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Abstract: BRCAL is a key player in maintaining genomic integrity with multiple functions in DNA
damage response (DDR) mechanisms. Due to its thiol-rich zinc-complexing domain, the protein may
also be a potential target for redox-active and/or thiol-reactive (semi)metal compounds. The latter
includes trivalent inorganic arsenic, which is indirectly genotoxic via induction of oxidative stress and
inhibition of DNA repair pathways. In the present study, we investigated the effect of NaAsO, on
the transcriptional and functional DDR. Particular attention was paid to the potential impairment of
BRCA1l-mediated DDR mechanisms by arsenite by comparing BRCA1-deficient and -proficient cells.
At the transcriptional level, arsenite itself activated several DDR mechanisms, including a pronounced
oxidative stress and DNA damage response, mostly independent of BRCA1 status. However, at the
functional level, a clear BRCA1 dependency was observed in both cell cycle regulation and cell death
mechanisms after arsenite exposure. Furthermore, in the absence of arsenite, the lack of functional
BRCA1 impaired the largely error-free homologous recombination (HR), leading to a shift towards the
error-prone non-homologous end-joining (NHE]). Arsenic treatment also induced this shift in BRCA1-
proficient cells, indicating BRCA1 inactivation. Although BRCA1 bound to DNA DSBs induced via
ionizing radiation, its dissociation was impaired, similarly to the downstream proteins RAD51 and
RADb54. A shift from HR to NHE] by arsenite was further supported by corresponding reporter gene
assays. Taken together, arsenite appears to negatively affect HR via functional inactivation of BRCA1,
possibly by interacting with its RING finger structure, which may compromise genomic stability.

Keywords: arsenite; DSB repair; BRCA1; HR; NHE]; gene expression; RAD51; RAD54; 53BP1;
DNA-PKcs; apoptosis

1. Introduction

DNA is the carrier of an organism’s genetic information and is under constant attack
from exogenous and endogenous factors. Since the survival of an organism depends on
the transmission of genetic information to its subsequent generations, the cell possesses a
complex network of different mechanisms to maintain genomic stability [1]. The BRCA1
(breast cancer type 1 susceptibility protein) is a core component of this signal transduction
cascade, known as the DNA damage response (DDR). BRCA1 has previously been shown to
interact with several signaling proteins following exposure to ionizing radiation (IR) [2,3].
The importance of BRCAL is particularly evident in studies on BRCAI-mutant cells; a
loss-of-function mutation increases the likelihood of tumor formation, particularly breast
and ovarian cancer [4,5]. Therefore, one goal of this study was to gain more insight into the
impact of BRCA1 on the different signaling pathways of the DDR.

From a toxicological point of view, BRCAL1 is of particular interest because it contains
a RING finger structure [3,4], which may represent a potentially sensitive target for redox-
active thiol-affine metal and metalloid compounds. Thus, thiol groups within zinc finger
structures in various proteins have previously been shown to be perturbed by toxic and/or
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carcinogenic metal compounds. The binding of metal ions to these critical thiol groups,
together with oxidation, can lead to conformational changes and consequent loss of protein
function [6]. However, up to now, there is little evidence that toxic metal compounds
interfere with RING finger structures.

One such semi-metallic species that can potentially disrupt zinc-binding structures
is trivalent inorganic arsenic. Worldwide, several million people have been exposed to
arsenite through drinking water or food, and increased intake correlates with a higher risk
of lung, skin, and bladder cancer. Consequently, arsenic and its inorganic compounds have
been classified as human carcinogens (Group 1) by the International Agency for Research
on Cancer (IARC) and the German MAK Commission [7,8]. While direct mutagenicity of
arsenite appears to be of minor importance, indirect genotoxicity, including the induction
of oxidative stress and the interactions with DNA repair processes, has been demonstrated
in several studies (reviewed in [9]).

An underlying molecular mechanism of arsenite is based on its strong affinity for
adjacent dithiol and trithiol groups, which are present in numerous zinc-binding domains of
proteins, including many transcription factors as well as DNA repair and tumor suppressor
proteins [6]. The impairment of zinc finger proteins by arsenite has been demonstrated
previously in several studies [10-13], with poly(ADP-ribose)polymerase 1 (PARP-1) being
one particularly sensitive target [14]. In contrast, little is known about arsenite-mediated
interference with RING finger proteins. Initial evidence was provided by the study of
Zhang et al., who described arsenite binding to the RING domains of an E3 ubiquitin ligase
with impaired H2B ubiquitination and impaired DNA double-strand break repair (DSBR).
Furthermore, they described reduced binding of BRCA1 and RAD51 [15].

By comparing BRCA1l-proficient and -deficient cell lines, the present study aimed
to investigate the impact of arsenite on BRCA1 expression and function in DNA DSB
repair. We found that arsenite clearly activated the transcriptional oxidative stress and
DNA damage responses. The absence of a functional BRCA1 protein impaired arsenite-
induced cell cycle arrest; furthermore, the function of BRCA1 protein in DNA DSB repair
and downstream protein binding was disrupted by arsenite, with adverse consequences,
especially for HR.

2. Results
2.1. Cytotoxicity of Arsenite

The cytotoxic potential of arsenite was evaluated after treatment with NaAsO, in
the presence or absence of IR on UWB1.289 (BRCA1-null ovarian cancer cell line; BRCA1-
deficient) and UWB1.289 + BRCA1 (BRCA1-wild-type, BRCA1-proficient) cells to define
appropriate incubation conditions. To assess viability, the cellular ATP content was deter-
mined after NaAsO, treatment, in addition to the cell number. The cells were pre-incubated
with NaAsO; for 18 h, irradiated with 1 Gy, or left unirradiated, and post-incubated with
NaAsO; for 8 h, resulting in a total incubation time with arsenite of 26 h (Figure 1). In terms
of cell number, a concentration-dependent and similar cytotoxic potential of NaAsO, was
observed in both cell lines, starting at 5 uM; irradiation had no further effect on cytotoxicity.
Similarly, ionizing radiation had no effect on the ATP content, and arsenite alone as well as
after co-treatment with irradiation only marginally affected this parameter. Thus, the two
methods identified mild to moderate cytotoxic effects by treatment with 5 uM and moderate
to strong cytotoxic effects by 10 uM NaAsO; in both UWB1.289 and UWB1.289 + BRCA1
cells. Therefore, the following experiments were performed with the same incubation con-
ditions at arsenite concentrations of up to 10 pM, except for immunofluorescence studies, if
not stated otherwise.
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Figure 1. Cytotoxicity of arsenite in UWB1.289 and UWB1.289 + BRCA1 cells. Cell count (A) and
ATP content (B) were determined after treatment with NaAsO,. Cells were pre-incubated with
NaAsQO; for 18 h, irradiated with 1 Gy, or left unirradiated and post-incubated with NaAsO, for
8 h. For the non-irradiated cells, this resulted in a total incubation time of 26 h. Shown are mean
values =+ standard deviations derived from three independent experiments. Statistically significant
difference from the control of the respective cell line as determined using ANOVA followed by
Dunnett’s T3 post hoc test: * p < 0.05, ** p < 0.01.

2.2. Uptake and Intracellular Accumulation

To determine the arsenic uptake as a function of extracellular arsenite concentration,
total arsenic concentration was measured by atomic absorption spectroscopy (AAS). The
UWB1.289 and UWB1.289 + BRCA1 cells were incubated with NaAsO, for 18 h, and the
results for both cell lines are shown in Figure 2.
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Figure 2. Accumulation of arsenic in UWB1.289 and UWB1.289 + BRCAL1 cells following treatment
with NaAsO, for 18 h. Shown are mean values =+ standard deviations derived from three independent
experiments. Statistically significant difference from untreated control of the respective cell line as
determined by paired, two-tailed student’s ¢-test: ** p < 0.01.

Arsenite treatment resulted in a concentration-dependent and pronounced accumu-
lation of intracellular arsenic in both BRCA1-proficient and BRCA1-deficient cells. In the
case of 1 uM extracellular arsenite, 20 uM intracellular arsenic was found, and incubation
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with 10 uM NaAsO; resulted in intracellular arsenic levels ranging from 120 uM to 140 uM.
No statistically significant differences were found between the two cell lines, suggesting
comparable arsenic uptake.

