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Abstract

Human exposure to arsenic in drinking water is known to be associated with the development of
bladder, lung, kidney, and skin cancers. The molecular mechanisms underlying the carcinogenic
effects of arsenic species remain incompletely understood. DNA interstrand cross-links (ICLs) are
among the most cytotoxic type of DNA lesions that block DNA replication and transcription, and
these lesions can be induced by endogenous metabolism and by exposure to exogenous agents.
Fanconi anemia (FA) is a congenital disorder manifested with elevated sensitivity toward DNA
interstrand cross-linking agents, and monoubiquitination of FANCD2 by FANCL is a crucial step
in FA-mediated DNA repair. Here, we demonstrated that As3* could bind to the PHD/RING finger
domain of FANCL /n vitroand in cells. This binding led to compromised ubiquitination of
FANCD?2 in cells and diminished recruitment of FANCD?2 to chromatin and DNA damage sites
induced by 4,5’ ,8-trimethylpsoralen plus UVA irradiation. Furthermore, clonogenic survival assay
results showed that arsenite coexposure rendered cells more sensitive toward DNA interstrand
cross-linking agents. Together, our study suggested that arsenite may compromise genomic
stability via perturbation of the Fanconi anemia pathway, thereby conferring its carcinogenic
effect.
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Arsenic is a naturally occurring metalloid that is ubiquitously present in the environment
throughout the world. Prolonged exposure to arsenic through drinking and cooking using
contaminated groundwater poses significant threats to public health. In this vein, human
exposure to arsenic compounds is known to be associated with a variety of cancers including
those of the skin, bladder, kidney, liver, and lung, as well as other human diseases
encompassing neurological disorders, cardiovascular diseases, and diabetes.

Several mechanisms have been proposed to account for the carcinogenic effects of arsenic
species, including perturbation of growth factor signaling, induction of oxidative stress,
inhibition of DNA repair, alterations of DNA and histone methylation, and binding to vicinal
thiols in proteins.22 In this respect, in vitro studies with model synthetic peptides revealed
that As3* binds much more strongly to Cys3His (C3H)- or Cys4 (C4)-type zinc fingers than
those of the Cys2His2 (C2H2)-type.

Emerging recent studies have demonstrated that As3* may compromise DNA repair by
binding directly to DNA repair proteins, or through modulating histone epigenetic marks
that are crucial in DNA repair. As®* could bind to the zinc finger motifs of xeroderma
pigmentosum complementation group A (XPA)>8 and poly(ADP-ribose) polymerase 1
(PARP1), thereby inhibiting nucleotide excision repair (NER) and base excision repair
(BER),> respectively. Our recent study showed that As3* could bind to the RING finger
motifs of RNF20/RNF40 histone E3 ubiquitin ligase, which leads to diminished
ubiquitination of histone H2B at lysine 120.8 Consistent with the notion that this
ubiquitination is important for decompacting the 30 nm chromatin fiber and for establishing
a biochemically accessible chromatin environment required for DNA double strand break
(DSB) repair,® we observed that As3* exposure could result in compromised repair of DNA
DSBs via the homologous recombination (HR) and nonhomologous end-joining pathways.8
Along this line, As3* was also observed to bind to the C3H-type zinc fingers in ten-eleven
translocation (Tet) family of enzymes, which perturbs DNA epigenetic marks through
inhibition of Tet-mediated oxidation of 5-methylcytosine to 5-hydroxymethylcytosine.10 On
the other hand, arsenic trioxide has been successfully employed in the clinical remission of
acute promyelocytic leukemia (APL), especially for those patients carrying the PML-RARa
fusion oncogene.® In this vein, the fusion with PML led to the constitutive activation of the
RARa transcription factor, and As3* was found to bind to the RING-finger domain of PML,
resulting in the oligomerization and proteasomal degradation of the PML-RARa fusion
protein.11.12 Thus, As3* induces the clinical remission of APL and perturbs DNA DSB
repair on the basis of the same chemical rationale, i.e., through targeting zinc finger proteins,
though the cellular protein targets differ under these two scenarios.
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Not much is known about whether As3* also interferes with the repair of DNA interstrand
cross-link lesions (ICLs). In this respect, DNA ICLs may arise from endogenous metabolism
or from exposure to chemotherapeutic agents such as mitomycin C (MMC).13 Owing to the
covalent linkage of two strands of DNA and the ensuing blockage of crucial cellular
processes including DNA replication and transcription, the ICLs are extremely cytotoxic.13
Thus, multiple repair pathways have been evolved to repair ICLs, which encompass the
NER, homologous recombination (HR), and Fanconi anemia (FA) pathways.® A number of
genes involved in the FA pathway have been identified, including 15 bona fide FA genes and
14 FA-like genes,14-16 where individuals deficient in the FA-like genes are characterized by
the lack of a clear genotype—phenotype correlation in Fanconi anemia and most of the FA-
like genes are only represented by a unique family case.1® In FA-mediated repair of ICL
lesions, the anchor complex, comprised of FANCM, FAAP24, MHF1, and MHF2, is
activated by recognition of the ICL sites, which leads to the recruitment of the FA core
complex that consists of FANCA, FANCB, FANCC, FANCE, FANCF, FANCG, FANCL,
FAAP20, and FAAP100.14:15 Within the core complex, FANCL harbors a PHD/RING finger
domain and is an E3 ubiquitin ligase, which monoubiquitinates FANCI and FANCD2. These
monoubiquitination events are thought to be crucial for the recruitment of nucleases and
downstream repair factors in the NER and HR pathways to remove DNA ICL lesions.14.15

