however, relative to wild-type cells,
the BLM-deficient cells exhibited delayed repair. In response to formaldehyde exposure, we
observed co-localization of 53BP1 and BLM foci at the DSB repair site, where ATM-dependent
accumulation of formaldehyde-induced BLM foci occurred after the recruitment of 53BP1.
Together, these findings highlight the significance of functional interactions among ATM, 53BP1,
and BLM proteins as responders associated with the repair and tolerance mechanisms induced by
formaldehyde.
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1. Introduction

Formaldehyde (HCHO) is a ubiquitous environmental and occupational pollutant. Both
chronic and acute exposures to formaldehyde have been associated with adverse effects on
human health including eye, nose, throat, and skin irritation, allergic contact dermatitis,
altered lung functions and immune responses, occupational asthma, and cancer [1,2]. Based
on epidemiological evidence associating formaldehyde exposure with nasopharyngeal
cancer and myeloid leukemia [3-5], formaldehyde was classified as a class | human
carcinogen by the International Agency on Cancer Research (IARC) in 2006. However,
there exists some controversy regarding the nature, magnitude, and persistence of the
adverse health effects related to formaldehyde exposure.

The primary DNA lesions resulting from formaldehyde exposure that contribute to its
genotoxic and mutagenic potential are considered to be DNA-protein crosslinks (DPCs)
[6-10], though the molecular mechanisms that lead to formaldehyde-induced carcinogenesis
remain elusive. Formation and persistence of DPCs may pose a formidable challenge to
genome stability by interfering with biological processes such as replication, recombination,
and transcription. Thus, elucidating the roles of specific DNA repair and tolerance factors
involved in DPC processing is important for understanding the mechanisms of
formaldehyde-induced carcinogenesis. In this regard, several studies have shown that loss of
specific DNA repair factors can promote formaldehyde-induced cellular and cytogenetic
abnormalities [11-14].

In order to identify pathways involved in limiting formaldehyde-induced cell death, a
formaldehyde cytotoxicity screen of the Saccharomyces cerevisiae gene deletion library was
previously performed in our lab and multiple pathways were identified that are important for
cell survival following formaldehyde exposure. Under low dose, chronic exposure
conditions, homologous recombination was the primary pathway that conferred resistance to
formaldehyde-induced lesions; while following acute, high dose exposure, the nucleotide
excision repair (NER) pathway was critical for cell survival [15]. Interestingly, this
investigation showed that a sgsl (a member of the RecQ superfamily) deletion mutant
exhibited increased cellular sensitivity to both chronic and acute formaldehyde exposures
[15]. Consistent with the yeast study, an E. coli RecQ mutant was sensitive to formaldehyde
treatment [12]. However, both E. coli and yeast studies were limited to measurements of cell
viability and did not further investigate the molecular mechanisms mediated by RecQ
helicases in limiting formaldehyde-induced cytotoxicity.

Members of the RecQ superfamily are important for maintaining genomic integrity and thus,
are referred to as guardians of the genome. Although, there exists only one RecQ family
member in bacteria and yeast, in humans, the RecQ superfamily of helicases is comprised of
5 known family members: BLM, WRN, RecQL1, RecQL4, and RecQ5. Among these, BLM
was the first to be linked to a hereditary disease known as Bloom syndrome (BS) [16]. BS is
a rare autosomal recessive disorder characterized by multiple abnormalities, including
immunodeficiency, pre- and post-natal growth retardation, and a high incidence of cancer
[17]. Biochemical and cellular studies have demonstrated that the BLM protein is a 3’5’
helicase that participates in critical steps associated with replication, recombination and
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repair [18]. BLM protein has also been shown to be required for faithful chromosome
segregation during mitotic cell division [19,20]. BS cells exhibit chromosomal instability
and hypersensitivity in response to several genotoxic agents, including replication stressors,
topoisomerase inhibitors, and DNA crosslinking agents [21]; however, the role of BLM
following exposure to DNA-protein crosslinking agents remains to be elucidated.

Germane to our interest in formaldehyde-induced genomic instability, this study investigated
the potential importance of human BLM in both the DNA damage response and
maintenance of genomic integrity following formaldehyde exposure. Herein, we show that
BLM rescues formaldehyde-treated cells from G2/M arrest by facilitating the repair of DSBs
and regulating normal mitotic progression. Additionally, our studies demonstrate a co-
localization of 53BP1 and BLM proteins at sites of formaldehyde-induced DNA damage
where the recruitment of BLM protein to the damage sites was found to be ATM-dependent.
Overall, our findings suggest an interplay between ATM, 53BP1 and BLM proteins that is
critical for mitigating formaldehyde-induced genotoxic and cytotoxic effects.

2. Materials and methods

2.1. Cells and culture conditions

Patient derived BLM-deficient (GM08505) and ATM-deficient (GM05849) SV40-
transformed fibroblast cells used in this study were purchased from Coriell Cell
Repositories. Wild-type (GM639, also known as GM00639) SV40-transformed cells were a
kind gift from Dr. Robb E. Moses (OHSU). Cells were grown in DMEM supplemented with
10% fetal bovine serum and antibiotics (ampicillin and streptomycin, Gibco) at 37 °C in a
5% CO> incubator. For all experiments, sub-confluent cultures were treated for 4 h with
various concentrations of formaldehyde (Fisher Scientific) and harvested at the indicated
recovery times. For Click-iT EdU (5-ethynyl-2’-deoxyuridine) assays, cells were labeled
with EdU (10 pM for 1 h) and processed for imaging following the manufacturer’s protocol
(Invitrogen, C10377).