2.3. Gene Expression Profiling

In the next step, gene expression profiles were generated to identify the cellular
response to arsenite in BRCA1-proficient cells compared to BRCA1-deficient cells. For this
purpose, a high-throughput RT-qPCR was used, which allowed the parallel analysis of
96 samples on the expression of 95 genes related to genomic stability. With this approach,
native BRCA1-deficient UWB1.289 and transfected BRCA1-proficient UWB1.289 + BRCA1
cells were compared. The gene set included markers of metal homeostasis, (oxidative)
stress response, DNA damage and repair, cell cycle control, and apoptosis. A detailed
description, including a complete list of the respective primers, genes, and their encoded
proteins has been published previously by our group [16]. Relative gene expression was
calculated by normalizing the treated samples to the untreated control of each cell line
and are expressed as log, values. A reduction of at least 50% (log,-fold change < —1) or a
doubling (log,-fold change > 1) compared to the untreated control was considered relevant,
but concentration-dependent trends were also considered. The gene expression profiles for
both cell lines are shown as heat maps in Figures 3 and 4. To assess the effect of NaAsO,,
the untreated control of the respective cell line was chosen as a reference. Comparing the
gene expression profiles of the two cell lines under basal conditions, only the transcription
rate of the BRCA1 gene showed a respective difference, confirming the BRCA1 deficiency
and BRCAL proficiency, respectively. Regarding NaAsO, treatment, both cell lines showed
a similar gene expression pattern. Neither ionizing radiation alone nor after co-treatment
with NaAsO, showed any difference in its effect on transcriptional activity.

As shown in Figure 3, no changes at the transcriptional level were observed after ion-
izing radiation, indicating that no DDR was activated at this rather low level of irradiation.
In contrast, a clear and dose-dependent effect was detected in the case of arsenite treatment.
Here, the most pronounced changes were observed in the oxidative stress response upon
treatment with arsenite. The greatest effect was observed for HMOX1, which encodes
heme oxygenase 1; remarkably, a 5-fold induction was already observed at 1 uM arsenite
when the lowest concentration was applied. Another sensor gene for oxidative stress is
HSPA1A, whose transcript levels were also increased, although less pronounced and only
detected at 5 uM arsenite. Rather small but dose-dependent inductions were observed
for other oxidant-responsive genes such as G6PD, GCLC, and GSR, as well as for NQO1
and TXNRDI1. In contrast, slight repressions were observed for the genes NFKBI and
NFKBIA. Among the metal homeostasis genes, MT1X, MT2A, encoding metallothioneins,
and SLC30A1, encoding a zinc exporter from cells, showed a dose-dependent up-regulation
after arsenite exposure, starting at 5 uM (2.5-fold induction).

Within the cluster of apoptotic factors and cell cycle regulators, the gene CDKN1A,
which encodes the protein p21, showed a 2.5-fold increased expression at 5 uM arsenite.
In addition, the expression of PMAIP, which encodes the pro-apoptotic BCL-2 protein
Noxa, was 1.4-fold increased. The gene TNFRSF10B, encoding the death receptor DR5, also
showed increased transcription. In contrast, arsenite induced repression of the proliferation-
associated gene E2F1 and the anti-apoptotic gene BCL2L1.

Regarding the DNA damage response gene cluster (Figure 4), arsenite activated genes
related to DNA damage signaling, namely GADD45A and DDIT3, starting at 1 uM, as well
as BRCA1 in the proficient cell line. Interestingly, DNA damage signaling by GADD45A
and DDIT3 was more pronounced in the BRCA1-deficient cell line, indicating a lack of
protection by BRCAI induction. In contrast, for all other genes encoding DNA repair
factors such as ATM, ATR, and PARP1 as well as those encoding specific DNA repair factors
of all major DNA repair pathways (DDB2, ERCC4, LIG1, LIG3, PARP1, PCNA, POLD]1,
RAD50, and XPC), expression was down-regulated by arsenite in a dose-dependent manner,
reaching levels between 50% and 30% of control. The repression was most pronounced
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in the case of RRM2B (ribonucleotide reductase regulatory TP53 inducible subunit M2B),
which is required for DNA synthesis.
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Figure 3. Gene expression profiling of UWB1.289 and UWB1.289 + BRCAT1 cells after treatment with
NaAsO,. Cells were pre-incubated with NaAsO; for 18 h, irradiated with 1 Gy, or left unirradiated
and post-incubated with NaAsO, for 8 h. This resulted in a total incubation time with arsenite of 26 h.
Gene expression was determined using high-throughput RT-qPCR. Genes were classified into the
clusters of metal homeostasis, oxidative stress response, apoptotic factors, and cell cycle regulators
as well as DNA damage response. The log-fold changes are derived as mean values from three
independent experiments, normalized to the untreated control of the respective cell line, with the
control equal to 0.
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Figure 4. Gene expression profiling of UWB1.289 and UWB1.289 + BRCAT1 cells after treatment with
NaAsQO;. Cells were pre-incubated with NaAsO, for 18 h, irradiated with 1 Gy, or left unirradiated
and post-incubated with NaAsO, for 8 h. For the non-irradiated cells, this resulted in a total

0

incubation time of 26 h. Gene expression was determined using high-throughput RT-qPCR. Genes
were classified into the clusters of metal homeostasis, oxidative stress response, apoptotic factors, and
cell cycle regulators as well as DNA damage response. The log,-fold changes are derived as mean
values from three independent experiments, normalized to the untreated control of the respective cell
line, with control equal to 0.

2.4. Cell Cycle Regulation

NaAsO, treatment affected the expression of genes associated with cell cycle regulation
and proliferation. To verify the results at the functional level, the cell cycle distribution in
UWB1.289 and UWB1.289 + BRCAL cells was subsequently analyzed using flow cytometry.

The cell cycle distribution of the non-irradiated samples of both cell lines is shown in
Figure 5, whereas the results of the irradiated cells are shown in Figure S1. In addition, a
time-dependent analysis was performed, including 24, 48, 72, and 96 h post-treatment to de-
termine the course of the cell cycle distribution and progression over time (Figures S2-54).

In contrast to the results of the previous experiments, a clear difference was observed
between the BRCA1l-deficient and the BRCA1l-proficient cells. Both the basal and the
arsenite-induced cell cycle distributions showed distinct patterns in the two cell lines, with
no further effect of ionizing radiation. Considering the basal cell cycle distribution (0 uM),
in the BRCA1-deficient cells, the majority of the cell population was found in the G, /M
phase (~50%), about 35% of the cells remained in the G1 phase, whereas the S phase (~17%)
accounted for the smallest fraction of cells. In contrast, in BRCA1-proficient cells, the largest
fraction of cells was found in the G; phase (~53%), approximately 17% were in the S phase,
and 30% of the cells were detected in the G, /M phase.

Arsenite treatment also revealed distinct differences between the two cell lines. While
the BRCA1-deficient UWB1.289 cells largely maintained the basal phase distribution over
the entire NaAsO, concentration range, a clear G, /M arrest (~57%) was observed in the
UWB1.289 + BRCA1 cells starting at the slightly cytotoxic level of 5 uM. This was associated
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with a decrease in the fraction of cells in the G; phase (~26%), whereas the S phase cell
population remained largely unchanged (~17%).
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Figure 5. Analysis of the cell cycle distribution of UWB1.289 and UWB1.289 + BRCAL cells after
treatment with NaAsO,; for 26 h. Cell cycle distribution was analyzed by DAPI staining using
flow cytometry. Shown are mean values + standard deviations derived from three independent
experiments. Statistically significant difference from control as determined using ANOVA followed
by Dunnett’s T post hoc test: *** p < 0.001.

2.5. DNA Double-Strand Break Repair

Since the transcriptional DNA damage response including the expression of DNA
repair factors after arsenite treatment was largely independent of the BRCA1 status of
the cells, this was aimed to be verified at the functional level. IF staining was used to
analyze the recruitment and dissociation of specific DNA repair proteins to the sites of
DNA damage. To investigate repair kinetics, DNA double-strand breaks (DSB) were
induced by 1 Gy irradiation, and proteins involved in homologous recombination (HR) and
non-homologous end-joining (NHE]) were analyzed. Cells were differentiated between G;
and G, phases using flow cytometry, using centromere protein F (CENP-F) staining. Only
cells in the G, phase were analyzed, as both repair pathways are active in this phase of the
cell cycle [17].