On the grounds of the previous findings that As3* was capable of binding to the zinc finger
domain of proteins, we reasoned that As3* may also interact with the RING finger domain
of FANCL, thereby blocking its E3 ubiquitin ligase activity and perturbing the repair of
DNA ICLs. In the present study, we demonstrated the interaction between As3* and FANCL
in vitro and in cultured human cells by using streptavidin agarose affinity assay, mass
spectrometry (MS), and fluorescent microscopy measurements. We also showed that arsenite
exposure could compromise MMC-induced monoubiquitination of FANCD2 and reduce the
recruitment of FANCD2 to chromatin and DNA damage sites in cultured human cells.
Additionally, we found that arsenite exposure rendered cells sensitive toward ICL-inducing
agents. Together, our study established a novel mechanism underlying the carcinogenic
effects of arsenite.

EXPERIMENTAL SECTION

Cell Culture

All cell culture experiments were conducted at 37 °C in a humidified atmosphere containing
5% CO,. HEK293T human embryonic kidney epithelial cells (ATCC, Manassas, VA) and
HeLa cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, ATCC)
supplemented with 10% fetal bovine serum (FBS, Invitrogen, Waltham, MA) containing 100
U/mL penicillin and streptomycin.

For stable isotope labeling by amino acids in cell culture (SILAC) experiments, the complete
light or heavy media were prepared by adding light and heavy lysine ([*3Cg,15N,]-L-lysine)
and arginine ([13Cg]-L-arginine) into RPMI 1640 medium without L-lysine or L-arginine.
The light and heavy SILAC medium also contained 10% dialyzed FBS and 100 U/mL
penicillin and streptomycin. The GM00637 cells were cultured in a heavy medium for at
least 10 days to ensure complete stable isotope labeling prior to further experiments.
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Plasmid Construction

The expression plasmids of GFP-FANCL harboring the C312,315A or C364,367A
mutations were obtained from the plasmid for expressing the wild-type GFP-FANCL
provided by Dr. Grover C. Bagby from Oregon Health and Science Universityl’ by using a
GeneArt Site-directed Mutagenesis Kit (Thermo Fisher Scientific, Waltham, MA), following
the vendor’s recommended procedures.

In Vitro Arsenite Binding Assay

Streptavidin

The RING finger peptide derived from the PHD domain of FANCL (with amino acid
sequences of DCGICYAYQL DGTIPDQVCD NSQCGQPFHQ ICLYEWLRGL
LTSRQSFNII FGECPYCSK) was obtained from New England Peptide, Inc. (Gardner, MA)
and purified by HPLC. The peptide was dissolved in 20 mM Tris-HCI (pH 6.8) containing 1
mM dithiothreitol. Aliquots of 100 4M peptide were incubated with 200 /M NaAsO- on ice
for 1 h and subsequently diluted by 100 fold. The resultant solution was mixed with an equal
volume of 2,5-dihydroxybenzoic acid matrix solution followed by spotting onto a sample
plate. The sample was then analyzed on a Voyager DE STR matrix-assisted laser
desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometer (Applied
Biosystems, Foster City, CA) in the linear, positive-ion mode.