2.2. Colony forming assays

For colony forming assays, 300-1800 cells were seeded in 100 mm or 6-well plates and
incubated overnight at 37 °C prior to acute formaldehyde treatment for 4 h at the indicated
concentrations. Following a 4 h treatment, formaldehyde was removed, cells were washed
with PBS, and fresh media was added. After 10-15 days, colonies (>30 cells) were fixed,
stained with methylene blue diluted in methanol (4 g/L), and counted.

2.3. siRNA transfection

Wild-type cells were transfected with 100 nM scramble (Dharmacon, D001810-01-05) or
BLM siRNA cocktail (Dharmacon, M-007287-02-0005) according to the manufacturer’s
instructions using HiPerFect transfection reagent (QIAGEN). Briefly, HiPerFect (25 L)
was diluted into sSiRNA- or scramble-containing Opti-MEM (GIBCO) and incubated at room
temperature for 10 min to allow the formation of lipid-siRNA complexes. A suspension of
GM639 cells (0.2 x 106 cells in 600 uL. DMEM) was added to the preformed lipid-siRNA
complexes (400 pL) and incubated at room temperature for an additional 10 min.
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Transfected cells were diluted in DMEM and then seeded in a 12-well plate (0.1 x 10° cells
per well). After 24 h incubation, transfected cells were subjected to acute formaldehyde
treatment (0-400 pM) for 4 h. Formaldehyde-treated cells were washed with PBS twice and
re-transfected with scramble or BLM siRNA. After 24 h of second transfection, cells were
trypsinized and seeded in 6-well plates for colony forming assays. Following 10 days of
growth, plates were stained with methylene blue and colonies were counted. In parallel, cells
were plated in 60 mm plates and harvested at indicated times for Western blot analyses.

2.4. Cell cycle analyses

Cells were arrested at the G1/S phase boundary by treatment with a replication elongation
inhibitor, aphidicolin (1 pg/mL) for 24 h. Prior to formaldehyde treatment, aphidicolin-
synchronized cells were allowed a 2 h recovery to facilitate the progression of cells into S
phase. Cells were harvested at the indicated times, fixed in ice-cold 70% ethanol, and
stained with propidium iodide (PI) (Invitrogen). DNA content was measured using a
FACSCalibur instrument (Becton Dickinson) (Flow Cytometry Core, OHSU). Aggregated
cells were excluded from the Pl-stained cell suspensions by passing them through strainer-
capped tubes (BD Falcon) prior to analyses. The results were analyzed using FlowJo
software (Tree Star V.7.5).

2.5. Live-cell imaging

For live-cell imaging, wild-type and BLM-deficient cells were plated (1-3 x 10% per plate),
grown on a glass bottom microwell petridish (P35G-1.5-14-C, Mattek), and treated with
formaldehyde (100 uM) for 4 h. Cells were then washed with PBS, and released into fresh
media prior to imaging using a VivaView™ FL incubator microscope. For synchronization
in S phase, plated cells were treated with aphidicolin (1 pg/mL) overnight, released into
fresh media for 2 h prior to treatment with formaldehyde. Four random fields were selected
per sample and images were captured every 30 min for 6 days. Image brightness and
contrast enhancement, and conversion to QuickTime movies were performed with ImageJ
software.

2.6. Immunofluorescence studies

Cells were fixed in 4% paraformaldehyde at room temperature for 10 min, washed with PBS
buffer, permeabilized with PBS-T (PBS with 0.25% Triton-X100), and blocked with 5%
non-fat milk in PBS. Cells were then incubated with the following antibodies individually or
in combination: mouse monoclonal anti-53BP1 (BD Transduction Laboratories 612522;
1:1000 dilution) for 1 h; rabbit polyclonal anti-BLM (Abcam ab2179; 1:250 dilution) for 1
h; or rabbit polyclonal anti-yH2AX (Milipore Cat. 05-636, 1:1000 dilution) for 2 h.
Appropriate fluorochrome-conjugated secondary antibodies (Alexa-Fluor 594-conjugated
goat anti-rabbit (Invitrogen, 1:500 dilution) and Alexa-Fluor 488-conjugated anti-mouse
(Invitrogen, 1:500 dilution)) were used for 45-60 min. Nuclei were stained with DAPI for
10 min prior to mounting the slides using Fluoro-Gel with Tris Buffer (EMS). Cells were
visualized on an Axioskop 2 microscope (Zeiss) and images were processed using
AXxiovision Software (Zeiss).
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2.7. Western blot analyses