Cells were pre-incubated with arsenite for 18 h, irradiated with 1 Gy, or left unirra-
diated and post-incubated with arsenite for 1-24 h. In the case of the non-irradiated cells,
this resulted in a total incubation time of 19-42 h. In contrast to the previous studies, only
1 uM as well as 5 pM NaAsO; were applied, considering the sensitivity of this method.
IF staining of the repair proteins mentioned below showed that arsenite treatment alone
did not induce DNA DSBs at the concentrations used; therefore, the foci counts of the
non-irradiated samples were subtracted from those of the irradiated batch in each case.

The initial repair of DSBs was monitored using the protein 53BP1, which is an essential
factor in DSB damage recognition. At the molecular level, the equilibrium between 53BP1
and BRCAL1 also plays a critical role in the selection of the DSB repair pathway by mod-
ulating end resection [18,19]. The results indicate recruitment of the DNA repair protein
53BP1 to IR-induced DSBs in the G, phase of both cell lines (Figures 6 and S5). A decrease
in IR-generated foci to approximately 50% was observed with increasing time in both cell
lines, suggesting dissociation with similar capacity.

Additional treatment with NaAsO, had a synergistic effect in UWB1.289 and also
in UWB1.289 + BRCA1 cells, indicating an accumulation of DNA DSBs at all time points
examined, presumably due to decreased repair. However, a decrease in 53BP1 foci over
time was also observed in co-exposed cells. Overall, fewer foci were detected in BRCA1-
proficient cells, with a greater reduction over time.
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Figure 6. Inmunostaining of 53BP1 in UWB1.289 and UWB1.289 + BRCA1 cells after treatment with
NaAsQO,. Cells were pre-incubated with NaAsO, for 18 h, irradiated with 1 Gy, and post-incubated
with NaAsO, for 1 h to 8 h. Cells were stained against 53BP1 and manually counted. For each
time point and treatment, foci in 40 cells of the G, phase were counted, and the foci counts of
the non-irradiated samples were subtracted from those of the irradiated batch. Shown are mean
values + standard deviations derived from three independent experiments. Statistically significant
difference from control as determined using ANOVA followed by Dunnett’s T post hoc test: * p < 0.05,
**p <0.01; ***p <0.001.

To further investigate the impact of BRCA1 deficiency on specific repair proteins of HR
upon IR, the protein BRCA1 itself was next analyzed (Figures 7A and S6). The data confirm
that the BRCA1 mutation within exon 11 in the UWB1.289 cell line resulted in BRCA1
deficiency. Thus, no recruitment of BRCA1 to the IR-induced DSB in the G, phase was
detected in any of the treatments used or at any of the time points examined. In contrast,
stably transfected UWB1.289 + BRCA1 cells showed significant expression of the protein as
well as its binding to IR-mediated DSBs in G,. In addition, a decrease in BRCA1 foci was
observed, suggesting effective repair of IR-induced DSBs.

Similarly to the foci formation of 53BP1, pre-incubation with 5 uM arsenite induced
a concentration-dependent accumulation of BRCA1, providing further evidence for an
increase in DNA DSBs and thus decreased repair. However, in contrast to the results
obtained for the 53BP1 protein, arsenite completely inhibited the dissociation of BRCA1,
starting already at the lowest concentration of 1 uM.

To test whether the lack of dissociation of the protein would affect the further repair
process of HR, the downstream protein RAD51 was first examined (Figures 7B and S7).
The marker protein RAD51 forms a nucleoprotein filament on ssDNA and is essential for
finding and invading homologous DNA sequences [20]. The next step was to investigate
whether downstream recruitment of RAD54 would be affected (Figure 7C). RAD54 interacts
with RAD5]1; it acts as a molecular motor during the homology search, stabilizes Rad51
filaments, and mediates RAD51 dissociation [21]. The results show that binding of RAD51
as well as RAD54 to IR-induced strand breaks was not possible in the BRCA1-deficient
cells at any of the time points examined. In contrast, there was a clear association of RAD51
and RAD54 in the BRCA1-proficient cells in the G, phase. Similarly to BRCA1, a distinct
decrease in the binding of both proteins was observed over time, indicating efficient repair.
However, as with BRCAL1 foci, arsenite provoked an accumulation of RAD51 and RAD54
foci at all time points, indicating a completely impaired dissociation of both proteins.

To elucidate the effect of BRCA1 deficiency and/or arsenite treatment on the alternative
repair pathway NHE], DNA-PKcs foci formation was next examined (Figures 8 and S8). In
contrast to the HR proteins investigated so far, the NHE]-associated protein DNA-PKcs
was found to bind to the IR-induced DSB in both cell lines, but the number of foci was less
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than half in BRCA1-proficient cells compared to UWB1.289 cells. Nevertheless, progressive
repair of DSBs by this pathway was evident in both cell lines, with a decreasing number of
foci over 8 h repair time.
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Figure 7. Inmunostaining of BRCA1, RAD51, and RAD54 in UWB1.289 and UWB1.289 + BRCA1
cells after treatment with NaAsO,. Cells were pre-incubated with NaAsO, for 18 h, irradiated with
1 Gy, and post-incubated with NaAsO; for 2 h to 24 h, as indicated in the respective figure. Cells
were stained against BRCA1 (A), RAD51 (B), or RAD54 (C), respectively, and manually counted.
For each time point and treatment, foci in 40 cells of the G, phase were counted, and the foci
counts of the non-irradiated samples were subtracted from those of the irradiated batch. Shown
are mean values £ standard deviations derived from three independent experiments. Statistically
significant difference from control as determined using ANOVA followed by Dunnett’s T post hoc
test: ** p < 0.01, *** p < 0.001.
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Figure 8. Inmunostaining of DNA-PKcs in UWB1.289 and UWB1.289 + BRCA1 cells after treatment
with NaAsO;. Cells were pre-incubated with NaAsO, for 18 h, irradiated with 1 Gy, and post-
incubated with NaAsO; for 2 h to 24 h. Cells were stained against DNA-PKcs and manually counted.
For each time point and treatment, foci in 40 cells of the G, phase were counted, and the foci counts
of the non-irradiated samples were subtracted from those of the irradiated batch. Shown are mean
values =+ standard deviations derived from three independent experiments. Statistically significant
difference from control as determined using ANOVA followed by Dunnett’s T post hoc test: * p < 0.05;
#p < 0.01;** p < 0.001.

Co-treatment of UWB1.289 cells with arsenite did not result in additive or synergistic
effects of IR-induced foci formation at the early repair times of 2 or 4 h. However, at later
repair times, an increased number of foci was observed in arsenite-treated UWB1.289 cells
compared to irradiation alone, suggesting slower repair in the presence of arsenite. In
contrast, UWB1.289 + BRCA1 cells showed an increased number of foci after arsenite
treatment compared to irradiation alone as early as 2 h, but the repair kinetics did not
appear to be affected.

Furthermore, the different repair pathways HR, NHE], SSA, and MME] were analyzed
using a DSB repair reporter assay. U20S cells carrying specific, inactive GFP expression
cassettes, interrupted by an ISce-I restriction site were transfected with ISce-I to induce
DNA DSBs. After the successful repair of these DNA DSBs by a specific repair pathway,
the expression of active GFP can be quantified using flow cytometry. To obtain maximum
GFP signals, cells were incubated for 66 h after transfection. The number of GFP-positive
cells was quantified in the absence and presence of arsenite. In general, the results obtained
by immunofluorescence were confirmed by the reporter assay shown in Figure 9. The
number of GFP-positive cells for error-free HR decreased to about 65% of the control at
concentrations as low as 2.5 pM NaAsQO, and to about 25% at 5 uM. While error-prone
NHE] and MME] were only slightly affected at the highest concentration, a reduction to
approximately 50% of the untreated control was observed for SSA at 5 uM arsenite.

2.6. Cell Death

As described above, treatment with NaAsO, affected the expression of genes asso-
ciated with apoptosis. To verify the results obtained at the functional level, cell death
mechanisms in UWB1.289 and UWB1.289 + BRCAL1 cells were subsequently analyzed using
flow cytometry. The distribution of viable, necrotic, and apoptotic cells of the non-irradiated
samples of both cell lines is shown in Figure 10, while the corresponding results of the
irradiated cells are shown in Figure S9.