Agarose Affinity Assay and Western Blot

The streptavidin agarose affinity assay was performed with the use of a biotin-As probe as
described previously.18:19 Briefly, HEK293T cells were transfected with GFP-FANCL
plasmid for 24 h followed by treatment with 5 M biotin-As probel819 in Opti-MEM
medium (Invitrogen, Carlsbad, CA) for 2 h. The cells were subsequently lysed in CelLytic
M lysis buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis,
MO) and incubated with streptavidin agarose beads at 4 °C for 3 h. Streptavidin agarose
beads were then washed six times with 1 x PBS containing 0.5% NP-40 and resuspended in
SDS-PAGE loading buffer.

After SDS-PAGE separation, the proteins on the gel were transferred to a nitrocellulose
membrane using a buffer containing 10 mM NaHCO3, 3 mM Na,COg3, and 20% methanol.
The membrane was subsequently blocked with 5% nonfat milk in PBS-T at RT for 2 h and
incubated with anti-GFP primary antibody (1:1 0000 dilution, Sigma-Aldrich) at 4 °C
overnight. After washing with PBS-T six times, the membrane was incubated with anti-
rabbit secondary antibody at RT for 1 h, and subsequently washed with PBS-T six times.
The secondary antibody was detected using an ECL Advanced Western Blotting Detection
Kit (GE Healthcare, Chicago, IL) and visualized with Hyblot CL autoradiography film
(Denville Scientific, Inc., Metuchen, NJ). Similar experiments were carried out by
transfecting HEK293T cells with FANCL-C312,315A and C364,367A mutants, or by
pretreating cells with 10 1M Zn2*, NaAsO,, or (p-aminophenyl)-arsenoxide (PAPAO) for 1
h prior to treatment with the biotin-As probe.

Fluorescence Microscopy

HEK293T cells were seeded on cover glasses in 24-well plates at a density of ~ 1 x 10° cells
per well and transfected with 1 zg of plasmid encoding GFP-FANCL, GFP-FANCL-
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C312,315A, or GFP-FANCL-C364,367A for 24 h. The cells were then incubated with Opti-
MEM containing 5 /M ReAsH-EDT, (Invitrogen) at 37 °C for 2 h, washed three times with
BAL buffer, fixed with 4% paraformaldehyde, stained with DAPI, and imaged using a Leica
TCS SP2 confocal microscope (Leica Microsystems, Buffalo Grove, IL). Similar
experiments were carried out by pretreating cells with 10 £M Zn2*, NaAsO,, or PAPAO for
1 h prior to transfection with GFP-FANCL plasmid and treatment with ReAsH-EDT>.

Isolation of Chromatin-Associated Proteins

Chromatin-associated proteins were isolated following previously described procedures.20
Briefly, cells were first lysed by incubating, for 30 min on ice, in a cytoplasmic lysis buffer,
which contained 10 mM Tris-HCI (pH 8.0), 0.34 M sucrose, 3 mM CaCl,, 2 mM MgCly, 0.1
mM EDTA, 1 mM DTT, and 0.5% NP-40. The intact nuclei were isolated by centrifugation
at 5000 rpm for 2 min and lysed with nuclear lysis buffer, which contained 20 mM HEPES
(pH 7.9), 1.5 mM MgCl,, 1 mM EDTA, 150 mM KClI, 0.1% NP-40, 1 mM DTT, and 10%
glycerol as well as protease and phosphatase inhibitors. The chromatin-enriched fraction
was isolated by centrifugation at 14 000 rpm for 30 min, resuspended in a buffer containing
20 mM HEPES (pH 7.9), 1.5 mM MgCl,, 150 mM KCI, 10% glycerol, protease and
phosphatase inhibitors, and 0.15 unit/sL benzonase (Sigma-Aldrich, St. Louis, MO). After
incubating on ice for 1 h, the chromatin-associated proteins were obtained by collecting
supernatant after centrifugation.?!