For Western blot analyses, 4-9 x 10 cells were seeded in 100 mm plates and incubated
overnight at 37 °C prior to a 4 h formaldehyde treatment (300 uM). For Western blot
analyses of BLM protein, cells were harvested at indicated time points and disrupted in a
lysis buffer (50 mM Tris—HCI, pH 8.0, 0.5% Nonidet P-40, 5 mM EDTA, 150 mM NaCl, 1
mM pepstatin A, and 1 mM PMSF). For detection of BLM and ATM proteins, aliquots of
total cell lysate (35 or 50 pg, respectively) were run on a 3-8% NuPAGE® Tris-Acetate Gel
(Life Technologies), followed by transfer onto PVDF membranes. The membranes were
immunoblotted independently with the following primary antibodies: 3 h incubation with
mouse monoclonal anti-ATM (GeneTex 2C1, 1:1000 dilution), overnight incubation with
rabbit polyclonal anti-BLM (Santa Cruz H-300, 1:1000 dilution), and 1 h incubation with
mouse monoclonal anti-a-tublin (Sigma clone B-5-1-2, 1:10,000 dilution). The membranes
were then incubated for 1 h with appropriate secondary antibodies conjugated to horseradish
peroxidase, and proteins were detected by the enhanced chemiluminescence detection
system (Western LightningTM Plus-ECL from Perkin Elmer or Clarity Western ECL
Substrate from Bio-Rad).

2.8. Cytogenetic analyses

Cells were harvested, treated with hypotonic solution (75 mM KCI, 5% fetal bovine 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). For each sample, fifty
metaphases were analyzed for radial formation on a Zeiss Axioskop Brightfield microscope.
Representative photographs were taken using CytoVision software (Applied Imaging).
These experiments were performed at the Cytogenetics Research Facility, OHSU.

3. Results

3.1. BLM-deficient cells exhibit increased sensitivity to formaldehyde compared to BLM-
proficient cells

A screen of the yeast gene deletion library revealed that the sgsl deletion strain was
hypersensitive to chronic and moderately sensitive to acute treatments of formaldehyde [15].
Given the conserved nature of RecQ helicases from bacteria to humans, we hypothesized
that loss of BLM function would sensitize human cells to formaldehyde. Formaldehyde-
induced cytotoxicity was compared for wild-type BLM-proficient (GM639) and BLM-
deficient (GM08505) fibroblast cells. Cells were subjected to acute treatment of
formaldehyde (0-400 puM) for 4 h and cell viability was determined by colony forming
assays. BLM-deficient fibroblast cells were observed to have reduced viability following
formaldehyde treatment compared to wild-type cells (Fig. 1A).

Although the normal human SV40-transformed fibroblast cell line, GM639 has been
previously used as a wild-type BLM-proficient cell line as compared to GM08505 cells [22],
it could be argued that the differential sensitivity to formaldehyde observed in the two cell
lines was attributed to their non-isogenic backgrounds. To address this concern and further
validate that the BLM protein has a role in limiting formaldehyde-induced cytotoxicity, we
used a siRNA approach to knockdown BLM in wild-type cells (Fig. 1B, C). Following
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scramble or BLM siRNA treatment for 24 h, cells were exposed to acute treatment of
formaldehyde at the indicated concentrations for 4 h. Cells were re-transfected with
scramble or BLM siRNA for 24 h and seeded for colony forming assays. In parallel, the
effectiveness of the siRNA knockdown was measured by Western blot analyses at 3 and 5
days post initial transfection (Fig. 1B and C). Depletion of BLM protein by siRNA in
GM639 cells resulted in >85% depletion of BLM protein levels. Consistent with the survival
assays in Fig. 1A, BLM siRNA-treated cells exhibited increased sensitivity to formaldehyde
treatment than the scramble-treated cells (Fig. 1D). Overall, results from the above
experiments suggest that BLM protein has a role in limiting formaldehyde-induced
cytotoxicity.

3.2. Exposure to formaldehyde leads to an immediate and pronounced cell cycle arrest of
BLM-deficient cells

BLM helicase is known to participate in the resolution and repair of certain DNA structures
(such as Holliday Junctions, D-loops, G-quadruplexes, etc.) formed at replication forks [23].
Thus, loss of BLM function causes an S phase delay of the cell cycle presumably due to
inhibition of these replication-dependent processes [24]. Given that formaldehyde induces a
G2/M phase arrest of the cell cycle in Chinese Hamster Ovary cells (CHO) [11]; we
hypothesized that the formaldehyde-induced G2/M arrest is a result of replication-associated
DNA damage and furthermore, that BLM protein is required to overcome formaldehyde-
induced replication stress.