A concentration-dependent increase in apoptotic as well as necrotic and late apoptotic
cells was observed in both BRCA1-deficient and -proficient cells. Similar to previous results,
irradiation alone did not induce apoptotic or necrotic effects. Also, consistent with previous
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analyses, no additive or synergistic effects were observed with co-exposure compared to
arsenite treatment alone.
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Figure 9. Impact of NaAsO; on the repair of DSB measured by U20S reporter assay. U20S cells were
transfected with ISce-I for 6 h. After removing the transfection cocktail, the cells were incubated
with NaAsO, for 66 h. Cells were subsequently trypsinized and harvested, and GFP-active cells
were quantified via flow cytometry. The results are normalized to the transfected control. Shown
are the mean values of three independent experiments performed in double determination + SD.
For each treatment, 50,000 events were counted. Statistical analysis between arsenite treatment and
corresponding controls (** p < 0.01) was performed using one-way ANOVA with post hoc Dunnett T.
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Figure 10. Analysis of apoptotic and necrotic cells after treatment with NaAsO, for 26 h. To distin-
guish between necrotic, necrotic, late-apoptotic, apoptotic, and viable cells, cells were stained with
Annexin V-FITC and propidium iodide (PI). Cell count was then analyzed using flow cytometry.
Shown are mean values + standard deviations derived from three independent experiments. Statisti-
cally significant difference from control as determined using ANOVA followed by Dunnett’s T post
hoc test: * p < 0.05; ** p < 0.01; ** p < 0.001.

While the basally distributed cellular fractions showed an almost identical distribution
between the two cell lines, the concentration-dependent induction of cell death by arsenite
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was more pronounced in the BRCA1-proficient cells compared to the deficient cells. Incuba-
tion with 10 uM NaAsO; resulted in a depletion of viable cells to 75% in BRCA1-deficient
cells and 65% in BRCA1-proficient cells. The decrease in viability was mainly due to an
increase in necrotic and late apoptotic cells, and also in apoptotic cells.

3. Discussion

In the present study, we aimed to elucidate the role of BRCA1 under basal conditions
without additional DNA damage, under conditions of low-level DNA damage induced by
1 Gy IR, and after DNA damage induced by arsenite, with and without additional low-level
IR. By comparing BRCA1-deficient and -proficient cells, it was confirmed that BRCA1 is
essential for HR; its absence induces a shift towards more error-prone NHE]. In BRCA1-
proficient cells, arsenite reduced BRCA1 function by interfering with its dissociation from
the sites of DNA damage, also resulting in a shift from HR to NHE].

BRCAL1 plays an essential role in several mechanisms of the DDR. In addition to its
involvement in error-free HR, multiple functions of other cellular signaling pathways of
the DDR have been described, including cell cycle regulation, transcriptional regulation,
protein ubiquitination, apoptosis, and chromatin remodeling [2].

Although arsenite has been shown to interfere with zinc finger proteins, little is known
about arsenite-mediated interference with RING finger proteins, except for the binding of
arsenite to the RING domains of an E3 ubiquitin ligase described in the introduction [15].
Since BRCA1 also harbors a Zn(II)-complexing RING finger structure, this tumor suppressor
may also represent a potential target. Therefore, the present study aimed to evaluate the
effect of arsenite on BRCA1 function by comparing BRCA1-deficient (UWB1.289) and
BRCA1-proficient (UWB1.289 + BRCA1) cells. Concentrations from 1 uM to 10 uM were
applied; the cytotoxicity of arsenite was comparable in both cell lines, and no significant
effect on IR-induced cytotoxicity was observed. Interestingly, a pronounced intracellular
accumulation of arsenic was found in both cell lines and thus independent of BRCA1 status.

To determine the effect of BRCA1 deficiency at the transcriptional level and thus possi-
ble differences in the gene expression profiles of UWB1.289 and UWB1.289 + BRCA1 cells,
gene expression analyses were performed using high-throughput RT-qPCR. There was an
increased basal BRCA1 expression level in UWB1.289 + BRCAL1 cells, whereas there was no
BRCAL1 expression in the deficient cells, confirming the respective BRCA1 status in both
cell lines, due to the constitutive CMV (cytomegalovirus) promoter present in the pcDNA3
plasmid vector [22].

Regarding the effect of arsenite on the transcriptional DDR, a comparison of the gene
expression profiles revealed a similar gene expression pattern in both cell lines, except for
the DNA damage response (see below).

The most pronounced changes were observed in the oxidative stress response cluster
upon treatment with arsenite, where changes in the target genes of the KEAP1-NRF2
pathway were detected. The highest induction was observed for HMOX1, encoding heme
oxygenase 1, as a sensitive indicator of oxidative stress response; remarkably, a pronounced
effect was already observed at the lowest concentration of arsenite, namely 1 uM. Other
sensor genes for oxidative stress were also activated, although less pronounced, at 5 pM
arsenite and higher, such as HSPA1A. Furthermore, small but dose-dependent inductions
were observed for G6PD, GCLC, and GSR as well as for NQO1 and TXNRD1, also target
genes of the transcription factor NRF2, which regulate cellular GSH (glutathione) and TXN
(thioredoxin) levels within the cellular antioxidant response. In contrast, slight repression
was observed for the genes NFKB1 and NFKBIA, whose expression is mediated by the
redox-sensitive transcription factor NF-«B.

The increased expression levels of MT1X and MT2A upon NaAsO; exposure suggest
an involvement of the zinc-binding metal regulatory transcription factor MTF-1, which is
activated by the release of zinc from metallothionein (MT) after metal excess or oxidative
stress [23]. This also explains the up-regulation of SLC30A1, which encodes a proton-
coupled zinc antiporter that mediates zinc efflux from cells to prevent toxicity [24].
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Regarding the transcriptional DNA damage response, the induction of the DNA
damage signaling genes GADD45A and DDIT3 indicates arsenite-induced DNA damage.
Interestingly, their activation was slightly more pronounced in BRCA1-deficient cells, sug-
gesting some protection by BRCA1. In contrast, genes encoding specific DNA repair factors
involved in basically all major DNA pathways were rather down-regulated, supporting
previous reports where the expression of selected DNA repair genes was suppressed [25,26].
Interestingly, for the first time, the most pronounced repression was observed for RRM2B
(ribonucleotide reductase regulatory TP53 inducible subunit M2B), which is required for
DNA synthesis.

Finally, considerable changes were observed in cell cycle- and apoptosis-related genes.
In particular, CDKN1A, which encodes the p53-dependent cell cycle regulator p21, was
strongly up-regulated, whereas E2F1 was slightly down-regulated. The slight down-
regulation of BCL2L1 and slight up-regulation of PMAIP1, TNFRSF10B, and VEGFA also
suggested modulation of apoptotic pathways by arsenite.

To further characterize the effect of arsenite on cell cycle progression and control as
well as on apoptosis, flow cytometric studies were performed focusing on the comparison
between BRCA1-deficient and BRCA1-proficient cells. Comparison of the basal cell cycle
distribution revealed an increased population of BRCA1l-proficient cells in the G; phase,
supporting a direct involvement of BRCA1 in the regulation of the G; /S checkpoint. Thus,
BRCAL1 has been shown to both directly and indirectly affect the phosphorylation of RB
and consequently prevent the release of the transcription factor E2F [27,28]. Treatment with
arsenite resulted in a G, /M arrest in the BRCA1-proficient, but not in the BRCA1-deficient
cells, supporting a direct role of BRCA1 in this checkpoint as well [29]. A dose-dependent
increase in the G /M cell population after arsenite treatment was previously reported in
BRCA1-proficient and p53-deficient cell lines [30]. Using microscopic analysis, the authors
demonstrated mainly an increase in mitotic cells, without undergoing a cell cycle arrest
in the G, phase. They further postulated that the M-arrest is associated with increased
induction of apoptosis [30]. It should be noted that the flow cytometric studies performed
in this study did not distinguish between G, and M arrest. Nevertheless, to the best of our
knowledge, the present study was the first to demonstrate the direct involvement of BRCA1
in the functional control of cell cycle regulation after arsenite exposure by comparing
BRCA1-proficient and -deficient cells.