Ubiquitin Remnant Peptide Immunoprecipitation and LC-MS/MS Analysis

GMO00637 cells cultured in RPMI 1640 medium containing heavy or light lysine and
arginine were treated with or without 5 M sodium arsenite for 24 h, followed by treatment
with 5 /M MG132 for 1 h. The cells were then harvested and lysed in a lysis buffer with 8
M urea. The lysates from light control (or NaAsO,-treated) cells and heavy NaAsO,-treated
(or control) cells were mixed at a 1:1 ratio and digested with trypsin overnight at an enzyme/
substrate ratio of 1:50 (by mass). The resulting peptides were desalted on a Sep-Pak C18
column (Waters), followed by immunoprecipitation of peptides carrying the K-e-GG
ubiquitin remnant using the PTMScan Ubiquitin Remnant Motif (K-e-GG) Kit (Cell
Signaling). The enriched ubiquitinated peptides were eluted with 0.15% trifluoroacetic acid
and injected for LC-MS/MS analysis on a Q Exactive Plus quadrupole-Orbitrap Mass
Spectrometer (Thermo).

Recruitment of FANCD2 to DNA Damage Sites Induced by 4,5’,8-Trimethylpsoralen (TMP)

HelL a cells were plated in a 35 mm glass-bottom culture dish. On the next day, the cells were
incubated for 15 min in media containing 6 /M TMP with or without NaAsO» (5 or 20 M),
prior to laser treatment to photoactivate the TMP and generate laser-localized ICLs.
Localized irradiation was performed using a Nikon Eclipse TE2000 confocal microscope
(Nikon Instruments Inc., Melville, NY) equipped with an SRS NL100 nitrogen laser-
pumped dye laser (Photonics Instruments, St. Charles, IL) that fires 5 ns pulses with a
repetition rate of 10 Hz at 365 nm, at a power of 0.7 nW, which was measured at the back
aperture of the 60x objective. The laser was directed to a specified rectangular region of
interest (ROI) within the nucleus of a cell visualized with a Plan Fluor 60x/NA1.25 oil
objective. The laser beam was oriented by galvanometer-driven beam displacers and fired
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randomly throughout the ROl until the entire region was exposed. Throughout the
experiment, the cells were maintained at 37 °C, 5% CO,, and 80% humidity using an
environmental chamber. For each plate, cells in successive fields along a cross on the glass
(made with a diamond pen) were targeted during the course of 20 min. The plate was
immediately fixed in freshly prepared 4% formaldehyde in PBS at RT for 10 min, followed
by immunostaining for yH2AX (05-636, Millipore) and FANCD2 (NB100-182, Novus).
Image processing and subsequent quantification of FANCD?2 intensity in the ICL stripe
minus the nuclear background were performed in Volocity (PerkinElmer, Waltham, MA).

Clonogenic Survival Assay

HEK?293T cells were seeded in six-well plates at densities of 100—-600 cells per well. After
incubation with 5 M NaAsO, for 24 h, the cells were exposed to various doses of MMC
(072 ng/L) or TMP (0-75 ng/yL) + 100 J/m2 UVA in DMEM medium and cultured for 10
days. The colonies were then fixed with 6% glutaraldehyde and stained with 0.5% crystal
violet. Colonies with more than 50 cells were counted under a microscope.22

RESULTS
As3* Binds to the RING-Finger Domain of FANCL Protein in Vitro and in Cells

To test our hypothesis that As3* exposure may compromise DNA interstrand cross-link
repair viathe FA pathway, we first examined the interaction between As3* and the PHD-
finger-containing protein FANCL. To this end, we performed an /n vitro binding assay to
examine whether As3* can interact directly with the RING finger domain of FANCL protein
with the use of a synthetic RING finger peptide derived from human FANCL protein (see
Experimental section). MALDI-TOF MS data revealed a mass increases of 72 and 144 Da
upon incubation of the synthetic peptide with As3*. These mass increases reflect the binding
of one and two As3* to the peptide along with the releases of three and six protons,
respectively, from the cysteine residues at the RING finger domain (Figure 1A).48 This
result supports that As3* can bind directly to the RING-finger domain of FANCL protein /n
vitro.