In order to examine whether formaldehyde-induced G2/M arrest occurred in a BLM-
dependent manner, we studied the effects of formaldehyde treatment on the cell cycle
profiles of wild-type and BLM-deficient cells. Since comparable trends for survival had
been observed for BLM siRNA-treated and BLM-deficient cells in response to
formaldehyde, further characterization of BLM’s function was carried out using wild-type
and BLM-deficient cells rather than siRNA-treated cells. Both cell lines were treated with
formaldehyde at 200 uM or 400 uM for 4 h and cells were harvested either immediately
after the treatment or following a 48 h recovery. Modulation of cell cycle progression was
analyzed by flow cytometry. The cell cycle analyses showed no change in the cell cycle
profile of the wild-type cells immediately after the 4 h formaldehyde treatment (Fig. 2A, left
panel). However, following a 48 h recovery, formaldehyde-treated wild-type cells showed a
dose-dependent accumulation of cells in late S-G2/M phase (Fig. 2A, right panel). In
contrast, a significant portion of the BLM-deficient cells harvested at 4 h post formaldehyde
treatment accumulated in late S-G2/M phase (Fig. 2B, left panel). The magnitude of this
effect increased following the 48 h recovery period (Fig. 2B, right panel). At 48 h post
recovery, although both cell lines showed increased apoptosis and ploidy changes as
indicated by sub-G1 and post-G2 populations, respectively, a higher percentage of cells with
>4 N DNA were observed in the BLM-deficient population than the wild-type. These results
suggest that BLM function is most likely associated with the G2/M checkpoint in response
to formaldehyde-induced DNA damage; thus, loss of a normal G2/M checkpoint results in
cells with abnormal ploidy levels, possibly as a consequence of nuclear and chromosomal
segregation defects or exacerbated cytokinesis failure.
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Next, to examine whether formaldehyde-induced G2/M arrest was a replication-dependent
process, we synchronized wild-type cells in S phase following aphidicolin treatment, and
then monitored the changes in the molecular events following the release from S phase cell
cycle block. Consistent with our prior data with Chinese Hamster Ovary (CHO) cells [11],
we observed that the cell cycle effects were more pronounced when wild-type human cells
were synchronized in S phase and then treated with formaldehyde (Fig. S1A). Furthermore,
when synchronized cultures of wild-type cells were treated with formaldehyde, they
displayed a delayed recovery from cell cycle arrest, accompanied by increased apoptosis
(Fig. S1A) as indicated by the increased sub-G1 population. These data confirmed that
formaldehyde-induced cell cycle perturbations occur in a replication-dependent manner.

To further investigate if formaldehyde has a direct effect on DNA replication and if this
effect is BLM-dependent, wild-type and BLM-deficient cells were subjected to
formaldehyde treatment and pulse-labeled with EdU prior to harvesting cells. It was
observed that both wild-type and BLM-deficient cells showed a complete inhibition of DNA
synthesis in the presence of formaldehyde; however, DNA synthesis resumed in both cell
lines 24 h post recovery following formaldehyde exposure (Fig. S1B, C). These results
demonstrate that formaldehyde-induced inhibition of DNA synthesis and the subsequent
resumption of DNA synthesis occur in a BLM-independent manner.

3.3. Absence of BLM causes a severe delay in mitotic timing of formaldehyde-treated cells

Our cell cycle analyses (Fig. 2) revealed that following formaldehyde treatment, cells with
higher ploidy (>4n) levels accumulate in both wild-type and BLM-deficient cells. These data
are consistent with our karyotypic data which demonstrated that formaldehyde exposure
causes an increase in aneuploidy and polyploidy in CHO cells [11]. Changes in ploidy levels
are frequently associated with chromosomal instability resulting from defects in mitotic
segregation of chromosomes [25].

To examine the effects of formaldehyde treatment on mitotic cell division as a source of
abnormal ploidy levels, we performed live-cell imaging on formaldehyde-treated wild-type
and BLM-deficient cells for 6 days and studied the progression of the mitotic cells. In
parallel, to study the replication-dependent effects of formaldehyde, cells were synchronized
in S phase and then treated with formaldehyde. Four random fields for each sample were
selected for imaging and the representative still images from movies for four samples (A.
wild-type untreated, B. wild-type synchronized and formaldehyde-treated, C. BLM-deficient
untreated, and D. BLM-deficient synchronized and formaldehyde-treated) are shown in Fig.
3 (Movies S1A, S1D, S1E, and S1H, respectively). Still images were extracted from the
time-lapse movies and the time taken to complete cell division was estimated by multiplying
the number of the frames a mitotic cell took to complete cell division x 30 min (the time
difference between each frame). Most of the wild-type cells completed their cell division in
1.5-3.5 h (Fig. 3A, Movie S1A, n = 15 cells). Synchronization with aphidicolin alone did
not result in any delay of cell division in wild-type cells (Movies S1B); however, several
formaldehyde-treated wild-type cells (both unsynchronized and synchronized) exhibited a
mitotic delay in completing their cell division, where the length of mitosis varied between
1.5and 5 h (n=11 and 13 cells, respectively) (Fig. 3B, Movies S1C and S1D), suggesting
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that formaldehyde-induced lesions hinder the process of cell division. Compared to the
strong replication-dependency observed for the synchronized formaldehyde-treated wild-
type cells in cell cycle analyses (Fig. S1), live-cell imaging observations with the wild-type
cells under similar conditions could not be associated with replication. We believe this
difference is largely due to the lower formaldehyde concentration used for the live-cell
imaging experiments as compared to cell cycle analyses (100 uM versus 300 pM). It was
necessary to lower the formaldehyde concentration for the live-cell imaging experiments in
order to avoid excessive apoptosis of BLM-deficient cells following formaldehyde
treatment.