The expression changes in apoptosis-related genes described above and the repression
of the NFKB1- and NFKBIA-activated genes may affect arsenite-induced cell death by
modulating the transcriptional activity of NF-«B, possibly triggering the induction of
apoptosis. Therefore, the results of the gene expression analyses were followed up using
flow cytometry. NaAsO; induced cell death in both BRCA1-deficient and -proficient cells
in a concentration-dependent manner. However, UWB1.289 + BRCA1 cells showed slightly
enhanced cell death compared to UWB1.289 cells, suggesting a functional role of BRCA1
in these mechanisms. This observation is consistent with the proposed role of BRCA1 in
chemotherapy. Thus, Quinn and colleagues postulated that BRCA1 acts as a differential
modulator of chemotherapy-induced apoptosis depending on the type of cellular damage.
A pronounced sensitizing effect and thus increased apoptosis was observed in the case
of spindle poisons, whereas decreased apoptosis occurred in response to DSB-inducing
agents such as etoposide [31].

As described above, the induction of the sensor gene GADD45A and the increased
expression of DDIT3 were indicative of DNA damage, whereas the expression of most other
genes in this cluster, except BRCA1, was slightly decreased by NaAsO; in a concentration-
dependent manner. Taken together, the gene expression results support the general con-
clusion that arsenite causes impairment of various repair mechanisms in addition to the
induction of DNA damage. In the next steps of the present study, we focused on the impact
of BRCA1 and arsenite on DNA DSB repair, specifically on NHE] and HR. To this end,
IF-staining was used to analyze the binding of various DNA repair proteins in the presence
or absence of arsenite, comparing BRCA1-deficient and BRCA1-proficient cells. As a first
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step, DSB damage recognition was investigated by selecting the 53BP1 protein. According
to the present results, BRCA1 deficiency did not seem to affect the detection of DSBs, but
rather increased 53BP1 binding, indicating a higher number of DSB; thus, BRCA1 seems to
promote the repair of DSBs. Treatment with NaAsO; had no adverse effect on the binding
of this protein. However, arsenite induced a higher number of foci both immediately after
irradiation and after 8 h of repair, indicating an increased number of unrepaired DSBs, but
no effect on 53BP1 protein dissociation.

It is well known that NHE] is active in all phases of the cell cycle, whereas HR is only
available in the late S and G; phases. In the G, phase, the earlier repair steps are carried out
by the fast NHE], which switches to the much slower but more precise HR [17]. Therefore,
the results may provide preliminary evidence that the increased number of 53BP1 foci,
observed after incubation with 5 uM arsenite in the BRCA1-deficient cells at the later time
point of 8 h, may be due to an impaired HR. On this basis, the effect of BRCA1 deficiency
and arsenite exposure on the recruitment of specific repair proteins of HR (BRCA1, RAD51,
and RAD54) was further investigated.

As expected, UWB1.289 cells showed no association of BRCA1 protein after either irra-
diation alone or additional NaAsO, treatment, confirming a functional BRCA1 deficiency.
The downstream proteins Rad51 and Rad54 were also not recruited to DNA damage sites
in BRCA1-deficient cells. Based on the known co-localization of DNA repair proteins to
nuclear foci, it could be hypothesized that the lack of BRCA1 association also impairs the
recruitment of other proteins and thus the mechanism of error-free HR.

In contrast, irradiation of the stably transfected UWB1.289 + BRCA1 cells and sub-
sequent analysis of the binding and dissociation kinetics of BRCA1, RAD51, and RAD54
suggested successful restoration of HR repair capacity in this cell line.

The recruitment of BRCA1 to UWB1.289 + BRCA1 cells was also observed in the
presence of NaAsO,. However, in contrast to control cells, arsenite completely inhibited
the dissociation of BRCA1 from damage sites in a concentration-dependent manner. This
may be due to an interaction of arsenite with the RING finger domain of BRCA1. Up to
now, arsenite has been known to interfere with zinc-binding structures such as the zinc
finger of PARP1 [32] or XPA [10] and the RING finger of RNF20 or RNF40 [15].

To test whether the lack of dissociation of the protein might negatively affect the
further repair process of HR, the downstream proteins RAD51 and RAD54 were next
examined. Although their association was not affected by arsenite, their dissociation was
disturbed, similar to the results with BRCA1 foci formation. Again, this could be due to
direct impairment of the repair proteins due to their thiol-rich amino acid composition.
While RAD54 is a potential target for trivalent arsenic because of its zinc finger, RAD51
also is a target because of its critical thiol groups. Arsenite binding to thiol groups and
their oxidation can adversely affect the function of DNA repair proteins [12,13]. The
observed impaired dissociation ability of BRCA1, RAD51, and RAD54 could, therefore,
be due to a change in their secondary structure and thus their function. Regarding the
binding of BRCA1 and RAD51, our results seem to contradict those published previously
by Zhang and coworkers [15], who observed decreased binding of BRCA1 and RAD51 in
Hela cells after laser-induced DNA DSB induction. This may be due to differences in cell
lines and DNA DSB induction in the Zhang study, versus the IR-induced DNA DSB used
in the present study, as well as higher arsenite concentrations (5 uM and 20 uM) examined
at one time point, namely 10 min after DSB induction. Overall, this is the first study to
examine the time course of association and dissociation of the respective repair factors in
the presence of arsenite.

It is conceivable that the previously observed impaired HR induced by BRCA1 defi-
ciency and NaAsOj; treatment led to a shift in repair mechanisms, thereby promoting NHE].
Similar results have been reported in previous studies in which a reduced level of repair by
HR and a slightly increased incidence of NHE] repair were observed in BRCA1-deficient
mouse embryonic stem cells [33,34].



Int. . Mol. Sci. 2023, 24, 14395

15 of 20

To test this hypothesis, the NHEJ-associated protein DNA-PKcs was next examined. It
was shown that both association and dissociation of DNA-PKcs and thus NHE] were not
inhibited by BRCA1 deficiency, but rather activated compared to UWB1.289 + BRCA1 cells.
Thus, the shift from error-free HR to error-prone NHE] after IR-induced damage by BRCA1
deficiency was also demonstrated at the level of specific DNA repair proteins in the
present study.

Similar considerations can also be postulated for arsenite treatment. Possibly, the
increased number of DNA-PKcs foci in BRCA1-proficient cells after exposure to NaAsO,
is due to a reduced HR repair capacity and thus enhanced NHE]; the dissociation of
this protein was not affected. Data from the GFP-based DSB repair reporter assays also
confirmed that arsenite reduced the capacity for largely error-free HR, whereas error-prone
NHE] was only slightly impaired. The latter observation is consistent with the results of
Zhang and coworkers, who described reduced DSB repair via the HR and NHE] pathways
after arsenite treatment [15]. Overall, arsenite was shown to induce a shift in DSB repair
mechanisms from error-free HR to error-prone NHE] after IR-induced damage.

4. Materials and Methods
4.1. Cell Culture, Irradiation, and Drug Treatment

UWB1.289 cells (ATCC CRL-2945) were grown as monolayers in 50% Mammary
Epithelial Cell Growth Medium (MEGM) and 50% Roswell Park Memorial Institute
(RPMI) medium containing 3% FBS, 100 U/mL penicillin, and 100 pg/mL streptomyecin.
UWB1.289 + BRCA1 cells (ARCC CRL-2946), the same cell line transfected with wild-
type BRCA1, were grown in the same medium with G418 supplementation (200 pg/mL).
Both cell lines were cultured at 37 °C with 5% CO, in the air and 100% humidification.
Gamma-irradiation was performed with a Faxitron CellRad System (Faxitron Bioptics LLC,
Tucson, AZ, USA). Logarithmically growing cells were pretreated with NaAsO,, solved
in cell culture medium for 18 h, irradiated afterward in the presence of NaAsO,, or left
unirradiated and post-incubated for up to 24 h.

U20S cells were grown in DMEM medium containing 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in 5% CO,. Gamma-irradiation
was performed with a Faxitron CellRad System (Faxitron Biotics LLC, Tucson, AZ, USA).

4.2. Cytotoxicity Assays

For cell number, 3 x 10° UWB1.289 and 2.5 x 10° UWB1.289 + BCRA1 cells were
seeded. Logarithmically growing cells were treated with NaAsO, and irradiated as indi-
cated in the drug treatment section, washed with PBS, trypsinized, and collected in a fresh
medium. The cell number was determined using a CASY® Cell Counter (OLS OMNI Life
Science GmbH & Co KG, Bremen, Germany).