We next asked whether this interaction could also occur in cells. Toward this end, we
incubated HEK?293T cells with a synthetic biotin-As probe followed by streptavidin agarose
affinity pull-down assay to assess the interaction between As3* and FANCL. Western blot
analysis showed that incubation of HEK293T cells with the biotin-As probe facilitates the
pull-down of ectopically expressed FANCL protein, indicating that As3* is indeed able to
bind to FANCL in cells (Figure 1B). Mutations of two critical cysteine residues in the
RING-finger domain to alanines led to marked diminution in this interaction, suggesting that
the interaction between FANCL and As3* necessitates the intact RING-finger domain of
FANCL (Figure 1C). To further substantiate this finding, we performed fluorescence
microscopy experiments using an As3*-containing dye, ReAsH-EDTs, which displays red
fluorescence after its arsenic moieties bind to four cysteine residues in proteins.23 Indeed,
fluorescence microscopy results revealed that the GFP-tagged FANCL, but not the FANCL
mutants, colocalizes with ReAsH-EDT,, (Figure 1D,E), again supporting the binding
between As3* and the RING-finger domain of FANCL in cells. However, pretreatment of
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cells with NaAsO, or PAPAQ, but not Zn?*, led to significant reductions in the
colocalization between ReAsH-EDT, and FANCL (Figure 2A-C), supporting the
competitive binding of As3* to cysteine residues in the RING finger motif of FANCL.

Arsenite Binding to FANCL Perturbs the Ubiquitination and Chromatin Localization of
FANCD2

Having demonstrated the interaction between As3* and FANCL, we next investigated the
effect of this binding on the function of FANCL. To this end, we treated HEK293T and
HeLa cells with MMC to induce ICLs24-28 in cells and subsequently incubated the cells
with As3*. Western blot results illustrated that the level of monoubiquitination of FANCD2
was significantly elevated after MMC treatment; however, the MMC-stimulated
ubiquitination of FANCD2 was dramatically reduced after incubation with arsenite (Figure
3A,B). Considering that FANCL is the major E3 ligase involved in the monoubiquitination
of FANCD2,2” the above results supported that the binding of arsenite to the RING finger
motif of FANCL diminishes its E3 ubiquitin ligase activity. In addition, chromatin
fractionation assay results showed that the ubiquitinated FANCD2 was primarily localized in
the chromatin fraction (Figure 3C,E), which agrees with the notion that the recruitment of
ubiquitinated FANCD?2 to chromatin is an important step in DNA ICL repair.28 In this
respect, it is of note that, similar to what were previously observed,2%-31 we also detected
nonubiquitinated form of FANCD2 in the chromatin fraction, which might be attributed to
the presence of other mechanisms for the chromatin recruitment of FANCD2 that is
independent of its ubiquitination. Moreover, treatment of cells with increasing
concentrations of arsenite led to a dose-dependent decrease in the localization of FANCD?2
to chromatin (Figure 3D,F). These results support that arsenite binding to the RING finger
motif of FANCL perturbs its E3 ligase activity, thereby resulting in diminished
ubiquitination and chromatin localization of FANCD?2.

To further confirm the diminished ubiquitination of FANCD?2 after arsenite treatment, we
conducted a quantitative proteomic experiment to assess the level of this ubiquitination with
the use of SILAC labeling, immunoprecipitation of tryptic peptides containing the ubiquitin
remnant (i.e., diglycine-modified lysine), and LC-MS/MS analysis (Figure 4 and see
Experimental Section). We were able to detect the [M + 2H]%* ions for both the light (/2
576.3217 for the monoisotopic peak) and heavy (/m/z584.3246 for the monoisotopic peak)
forms of the FANCD?2 peptide harboring the ubiquitin remnant at Lys561 (Figure 4A,C).
The LC-MS data revealed that a 24-h treatment of GM00637 cells with 5 M NaAsO, leads
to a reduction in the level of this ubiquitination to 46% relative to the control untreated cells
(Figure 4B). This result parallels the finding made from Western blot analysis, which
showed a ~ 2-fold decrease in the level of Lys561 ubiquitination in FANCD?2 after HeLa
cells were treated with 4 zM NaAsO, for 24 h (Figure 3F).