Compared to wild-type, untreated unsynchronized BLM-deficient cells took approximately
1.5-7 h (n = 12 cells) to complete a round of cell division (Fig. 3C and Movie S1E).
Aphidicolin-synchronized BLM-deficient cells did not exhibit any obvious delay of cell
division (Movie S1F) relative to unsynchronized BLM-deficient cells. However, both
synchronized and unsynchronized formaldehyde-treated BLM-deficient cells exhibited
delayed cell division, multi-nucleation and enlargement of nuclei (Fig. 3D and Movies S1G-
H). In particular, synchronized formaldehyde-treated BLM-deficient cells had a remarkably
extended mitosis, during which none of the cells were observed to complete the mitotic
division during a 6-day period (Fig. 3D and Movie S1H). For this population, cells either
underwent apoptosis or remained as giant cells. To rule out the possibility that these giant
cells were undergoing senescence, independent experiments were carried out with cells
stained for the proliferation marker, Ki-67. All giant cells were found to be positively
labeled for Ki-67 (data not shown). Collectively, although wild-type synchronized
populations failed to demonstrate replication-dependency, live-cell imaging results with
BLM-deficient synchronous populations confirmed that formaldehyde-induced effects are
strongly dependent on replication. Furthermore, the impaired exit from mitosis in BLM-
deficient cells is suggestive of a possible role of BLM protein in accurate segregation of
daughter nuclei.

3.4. BLM-deficient cells exhibit delayed DNA DSB repair following formaldehyde exposure

It is well established that DSBs are highly cytotoxic lesions and in response to DSB
generation, numerous DNA damage-responsive proteins (such as H2AX, 53BP1, etc.)
rapidly redistribute as microscopically visible foci at the sites of damage. Our lab has
previously shown that formaldehyde exposure results in an accumulation of yH2AX
(phosphorylated form of histone variant H2AX) foci [11]. In the current study, we examined
whether BLM is involved in the generation or repair process of formaldehyde-induced
DSBs. In order to address this question, DSB generation and repair capacity of wild-type
and BLM-deficient cells were compared by studying the enrichment and disappearance of
53BP1 foci following formaldehyde treatment.

53BP1 (also known as TP53BP1) protein is a DSB marker and an important factor required
for their effective repair [26-28]. Its recruitment to the sites of DSBs is critical for
determining DSB repair pathway choice [29,30]. To study 53BP1 dynamics in response to
formaldehyde-induced stress, cells were subjected to acute formaldehyde treatment (300 pM
for 4 h) and scored for 53BP1 foci formation following a recovery of 24 or 48 h (Fig. 4).
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Nuclei containing >10 53BP1 foci were counted as 53BP1 positive. No induction of 53BP1
foci was observed after a 4 h formaldehyde treatment (data not shown) and this is an
expected result given that the primary lesions induced by formaldehyde are not DSBs. We
believe that formaldehyde-induced DSBs are generated as a result of processing of DPCs
(i.e., the primary lesions induced by formaldehyde). After a 24 h recovery period, a 5-fold
increase in the number of 53BP1 foci-containing cells (P < 0.001) was observed in
formaldehyde-treated wild-type and BLM-deficient cells compared to their respective
untreated populations. In order to study the repair Kinetics of these DSBs, 53BP1 foci
accumulation was studied after 48 h recovery post formaldehyde treatment. Although both
cell lines exhibited similar levels of accumulation of DSBs following formaldehyde
treatment, their repair kinetics were notably different. After 48 h recovery, the number of
wild-type cells with 53BP1 foci declined significantly (P < 0.01; Figs. S2A and 4A), while
53BP1 positive BLM-deficient cells did not show a statistically significant reduction (P >
0.05; compare 24R and 48R in Fig. 4A). This observation was further validated by studying
the repair kinetics of yYH2AX foci formation following formaldehyde treatment. Similar to
53BP1 induction at 24 h recovery, both the cell lines had a comparable number (~70%) of
vH2AX positive (>10 foci/cell) cells following a 24 h recovery after formaldehyde treatment
(Fig. 4B). At 48 h recovery, wild-type cells showed ~a 20% drop in yH2AX positive cells;
however, the number of BLM-deficient cells positive for yH2AX foci remained nearly
unchanged at the 48R time-point (Fig. 4B). Together, these 53BP1 and yH2AX results
suggest that BLM is not required for formaldehyde-induced DSB formation; however, loss
of BLM results in a delayed DSB repair response.

To further study the involvement of BLM protein in formaldehyde-induced DSB repair, we
measured the kinetics of BLM foci accumulation in formaldehyde-treated wild-type cells.
Unlike the trend observed for 53BP1 enrichment, BLM foci appeared much later during
recovery from formaldehyde-induced DNA damage (Figs. S2B and 4C). Specifically,
although wild-type cells containing 53BP1 foci declined by the 48 h recovery time, BLM
foci continued to amass throughout the first 72 h post recovery time point and dropped only
slightly by 96 h post recovery.

In addition, we investigated the focal co-localization of 53BP1 and BLM proteins in
response to formaldehyde-induced DNA damage. In untreated cells, 53BP1 and BLM foci
rarely co-localized. However, as the recovery progressed, a time-dependent enhancement of
53BP1 and BLM co-localized foci was observed, with the maximal co-localization seen at
72 h post formaldehyde treatment (Fig. 4C). It was also noted that while the appearance of
the BLM foci remained unchanged throughout the recovery, 53BP1 foci appeared in various
forms corresponding to different time points. At the 24 h recovery time point, 53BP1 foci
observed were small and numerous, often exceeding more than 100 foci per nuclei. As the
recovery process continued, the small foci gave way to gradually larger, less abundant foci
that co-localized with BLM protein (Fig. S2C). Together, these data establish a time-
dependent enrichment of both 53BP1 and BLM foci in response to formaldehyde exposure
where 53BP1 focal accumulation precedes the recruitment of BLM foci at the sites of DSBs.
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3.5. Accumulation of BLM, but not 53BP1, foci occurs in an ATM-dependent manner