For analyzing ATP content, CellTiter-Glo® Luminescent Cell Viability Assay Kit (Promega
GmbH, Walldorf, Germany) was applied. Cell cultivation and incubation were performed in
96-well plates. Briefly, 1 x 10* UWB1.289 cells and 0.75 x 10* UWB1.289 + BRCAL1 cells per
well were seeded. Logarithmically growing cells were treated with NaAsO, and irradiated
as indicated in the drug treatment section. After removing the incubation medium, the
cells were washed twice with PBS and 100 uL of fresh medium was added to the wells.
CellTiter-Glo® Luminescent Cell Viability Assay was carried out following the manufac-
turer’s protocol. The plate was equilibrated for 30 min in the dark at room temperature,
and 100 pL of CellTiter-Glo® reagent was added. Chemiluminescence was measured on
the Infinite® 200 Pro microplate reader (Tecan Group Ltd., Mdnnedorf, Switzerland) after
short-term orbital shaking and a further 10 min to stabilize the signal. The ATP content
and, therefore, the reduction in cell viability was expressed as a percentage normalized to
non-treated control cells.
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4.3. Atomic Absorption Spectroscopy (AAS)

For determination of the cellular arsenic status, 1 x 10°® UWB1.289 and 0.8 x 10°
UWBL1.289 + BRCAI1 cells were seeded. Logarithmically growing cells were treated with
NaAsO, for 18 h, washed with PBS, trypsinized, and collected in ice-cold PBS containing
10% FBS. The cells were washed twice in PBS and counted via CASY® Cell Counter for
cell number and mean cell volume. The cells were incubated with the ashing mixture
of 65% HNO3/30% HyO; (1/1) for 1 h, evaporated at 95 °C, and resuspended in water.
The arsenic content was then determined by GF-AAS (Perkin Elmer Atomic Absorption
Spectrometer PinAAcle 900T) using AAS elemental standard solutions. The cellular arsenic
concentration in uM was calculated using the following equation, with c(AAS) as arsenic
concentration determined by GF-AAS in pg/L, M(As) as the molecular mass of arsenic in
g/mol, CC as the cell count of the respective cell suspension and CV as the cell volume in
L~!, determined using a CASY® Cell Counter.

c (AAS)
M (As) «CCxCV

c (cellular arsenic) =

4.4. High-Throughput RT-gPCR

For gene expression analysis, 4 x 10° UWB1.289 and UWB1.289 + BRCAL1 cells were
seeded. Logarithmically growing cells were treated with NaAsO; and irradiated as indi-
cated in the drug treatment section, washed with PBS, trypsinized, resuspended in ice-cold
PBS containing 10% FBS, and collected by centrifugation. Afterward, the RNA was isolated
by applying the MN NucleoSpin® RNA Plus KIT (Machinerey-Nagel, Dueren, Germany)
according to the manufacturer’s instructions. The following high-throughput RT-qPCR
was performed with Fluidigm dynamic arrays on the BioMark™ system, as described
previously [16]. Data were evaluated using Fluidigm Real-Time PCR Analysis as well as
GenEXx software, version 5.3.6.170. Normalization was performed using five reference genes
(ACTB, B2M, GAPDH, GUSB, and HPRT1). Changes in transcription levels of the target
genes were presented as a logy-fold change compared to untreated controls by calculating
relative quantities according to the AACq method [35].

4.5. Immunofluorescence (IF)

For immunofluorescence analysis, 8 x 10* UWB1.289 and UWB1.289 + BRCA1 cells
were seeded on coverslips. Logarithmically growing cells were treated with NaAsO, and
irradiated as indicated in the drug treatment section. Afterward, the cells were fixed with
3.7% formaldehyde/PBS for 10 min at room temperature at the indicated time points. Per-
meabilization was carried out with 0.2% Triton X-100/PBS for 5 min at 4 °C. Subsequently,
the non-specific binding sites were blocked overnight at 4 °C by using 2% BSA /PBS. The
samples were incubated with primary anti-CENP-F antibody (Abcam ab5 (rabbit); Invitro-
gen MA1-23185 (mouse)) in combination with primary anti-53BP1 antibody (Santa Cruz
sc-515841 (E-10)), anti-DNA-PKcs Phospho (Thr2609) antibody (Biolegend 612902), anti-
BRCAL1 antibody (Abcam ab16780), anti-Rad51 antibody (Abcam ab63801) or anti-Rad54
antibody (Santa Cruz sc-374598 (F-11)) for one hour at room temperature or overnight
at 4 °C. All antibodies were diluted in 2% BSA /PBS. After washing with PBS, cells were
incubated with Alexa Fluor® 488-conjugated anti-mouse antibody (Invitrogen A-11001)
and Cy3-conjugated anti-rabbit antibody (Jackson 111-165-003) for one hour at room tem-
perature or overnight at 4 °C. Afterward, the cells were counterstained by mounting with
Vectashield Mounting Medium with DAPI (Vector Laboratories Inc., Burlingame, CA, USA)
and analyzed using immunofluorescence microscopy (Zeiss, Jena, Germany).

4.6. Analysis of Apoptosis and Cell Cycle Distribution via Flow Cytometry

For apoptosis and cell cycle analysis, 3.5 x 10° UWB1.289 and UWB1.289 + BRCA1 cells
were seeded. Logarithmically growing cells were treated with NaAsO; and irradiated as
indicated in the drug treatment section. Subsequently, the media and the trypsinized cells
were transferred into a 15 mL tube. After collecting by centrifugation, the supernatant was
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discarded, and the cells were resuspended in PBS and divided for the determination of
apoptosis and the analysis of cell cycle distribution.

For cell cycle analysis, cells were fixed with ice-cold 96% ethanol and stored overnight
at —20 °C. Afterward, the fixed cells were centrifuged, the supernatant was discarded and
the cells were washed with PBS, followed by centrifugation. Cells were resuspended in
DAPI staining solution (Partec, Miinster, Germany) and incubated on ice for 30 min in the
dark. Fluorescence was measured using a BD LSRFortessa flow cytometer (BD, Heidelberg,
Germany) with a violet laser of 405 nm excitation and a bandpass filter of 450/50 nm. To
determine the cell cycle distribution, the fluorescence signal was plotted against the count
in a histogram.

For the determination of apoptosis, the cell suspension was centrifuged, and the
supernatant was discarded. The cells were resuspended in a mix of 200 uL Ringer
solution (146 nM NaCl, 402 nM KCl, 297 nM CaCl,) + 0.25 uL propidium iodide (PI)
(62.5ng/mL) + 1 pL annexin V-FITC (450 ng/mL) and incubated on ice for 30 min in the
dark. While PI was used to determine necrotic cells, annexin V-FITC stains apoptotic
cells. Fluorescence was measured using a BD LSRFortessa flow cytometer (BD, Heidelberg,
Germany) with a blue laser of 488 nm excitation and a bandpass filter of 530/30 nm for
the FITC signal, and a bandpass filter of 695/40 nm for the PI signal. Since the absorption
spectra of FITC and PI overlapped, compensation was performed before analysis. To
distinguish between vital, apoptotic, necrotic, and late apoptotic and necrotic populations,
the FITC signal was plotted against the PI signal in a dot plot.

4.7. U20S Reporter Assay

The U20S reporter assay includes a panel of four U20S osteosarcoma cell lines, each
for one DNA DSB repair mechanism, established originally by Gunn and Stark [36,37].
In this assay, U20S cells were subjected to transfection with an individual, inactive GFP
expression cassette, containing a restriction site for the rare-cutting endonuclease ISce-I.
Subsequently, DNA DSBs were induced using the ISce-I endonuclease. The transfection
with ISce-I was carried out for 6 h using the Effectene Transfection Reagent (Qiagen, Venlo,
The Netherlands). To determine transfection efficiency and serve as a toxicity control, some
U20S cells were also co-transfected with pEGFP-N1.

Following the removal of the transfection cocktail, the cells were exposed to NaAsO,
for the duration of the experiment. After 72 h post-transfection, the U20S cells were
harvested by trypsinization, and resuspended in PBS, and the number of GFP-positive cells
was quantified using flow cytometry (Becton Dickinson LSR Fortessa FACS, Heidelberg,
Germany), as described previously [38]. A total of 50,000 events were collected for analysis.