Arsenite Exposure Led to Compromised Recruitment of FANCD2 to DNA Damage Sites
and Sensitized Cells toward DNA ICL Agents

We next utilized immunofluorescence microscopy to examine the effect of arsenite treatment
on the recruitment of FANCD2 to DNA damage sites upon ICL induction. In this vein, HeLa
cells were exposed to TMP plus UVA light (TMP+UVA)32 to induce ICLs and subsequently
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stained with yH,AX33 and FANCD?2 antibodies to reveal the colocalization of damage sites
and FANCD?2 protein in the presence or absence of arsenite treatment. Compared to the
control group, the recruitment of FANCD2 to ICL sites was substantially reduced upon
arsenite treatment (Figure 5A). Moreover, recruitment of FANCD2 to DNA damage sites
decreases with the dose of arsenite used (Figure 5B). This finding, in conjunction with the
results obtained from the chromatin fractionation assay, led us to conclude that, upon ICL
induction by MMC or TMP+UVA, arsenite inhibits the recruitment of FANCD?2 to ICL
sites, which may compromise the repair of ICLs v/athe FA pathway.

To further substantiate the above findings, we employed a clonogenic survival assay to
assess whether arsenite exposure sensitizes cultured human cells toward DNA interstrand
cross-linking agents. The cells were pretreated with 5 M NaAsO, for 24 h prior to their
exposure to different doses of MMC or TMP +UVA. After culturing the cells for 10 days,
we quantified the survival rates of cell colonies. Our results showed that the number of
surviving colonies decreased with the concentrations of MMC or TMP, and importantly the
clonogenic survival was exacerbated in cells cotreated with arsenite (Figure 6A,B). In this
vein, it is worth noting that exposure to 5 M NaAsO, for 24 h alone also led to reduced
clonogenic survival relative to control cells (data not shown). Nevertheless, the dose-
dependent decrease in cell survival is much more pronounced in cells cotreated with
NaAsO, than in cells exposed only to interstrand cross-linking agents (Figure 6). This result
suggests that arsenite conferred elevated sensitivities of cells toward the cytotoxic effects of
DNA interstrand cross-linking agents.

DISCUSSION

Avrsenic is a widespread environmental carcinogen,3* and binding to vicinal thiols in proteins
is thought to be one of the major mechanisms underlying the cytotoxic and carcinogenic
effects of arsenic species.3 Zinc fingers are small structural motifs in proteins characterized
by the coordination of one or more zinc ions with their Zn?*-binding regions. They assist to
stabilize the folded structures of proteins and maintain their functions.3® It was observed
previously that As3* displayed stronger binding affinity toward C3H and C4 types of zinc
fingers than that of the C2H2 type.? For instance, arsenite was found to bind to the C4-type
zinc finger in XPA%8 and C3H-type zinc finger in PARP-1,” which impair their functions in
DNA repair. RING finger is a specific type of Zn?*-binding domain that contains a C3HC4
amino acid motif and can coordinate two zinc ions.36 RING finger is present in many E3
ubiquitin ligases including, among others, APC/C, MDMZ2, BRCA1, and the above-
mentioned RNF20-RNF40.37 Replacement of Zn2* ions with As3* in the RING finger
domain of PML was found to lead to the proteasomal degradation of PML-RARa fusion
protein.12 In addition, arsenite binding to the RING finger domains of RNF20-RNF40 E3
ubiquitin ligase inhibits the ubiquitination of lysine 120 in histone H2B and produces a
chromatin environment that is not biochemically accessible for DNA double-strand break
repair.8

The Fanconi anemia syndrome is a genetic disease manifested with progressive bone
marrow failure, developmental abnormalities, and increased cancer susceptibility.38 FA
arises from germ-line mutation in one of the FA genes, resulting in compromised repair of
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DNA ICLs as well as stalling of DNA replication and transcription machineries.13-16
Central to the FA-mediated DNA repair pathway is the genotoxic stress-induced
monoubiquitination of Lys561 in FANCD2 by FANCL in complex with E2 ligases UBE2T
or UBE2W,39 which promote the initiation of downstream nucleolytic incisions by recruiting
MTMR15/FAN1 to DNA damage sites.*? Monoubiquitination of FANCD2 promotes its
binding to chromatin, and the ubiquitination is required for FANCD2’s interaction with
BRCA139 and MTM15/FAN1,%1 DNA repair, and normal cell cycle progression. FANCD2
is deubiquitinated by USP1 once DNA repair is complete.42