It has previously been shown that ATM regulates the accumulation and phosphorylation of
both 53BP1 and BLM proteins in response to genotoxic stress [31,32]. In order to determine
whether formaldehyde-induced stress signaling was transmitted through ATM kinase, the
survival response of ATM-proficient (GM639) and ATM-deficient (GM05849) cells to
formaldehyde treatment was examined. Cells were treated with the indicated concentrations
of formaldehyde for 4 h and cell viability was determined by colony forming assays. ATM-
deficient cells displayed sensitivity to formaldehyde (Fig. 5A) that was comparable to the
formaldehyde sensitivity of BLM-deficient cells. In addition, a time-dependent increase in
total ATM protein levels was observed following formaldehyde treatment in wild-type cells
(Fig. 5B). These findings are in accordance with previously published data suggesting a role
for ATM in response to formaldehyde/DPC-inducing agents [14]; however, the prior study
did not provide any direct evidence supporting the role of ATM protein in formaldehyde-
induced damage response [14].

Thus, we next examined if ATM protein is an upstream effector regulating 53BP1 and BLM
localization to the formaldehyde-induced DSB sites. In order to address if the recruitment of
53BP1 and BLM foci following formaldehyde treatment is regulated by ATM,
immunofluorescence experiments were performed with ATM-deficient cells to visualize the
formation/induction of 53BP1 and BLM foci following formaldehyde exposure. ATM-
deficient cells were treated with formaldehyde for 4 h, followed by a 24 and 48 h recovery
period. Similar to wild-type and BLM-deficient cells that showed a five-fold induction of
53BP1 foci 48 h following formaldehyde exposure, ATM-deficient cells, compared to the
untreated population, exhibited a seven-fold increase in 53BP1 foci accumulation under the
same conditions (Fig. 5C). Analogous to BLM-deficient cells, ATM-deficient cells exhibited
no significant repair of formaldehyde-induced DNA DSBs as measured by the persistence of
53BP1 foci (P > 0.05; compare 24R and 48R in Fig. 5C). In parallel, yH2AX foci induction
was examined in ATM-deficient cells following formaldehyde treatment. Similar to the
trend observed for 53BP1, an induction of yH2AX foci was observed to be peaking after 24
h recovery following a 4 h formaldehyde treatment, implying that accumulation of yH2AX
foci following formaldehyde exposure is not an ATM-dependent process (Fig. S3). Thus, it
was concluded that formaldehyde-induced accumulation of 53BP1 and yH2AX foci is not
regulated by ATM. These findings raise two possibilities. Either ATM works together with
53BP1 and/or yH2AX in the formaldehyde-induced DNA damage response pathway where
53BP1/yH2AX act upstream of ATM. This scenario would be analogous to the IR-induced
damage response in which 53BP1 functions as an upstream activator of ATM [33].
Alternatively, formaldehyde-induced accumulation of 53BP1 and/or yYH2AX foci is
regulated by another kinase. In this regard, we cannot exclude the possibility that 53BP1/
yH2AX may be recruited to the sites of DNA DSBs via an ATR-dependent process, as has
been observed for UV-induced DNA damage [31].

Next, to determine whether the BLM protein is a downstream effector of ATM in the
formaldehyde-induced damage response pathway, immunofluorescence experiments were
performed to study the formation of BLM foci in formaldehyde-treated ATM-deficient cells
following a 48 and 96 h recovery. Untreated ATM-deficient cells exhibit high endogenous
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levels of BLM foci compared to untreated wild-type cells, suggesting that replication-
associated genomic instability in these cells might be promoting localization of BLM to the
sites of damage. However, formaldehyde-treated ATM-deficient cells failed to show any
induction of BLM foci formation above the basal levels. Similar trends were observed
following 48 h (data not shown) and 96 h recovery (Fig. 5D). These data suggest that a
functional ATM protein is required for the recruitment of BLM protein to the sites of
formaldehyde-induced DNA DSBs.

3.6. BLM-deficient cells have elevated levels of radials following formaldehyde treatment

Alterations in S and G2/M phases of the cell cycle are an indication of perturbed replication
and chromosome segregation defects that may be accompanied by DNA breaks and
chromosomal aberrations, such as radials. Additionally, the appearance of larger 53BP1 foci
in response to formaldehyde treatment is consistent with the IR-induced 53BP1 foci that
have been shown to represent clustered DNA lesions [34]. These clustered DNA lesions, if
left unrepaired, result in chromosomal breaks and radial formation. Although the precise
mechanism leading to the formation of radials remains unknown, they are believed to appear
secondarily to DSB formation [35,36]. In order to determine if formaldehyde-induced DSB
generation was accompanied by radial formation, wild-type and BLM-deficient cells were
treated with formaldehyde and examined for radial formation. Untreated wild-type cells
exhibited a very low level of radial formation (<1%) whereas, approximately 8% of
untreated BLM-deficient cells contained radials, indicating that loss of BLM function alone
results in increased genome instability (Fig. 6). Following formaldehyde treatment, radials
appeared in a dose-dependent manner in both wild-type and BLM-deficient cells. However,
relative to wild-type, BLM-deficient cells exhibited dramatically elevated levels of
formaldehyde-induced radials (15% versus 60% at 200 uM formaldehyde concentration,
Fig. 6). These observations suggest that following formaldehyde-induced DNA damage,
BLM activity is essential for maintaining genomic integrity by suppressing the formation of
aberrant chromosomal intermediates, possibly resulting from inaccurate rejoining of DSBs.