5. Conclusions

In the present study, the role of BRCA1 was investigated under basal conditions after
low-level DNA damage induced by 1 Gy IR and after arsenite treatment with and without
co-treatment with IR. With the exception of BRCA1 gene expression, there were almost no
differences between BRCA1-proficient and -deficient cells on the transcriptional level in
the absence of additional treatment. Similarly, the transcriptional DDR was not activated
in either cell line upon treatment with low dose (1 Gy) IR. In contrast, arsenite induced
distinct transcriptional responses, including a pronounced DNA damage response. The
picture changed significantly at the functional level: Even in the absence of additional DNA
damage, the cell cycle distribution differed in BRCA1-proficient and -deficient cells, and no
cell cycle control was evident after arsenite treatment in the absence of BRCA1. Regarding
the association of specific DNA repair factors at sites of IR-induced DNA damage, no
proteins involved in HR were recruited in the absence of BRCA1, but a pronounced shift
towards NHE] occurred. In the case of arsenite treatment, this shift was also evident
in BRCAl-proficient cells. Although BRCA1 was still able to bind to the damage, its
dissociation was completely inhibited, and the same was true for RAD51 and RAD54,
which are also involved in HR, suggesting that HR can be initiated, but not completed in
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the presence of arsenite. This was also confirmed in a DSB repair reporter assay, where
arsenite strongly inhibited HR but had only a little effect on NHE]. In contrast, no effect
was observed on the association and dissociation of DNA-PKcs, suggesting a shift from the
largely error-free HR to the more error-prone NHE]. Taken together, arsenite appears to
affect BRCA1 function and thus genomic stability, possibly by inducing structural changes
within its RING finger domain.
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AAS atomic absorption spectroscopy

BRCA1  breast cancer type 1 susceptibility protein
CENP-F centromere protein F

DDR DNA damage response

DSB double-strand break

DSBR double-strand break repair

GSH glutathione

HR homologous recombination

IARC International Agency for Research on Cancer
IF immunofluorescence;

IR ionizing radiation

MEGM  Mammary Epithelial Cell Growth Medium
MT metallothionein

MTE-1 metal-regulatory transcription factor 1
NHE] non-homologous end-joining

PI propidium iodide

ROS reactive oxygen species

RPMI Roswell Park Memorial Institute

TXN thioredoxin

1. Zhou, B.B.S,; Elledge, S.J. The DNA damage response: Putting checkpoints in perspective. Nature 2000, 408, 433—439. [CrossRef]

[PubMed]

2. Savage, K.I; Harkin, D.P. BRCA1, a ‘complex’ protein involved in the maintenance of genomic stability. FEBS ]. 2015, 282, 630-646.

[CrossRef] [PubMed]
Takaoka, M.; Miki, Y. BRCA1 gene: Function and deficiency. Int. J. Clin. Oncol. 2018, 23, 36—44. [CrossRef] [PubMed]

b

4. Clark, S.L.; Rodriguez, A.M.; Snyder, R.R.; Hankins, G.D.; Boehning, D. Structure-Function Of The Tumor Suppressor BRCA1.
Comput. Struct. Biotechnol. ]. 2012, 1, e201204005. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms241814395/s1
https://www.mdpi.com/article/10.3390/ijms241814395/s1
https://doi.org/10.1038/35044005
https://www.ncbi.nlm.nih.gov/pubmed/11100718
https://doi.org/10.1111/febs.13150
https://www.ncbi.nlm.nih.gov/pubmed/25400280
https://doi.org/10.1007/s10147-017-1182-2
https://www.ncbi.nlm.nih.gov/pubmed/28884397
https://doi.org/10.5936/csbj.201204005

Int. . Mol. Sci. 2023, 24, 14395 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Qi, L.; Chakravarthy, R.; Li, M.M.; Deng, C.X.; Li, R.; Hu, Y. Phosphorylation of BRCA1 by ATM upon double-strand breaks
impacts ATM function in end-resection: A potential feedback loop. iScience 2022, 25, 104944. [CrossRef]

Hartwig, A. Zinc finger proteins as potential targets for toxic metal ions: Differential effects on structure and function. Antioxid.
Redox Signal. 2001, 3, 625-634. [CrossRef]

Greim, H.E. Arsenic and arsenic compounds (with the exception of arsine). MAK Value Documentation. In The MAK-Collection for
Occupational Health and Safety. Part I: MAK Value Documentations; Wiley-VCH: Weinheim, Germany, 2002; Volume 21, pp. 49-106.
IARC. Arsenic, Metals Fibres and Dusts. IARC Monogr. Eval. Carcinog. Risks Hum. 2012, 100, 121-145.

Zhou, Q.; Xi, S. A review on arsenic carcinogenesis: Epidemiology, metabolism, genotoxicity and epigenetic changes. Regul.
Toxicol. Pharmacol. 2018, 99, 78-88. [CrossRef]

Schwerdtle, T.; Walter, I.; Hartwig, A. Arsenite and its biomethylated metabolites interfere with the formation and repair of stable
BPDE-induced DNA adducts in human cells and impair XPAzf and Fpg. DNA Repair 2003, 2, 1449-1463. [CrossRef]

Piatek, K.; Schwerdtle, T.; Hartwig, A.; Bal, W. Monomethylarsonous acid destroys a tetrathiolate zinc finger much more efficiently
than inorganic arsenite: Mechanistic considerations and consequences for DNA repair inhibition. Chem. Res. Toxicol. 2008,
21, 600-606. [CrossRef]

Zhou, X.X; Sun, X.; Cooper, K.L.; Wang, F; Liu, K.J.; Hudson, L.G. Arsenite Interacts Selectively with Zinc Finger Proteins
Containing C3H1 or C4 Motifs. J. Biol. Chem. 2011, 286, 22855-22863. [CrossRef]

Zhou, X.X.; Sun, X.; Mobarak, C.; Gandolfi, A.J.; Burchiel, S.W.; Hudson, L.G.; Liu, K.J. Differential Binding of Monomethy-
larsonous Acid Compared to Arsenite and Arsenic Trioxide with Zinc Finger Peptides and Proteins. Chem. Res. Toxicol. 2014,
27,690-698. [CrossRef] [PubMed]

Walter, I.; Schwerdtle, T.; Thuy, C.; Parsons, J.L.; Dianov, G.L.; Hartwig, A. Impact of arsenite and its methylated metabolites
on PARP-1 activity, PARP-1 gene expression and poly(ADP-ribosyl)ation in cultured human cells. DNA Repair 2007, 6, 61-70.
[CrossRef]

Zhang, F,; Pararnasivam, M.; Ca, Q.; Dai, X.X.; Wang, P.C.; Lin, K.; Song, ] K.; Seidman, M.M.; Wang, Y.S. Arsenite Binds to the
RING Finger Domains of RNF20-RNF40 Histone E3 Ubiquitin Ligase and Inhibits DNA Double-Strand Break Repair. J. Am. Chem.
Soc. 2014, 136, 12884-12887. [CrossRef]

Fischer, B.M.; Neumann, D.; Piberger, A.L.; Risnes, S.F,; Koberle, B.; Hartwig, A. Use of high-throughput RT-qPCR to assess mod-
ulations of gene expression profiles related to genomic stability and interactions by cadmium. Arch. Toxicol. 2016, 90, 2745-2761.
[CrossRef] [PubMed]

Beucher, A.; Birraux, J.; Tchouandong, L.; Barton, O.; Shibata, A.; Conrad, S.; Goodarzi, A.A.; Krempler, A.; Jeggo, P.A.; Lobrich,
M. ATM and Artemis promote homologous recombination of radiation-induced DNA double-strand breaks in G2. EMBO ]. 2009,
28, 3413-3427. [CrossRef] [PubMed]

Daley, ].M.; Sung, P. 53BP1, BRCA1, and the choice between recombination and end joining at DNA double-strand breaks. Mol.
Cell. Biol. 2014, 34, 1380-1388. [CrossRef]

Isono, M.; Niimi, A.; Oike, T.; Hagiwara, Y.; Sato, H.; Sekine, R.; Yoshida, Y.; Isobe, S.Y.; Obuse, C.; Nishi, R.; et al. BRCA1
Directs the Repair Pathway to Homologous Recombination by Promoting 53BP1 Dephosphorylation. Cell Rep. 2017, 18, 520-532.
[CrossRef]