As a component of the FA core complex that ubiquitinates FANCD2 and FANCI, the E3
ubiquitin ligase FANCL, harboring a C4HC3 RING finger motif,*3 plays an important role
in the FA pathway for the repair of ICLs. Our present study demonstrated that arsenite binds
to the RING finger domain of FANCL both /n7 vitroand in cultured human cells. In keeping
with the fact that the coordination of Zn?* ions with the RING finger motif of FANCL is
essential for its structural integrity, protein interaction, and E3 ligase activity,*3 we found
that the occupancy of As3* at the Zn2*-binding sites of FANCL led to a diminished
ubiquitination and compromised localization of FANCD2 to chromatin and DNA damage
sites. The impaired ubiquitination of FANCD?2 triggered by arsenite exposure perturbs the
FA pathway-mediated repair of DNA ICL lesions. Consistent with this notion, we observed
that cells exposed to arsenite exhibited diminished resistance to agents that can induce DNA
ICL lesions. Together, we uncovered, for the first time, that arsenite is able to bind to the
RING finger domain of FANCL and this binding leads to diminished DNA ICL repair. This
novel discovery provides a better understanding of the mechanism underlying the
carcinogenic effect of arsenite.
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Figure 1.
As3* binding to the RING-finger domain of FANCL /n vitroand in cells. (A) MALDI-TOF

mass spectrum showing the interaction between As3* and the RING-finger peptide of
FANCL. The peptide was capable of binding up to two As3*. (B) Streptavidin agarose
affinity assay revealed the interaction between As3* and FANCL protein in HEK293T cells.
Biotin-As probe was used to assess the binding between As3* and ectopically expressed
GFP-FANCL protein. (C) Streptavidin agarose affinity assay revealed the abolished
interaction between As3* and FANCL protein mutants in HEK293T cells, where the RING-
finger cysteine residues 312 and 315 or 364 and 367 were mutated into alanines. (D)
Fluorescence microscopy results revealed the colocalization of As3*-bearing ReAsH-EDT,
and GFP-FANCL in HEK?293T cells, and mutations of cysteines to alanines in the RING-
finger domain diminished the colocalization. (E) Quantitative analysis of the extents of
colocalization between ReAsH-EDT, and FANCL or its mutants. The signal intensities of
fluorescence emission in each channel were determined by using ImageJ. The colocalization
ratios were calculated as the signal intensity of ReAsH-EDT,, divided by the signal intensity
of GFP. The data represent the mean and standard deviation of results obtained from images
of 30 different cells. ***P < 0.001. The Pvalues were calculated using two-tailed, unpaired
Student’s ttest.
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Competitive binding of As3* to the RING-finger domain of FANCL. (A) Fluorescence
microscopy showing the colocalization between As3*-bearing ReAsH-EDT; and GFP-
FANCL in HEK293T cells. The colocalization was abolished in cells pretreated with 10 xM
NaAsO, or PAPAO, but not Zn2*, prior to staining with ReAsH-EDT,. (B) Streptavidin
agarose affinity assay revealed the interaction between As3* and FANCL protein in
HEK?293T cells. The interaction was diminished after pretreatment with 10 /M NaAsO, or
PAPAO, but not Zn?*. (C) Quantitative analysis of the frequencies of colocalization between
ReAsH-EDT, and FANCL. The data represent the mean and standard deviation of results
obtained from images of 30 different cells. ***P< 0.001. The Pvalues were calculated

using two-tailed, unpaired Student’s #test.
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Figure 3.
As3* exposure leading to decreased ubiquitination and chromatin localization of FANCD2.