4. Discussion

The cellular responses associated with formaldehyde-induced DNA damage are emerging as
complex, multi-pathway processes (reviewed in [37]). Given the multifunctional nature of
DNA repair proteins, elucidating their specific contributions and associations with other
proteins is needed to delineate the different pathways related to formaldehyde-induced
damage and repair responses. In this study, we demonstrate a role for the BLM helicase in
mitigating formaldehyde-induced genomic instability. Though reactive aldehydes, including
formaldehyde, share the ability to induce DNA-protein crosslinks, the protective role of
BLM is not common to all the aldehydes, as Langevin et al. [38] have shown that BLM-
deficient DT40 cells are not sensitive to acetaldehyde. The differential sensitivity of BLM-
deficient cells to aldehydes could be attributed to either (1) the formation of different species
of DNA-protein crosslinks in response to different aldehydes, or (2) the aldehydes induce
different primary or secondary lesions that also contribute to cellular cytotoxicity.
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This work provides strong evidence to support a BLM-mediated DNA damage response
invoked by formaldehyde for (1) formaldehyde-induced DSB repair and suppression of
radial formation and (2) accurate and timely progression through mitosis. Interestingly, cells
deficient in the Werner helicase (WRN), also a member of the recQ family, show increased
sensitivity to formaldehyde exposure but the mechanism of cytotoxicity appears to be
different from that in the BLM-deficient cells (manuscript in preparation).

A collaborative role for BLM and FANCC has been shown during mitosis to prevent micro-
nucleation and chromosome abnormalities [38]. As would be anticipated if BLM and
FANCC were functioning together in the formaldehyde-initiated DNA damage response,
FANCC-deficient human cells are hypersensitive to levels of formaldehyde detected in
human plasma [13]. Thus, it is possible that a BLM/FANCC-mediated pathway plays a key
role in prevention of formaldehyde-induced chromosome instability and ploidy changes that
may otherwise represent an early step toward development of cancer.

Consistent with our results with human BLM-deficient cells, we have previously
demonstrated that mammalian XPF-deficient cells exhibit an enhanced formaldehyde-
induced cell cycle arrest, increased radials, and higher ploidy levels [11]. Similar to the
contribution of BLM in formaldehyde-induced DSB repair, the function of XPF
endonuclease was not required for the formation of formaldehyde-induced DSBs; however,
the repair of these DSBs appeared to be XPF-dependent. Considering similar consequences
of formaldehyde exposure are observed in XPF- and BLM-deficient cells, it remains to be
determined if these two proteins participate in the same repair pathway. It is well known that
BLM and XPF proteins are two key players of the ICL repair pathway where, the XPF-
ERCC1 heterodimer is required for the incision step, while BLM is believed to be
responsible for down-regulating homologous recombination [39] and/or facilitating nuclease
events by unwinding damaged DNA substrates [40]. Thus, even though the primary lesions
generated by an ICL-inducing agent (DNA-DNA crosslinks) versus formaldehyde (DNA-
protein crosslinks) are different; there exists a possibility that the downstream events
involved in the ICL- and formaldehyde-induced DNA damage and repair responses share
common intermediates.

In the cellular response to DNA damage, BLM physically interacts with several DNA repair
proteins (ATM, NBS, BRCA1, MSH6, Rad50, RFC, and MLH1) forming a super-complex
called BRCALl-associated genome surveillance complex (BASC) [41]. In response to
recognition of DSBs by yH2AX and 53BP1, it is well known that BLM acts as an important
responder protein that can be regulated by either ATM or ATR sensor kinases via the signal
transmitted by transducer proteins. The current work demonstrates that the recruitment of
formaldehyde-induced BLM foci requires a functional ATM gene. This observation is
consistent with previous reports showing that treatments with ionizing radiation and
replication inhibitors result in phosphorylation of BLM in an ATM-dependent manner
[32,42,43]. Thus, despite the differences between the types of DNA lesions generated by the
different DNA damaging agents, a point of convergence appears to be in the recruitment of
the BLM protein to the sites of DSBs in an ATM-dependent manner. However, ATM-
dependent targeting of BLM in a formaldehyde-specific cellular response does not exclude a
possible role for ATR kinase. Specifically, the G2/M cell cycle checkpoint proteins and the
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downstream substrates of ATM and ATR, Chk1 and Chk2 have been shown to be
phosphorylated [14,44], followed by an activation of the downstream effector, cyclin B1 in
response to formaldehyde treatment [11].