Bonilla, B.; Hengel, S.R.; Grundy, M.K,; Bernstein, K.A. RAD51 Gene Family Structure and Function. Annu. Rev. Genet. 2020,
54, 25-46. [CrossRef]

Mazin, A.V.; Mazina, O.M.; Bugreev, D.V.; Rossi, M.]. Rad54, the motor of homologous recombination. DNA Repair 2010,
9, 286-302. [CrossRef]

Damdindorj, L.; Karnan, S.; Ota, A.; Hossain, E.; Konishi, Y.; Hosokawa, Y.; Konishi, H. A comparative analysis of constitutive
promoters located in adeno-associated viral vectors. PLoS ONE 2014, 9, e106472. [CrossRef] [PubMed]

Gunther, V.; Lindert, U.; Schaffner, W. The taste of heavy metals: Gene regulation by MTF-1. Biochim. Biophys Acta 2012,
1823, 1416-1425. [CrossRef] [PubMed]

Huang, L.; Tepaamorndech, S. The SLC30 family of zinc transporters-A review of current understanding of their biological and
pathophysiological roles. Mol. Asp. Med. 2013, 34, 548-560. [CrossRef] [PubMed]

Andrew, A.S.; Karagas, M.R.; Hamilton, ].W. Decreased DNA repair gene expression among individuals exposed to arsenic in
United States drinking water. Int. |. Cancer 2003, 104, 263-268. [CrossRef] [PubMed]

Muenyi, C.S.; Ljungman, M.; States, ].C. Arsenic Disruption of DNA Damage Responses-Potential Role in Carcinogenesis and
Chemotherapy. Biomolecules 2015, 5, 2184-2193. [CrossRef] [PubMed]

Aprelikova, O.N.; Fang, B.S.; Meissner, E.G.; Cotter, S.; Campbell, M.; Kuthiala, A.; Bessho, M.; Jensen, R.A.; Liu, E.T. BRCA1-
associated growth arrest is RB-dependent. Proc. Natl. Acad. Sci. USA 1999, 96, 11866-11871. [CrossRef]

MacLachlan, T.K,; Somasundaram, K.; Sgagias, M.; Shifman, Y.; Muschel, R.].; Cowan, K.H.; El-Deiry, W.S. BRCAL effects on the
cell cycle and the DNA damage response are linked to altered gene expression. J. Biol. Chem. 2000, 275, 2777-2785. [CrossRef]
Shabbeer, S.; Omer, D.; Berneman, D.; Weitzman, O.; Alpaugh, A.; Pietraszkiewicz, A.; Metsuyanim, S.; Shainskaya, A.; Papa,
M.Z.; Yarden, R.I. BRCA1 targets G2/M cell cycle proteins for ubiquitination and proteasomal degradation. Oncogene 2013,
32,5005-5016. [CrossRef] [PubMed]

Yih, L.H.; Hsueh, SW.; Luu, W.S; Chiu, T.H.; Lee, T.C. Arsenite induces prominent mitotic arrest via inhibition of G(2) checkpoint
activation in CGL-2 cells. Carcinogenesis 2005, 26, 53-63. [CrossRef]


https://doi.org/10.1016/j.isci.2022.104944
https://doi.org/10.1089/15230860152542970
https://doi.org/10.1016/j.yrtph.2018.09.010
https://doi.org/10.1016/j.dnarep.2003.09.001
https://doi.org/10.1021/tx7003135
https://doi.org/10.1074/jbc.M111.232926
https://doi.org/10.1021/tx500022j
https://www.ncbi.nlm.nih.gov/pubmed/24611629
https://doi.org/10.1016/j.dnarep.2006.08.008
https://doi.org/10.1021/ja507863d
https://doi.org/10.1007/s00204-015-1621-7
https://www.ncbi.nlm.nih.gov/pubmed/26525392
https://doi.org/10.1038/emboj.2009.276
https://www.ncbi.nlm.nih.gov/pubmed/19779458
https://doi.org/10.1128/MCB.01639-13
https://doi.org/10.1016/j.celrep.2016.12.042
https://doi.org/10.1146/annurev-genet-021920-092410
https://doi.org/10.1016/j.dnarep.2009.12.006
https://doi.org/10.1371/journal.pone.0106472
https://www.ncbi.nlm.nih.gov/pubmed/25170953
https://doi.org/10.1016/j.bbamcr.2012.01.005
https://www.ncbi.nlm.nih.gov/pubmed/22289350
https://doi.org/10.1016/j.mam.2012.05.008
https://www.ncbi.nlm.nih.gov/pubmed/23506888
https://doi.org/10.1002/ijc.10968
https://www.ncbi.nlm.nih.gov/pubmed/12569548
https://doi.org/10.3390/biom5042184
https://www.ncbi.nlm.nih.gov/pubmed/26404387
https://doi.org/10.1073/pnas.96.21.11866
https://doi.org/10.1074/jbc.275.4.2777
https://doi.org/10.1038/onc.2012.522
https://www.ncbi.nlm.nih.gov/pubmed/23246971
https://doi.org/10.1093/carcin/bgh295

Int. . Mol. Sci. 2023, 24, 14395 20 0f 20

31.

32.

33.

34.

35.

36.

37.

38.

Quinn, J.E.; Kennedy, R.D.; Mullan, P.B.; Gilmore, PM.; Carty, M.; Johnston, P.G.; Harkin, D.P. BRCAL1 functions as a differential
modulator of chemotherapy-induced apoptosis. Cancer Res. 2003, 63, 6221-6228. [CrossRef]

Sun, X.; Zhou, X.X.; Du, L.B,; Liu, W.L,; Liu, Y,; Hudson, L.G.; Liu, K.J. Arsenite binding-induced zinc loss from PARP-1 is
equivalent to zinc deficiency in reducing PARP-1 activity, leading to inhibition of DNA repair. Toxicol. Appl. Pharm. 2014,
274, 313-318. [CrossRef]

Moynahan, M.E.; Chiu, ].W.; Koller, B.H.; Jasin, M. Brcal controls homology-directed DNA repair. Mol. Cell 1999, 4, 511-518.
[CrossRef] [PubMed]

Snouwaert, ].N.; Gowen, L.C.; Latour, A.M.; Mohn, A.R.; Xiao, A.; DiBiase, L.; Koller, B.H. BRCA1 deficient embryonic stem cells
display a decreased homologous recombination frequency and an increased frequency of non-homologous recombination that is
corrected by expression of a Brcal transgene. Oncogene 1999, 18, 7900-7907. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Gunn, A.; Stark, ].M. I-Scel-based assays to examine distinct repair outcomes of mammalian chromosomal double strand breaks.
Methods Mol. Biol. 2012, 920, 379-391. [CrossRef] [PubMed]

Bennardo, N.; Cheng, A.; Huang, N.; Stark, ].M. Alternative-NHE] is a mechanistically distinct pathway of mammalian
chromosome break repair. PLoS Genet. 2008, 4, e1000110. [CrossRef]

Haberland, VM.M.; Magin, S.; Iliakis, G.; Hartwig, A. Impact of Manganese and Chromate on Specific DNA Double-Strand Break
Repair Pathways. Int. J. Mol. Sci. 2023, 24, 10392. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S1359-6349(04)80219-2
https://doi.org/10.1016/j.taap.2013.11.010
https://doi.org/10.1016/S1097-2765(00)80202-6
https://www.ncbi.nlm.nih.gov/pubmed/10549283
https://doi.org/10.1038/sj.onc.1203334
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1007/978-1-61779-998-3_27
https://www.ncbi.nlm.nih.gov/pubmed/22941618
https://doi.org/10.1371/journal.pgen.1000110
https://doi.org/10.3390/ijms241210392

	Introduction 
	Results 
	Cytotoxicity of Arsenite 
	Uptake and Intracellular Accumulation 
	Gene Expression Profiling 
	Cell Cycle Regulation 
	DNA Double-Strand Break Repair 
	Cell Death 

	Discussion 
	Materials and Methods 
	Cell Culture, Irradiation, and Drug Treatment 
	Cytotoxicity Assays 
	Atomic Absorption Spectroscopy (AAS) 
	High-Throughput RT-qPCR 
	Immunofluorescence (IF) 
	Analysis of Apoptosis and Cell Cycle Distribution via Flow Cytometry 
	U2OS Reporter Assay 

	Conclusions 
	References