(A) The Western blot result revealed that As3* exposure elicited reduced ubiquitination of
FANCD?2 in the lysate of HeLa cells after As3* exposure upon ICL induction by MMC. (B)
Quantitative data of relative levels of FANCD2 ubiquitination after MMC treatment. The
data represent the mean and standard deviation of results obtained from three biological
replicates. (C) As3* exposure diminished the ubiquitination level of FANCD2 and perturbed
its chromatin localization. “CF” and “SF” designate the chromatin and soluble fractions,
respectively. (D) As3* exposure resulted in a dose-dependent reduction in the chromatin
localization of FANCD?2. (E) Quantitative data of total FANCD?2 level in chromatin fractions
for panel D. The levels of FANCD2 were represented as the ratio of FANCD2/histone H3 in
chromatin fractions, and the relative level of FANCD2 in the control group was normalized
to unity. (F) Quantitative data of FANCD?2 ubiquitination for panel (D). The relative levels of
FANCD?2 ubiquitination were calculated as the ratios of FANCD2-ub over unmodified
FANCD?2 in chromatin fractions, and the ratio for the control group was normalized into
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unity. *P<0.05; **P<0.01; ***P<0.001. The Pvalues were calculated using two-tailed,
unpaired Student’s £test.
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Figure 4.

Diminished monoubiquitination of FANCD?2 after arsenite treatment in GM00637 cells as
revealed by LC-MS/MS data. (A) MS results for FANCD2 K561 ubiquitination from the
forward and reverse SILAC labeling samples. In the forward sample, cells cultured in light
SILAC medium were treated with 5 M NaAsO, for 24 h and mixed with an equal amount
of lysate from untreated cells cultured in heavy SILAC medium. In the reverse sample,
lysate of cells cultured in heavy medium and treated with 5 zM NaAsO, was mixed with an
equal amount of lysate of untreated cells cultured in light medium. The spectrum shows the
[M + 2H]?* ions for FANCD2 K(ub)QLSSTVFK (light, 712576.3217) and
K(ub)*QLSSTVFK* (heavy, mlz584.3246) peptides. (B) Relative levels of ubiquitination of
K561 in FANCD2 with or without arsenite treatment. The data represent the mean and
standard deviation of results obtained from three independent experiments. The level of
FANCD2 ubiquitination in the control group was normalized into 1.0. ***£ < 0.001, and the
Pvalues were calculated using a two-tailed, unpaired Student’s #test. (C) MS/MS results for
K(ub)QLSSTVFK (light) and K(ub)*QLSSTVFK* (heavy) peptides.
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Figure5.

NaAsO, exposure perturbs the recruitment of FANCD2 to laser-localized ICLs. (A) Cells
were treated with TMP + NaAsO, (5 or 20 M) and targeted with a 365 nm laser in a
defined ROI in the cell nuclei to photoactivate the 4,5",8-trimethylpsoralen and introduce
ICLs. The cells were subsequently fixed and stained for ¥H2AX and FANCD2 to quantify
the recruitment of FANCD?2 to laser-localized ICLs as a function of time. Representative
images showing yH2AX (damage marker) and the colocalizing FANCD?2 stripe for each
condition at the different time intervals following ICL induction. (B) Quantification results
for the data shown in A. The intensity of FANCD?2 in the stripe and the nuclear background
was quantified in at least 30 cells per time point per condition analyzed, where the images
were acquired under identical exposure conditions. Three independent experiments were
performed and showed equivalent results. Means were compared using a Rank-sums test (* P
< 0.05; **P< 0.01;***P< 0.001).
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Figure6.

Clonogenic survival assay showing diminished resistance toward ICL agents upon As3*
exposure. (A) HEK293T cells were plated in six-well plates and treated with increasing
doses of MMC to induce ICLs and exposed to As3*. After being cultured for 10 days, the
cells exposed to As3* displayed diminished resistance to MMC as reflected by lower
survival rates relative to the control group. (B) HEK293T cells were treated with increasing
doses of TMP and irradiated with 365 nm light to photoactivate the 4,5”,8-trimethylpsoralen
to introduce 1CLs. Compared to the control group, the cells exposed to As3* manifested
increased sensitivity to TMP + UVA. **P< 0.01; ***P < 0.001. The Pvalues refer to the
comparisons between the groups treated with ICL agents alone and those treated with ICL
agents together with As3*, and the values were calculated using a two-tailed, unpaired
Student’s ttest.
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