In conclusion, this study demonstrates a critical role for BLM in mitigating formaldehyde-
induced genomic instability. Additionally, we provide evidence for collaboration between
BLM and other players, ATM and 53BP1, that are involved in a formaldehyde-induced
stress response. Further studies are required to address the specific roles and sequential
recruitment of these factors in the formaldehyde-induced damage response pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

BEM protein deficiency leads to increased sensitivity to formaldehyde exposure. (A)
Survival of wild-type (GM639) and BLM-deficient (GM08505) cells was determined by
colony forming assay. Cells were treated with the indicated concentrations of formaldehyde
for 4 h. (B) Experimental scheme employed for the colony forming assay with the scramble
or BLM siRNA transfected cells. Freshly seeded wild-type cells were incubated overnight
and transfected with scramble or BLM siRNA cocktail. Following a 24 h transfection, cells
were treated with formaldehyde for 4 h, washed with PBS twice, and re-transfected with
scramble or BLM siRNA. WB, Western blot. (C) Immunoblot analysis showing the
depletion of BLM protein following transfection with BLM siRNA. Whole-cell extracts of
scramble or BLM siRNA-treated cells were isolated on day 3 and day 5 following
transfection (i.e., day 2 and day 4 following formaldehyde treatment as indicated in the
scheme above). The expression of a-tubulin was used as a loading control for the Western
blot. (D) Following formaldehyde treatment at the indicated concentrations, colony forming
assay was used to measure the cell viability of scramble or BLM siRNA-treated cells. For A
and D, the mean and standard deviation from three or more independent experiments are
shown.
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Fig. 2.

Formaldehyde induces a severe G2/M arrest in BLM-deficient cells. Wild-type (A) and
BLM-deficient (B) cells were treated with formaldehyde at the indicated concentrations (200
UM and 400 pM) and harvested either immediately after a 4 h (4 h) treatment (left side
panels) or following a 48 h recovery post treatment (48R) (right side panels). The DNA
content of the cells was measured by flow cytometry. GM and BLM are abbreviations for
wild-type and BLM-deficient cells, respectively (inset right corner of each panel). The flow
cytometry results are summarized by generating overlay images representing all samples
harvested at each time point.
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Fig. 3.
Snapshot images from a time-lapse experiment showing mitotic cell division defects in

formaldehyde-treated BLM-deficient cells. Untreated wild-type or BLM-deficient (A, C)
cells are compared to S phase synchronized and formaldehyde-treated cells (B, D).
Synchronized cultures were released from aphidicolin (24 h treatment), and 2 h later, treated
with formaldehyde (100 uM for 4 h). Images were captured at 30 min intervals for 6 days.
“F” followed by a number in the right corner of each image represents the frame number
from the time-lapse movie. Arrows indicate dividing cells.
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Fig. 4.
Accumulation and co-localization of 53BP1 and BLM foci following formaldehyde

treatment. Kinetics of 53BP1 (A) and H2AX (B) foci accumulation in wild-type and BLM-
deficient cells following formaldehyde treatment. Cells were treated with formaldehyde (300
UM for 4 h), fixed following a 24 and 48 h recovery (24R and 48R, respectively), and
stained with anti-53BP1 or yH2AX antibody. The mean and standard deviation from three or
more independent experiments are shown. Significant difference (Student’s t-test, **P <
0.01); NS, not significant. (C) Co-localization of 53BP1 and BLM in wild-type cells
following formaldehyde exposure. Under the same treatment conditions as used for 53BP1
staining, cells were co-stained with anti-BLM and anti-53BP1 antibodies to follow the co-
localization of the two proteins over a 4 day recovery period (R). For each sample, 100 cells
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were counted in every experiment. The mean of three or more independent experiments are
shown. “ut” denotes untreated cells.
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Fig. 5.
Recruitment of 53BP1 and BLM foci at the sites of formaldehyde-induced DNA damage in

ATM-deficient cells. (A) Survival of wild-type and ATM-deficient cells was determined by
colony forming assay. Cells were treated with the indicated concentrations of formaldehyde
for 4 h. (B) Western blot analysis of ATM protein levels in wild-type cells treated with
formaldehyde (300 uM for 4 h), and allowed to recover (R) for the indicated time period.
(C) Accumulation of 53BP1 foci in formaldehyde-treated ATM-deficient cells. Cells were
treated with formaldehyde (300 pM for 4 h), fixed following a 24 and 48 h recovery (24R
and 48R, respectively), and stained with anti-53BP1 antibody. Significant difference
(Student’s t-test, ***P < 0.001); NS, not significant. (D) Quantification of BLM foci in
ATM-deficient cells with or without formaldehyde exposure. Cells were treated with
formaldehyde (300 uM for 4 h) and fixed following a 96 h recovery (96R). For each sample,
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200-300 cells were counted in every experiment. The mean and standard deviation from
three or more independent experiments are shown.
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Fig. 6.

Fc?rmaldehyde—induced radial formation in wild-type and BLM-deficient cells. (A) Cells
were assessed for radial formation at the indicated concentrations following a 4 h
formaldehyde treatment and a 48 h recovery period. Representative images of radials and
chromosomal breaks are shown. Arrowheads point to chromosomal breaks, while arrows
indicate radials. (B) Quantitation of cells containing radials. The mean and standard
deviation from three or more independent experiments are shown. Significant difference
between treated versus untreated populations (Student’s t-test, *P < 0.05, **P < 0.01, ***P
<0.001, and ****P < 0.0001). Abbreviations used: 53BP1, p53 binding protein; ATM,
ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related; BLM, bloom
protein; CHO, Chinese Hamster Ovary; DSB, double-strand break; DPC, DNA-protein
crosslink.
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