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Abstract: Despite a considerable amount of data, the molecular and cellular bases of the toxicity due
to metal exposure remain unknown. Recent mechanistic models from radiobiology have emerged,
pointing out that the radiation-induced nucleo-shuttling of the ATM protein (RIANS) initiates the
recognition and the repair of DNA double-strand breaks (DSB) and the final response to genotoxic
stress. In order to document the role of ATM-dependent DSB repair and signalling after metal
exposure, we applied twelve different metal species representing nine elements (Al, Cu, Zn Ni, Pd,
Cd, Pb, Cr, and Fe) to human skin, mammary, and brain cells. Our findings suggest that metals may
directly or indirectly induce DSB at a rate that depends on the metal properties and concentration, and
tissue type. At specific metal concentration ranges, the nucleo-shuttling of ATM can be delayed which
impairs DSB recognition and repair and contributes to toxicity and carcinogenicity. Interestingly, as
observed after low doses of ionizing radiation, some phenomena equivalent to the biological response
observed at high metal concentrations may occur at lower concentrations. A general mechanistic
model of the biological response to metal exposure based on the nucleo-shuttling of ATM is proposed
to describe the metal-induced stress response and to define quantitative endpoints for toxicity and
carcinogenicity.

Keywords: metal toxicity; metal carcinogenesis; DNA double-strand breaks; ATM

1. Introduction

Metals are abundantly used and transformed by a number of industrial activities such
as mining, metallurgy, production of fertilizers, paints, batteries, and more recently, high-
tech products. Accidental, environmental occupational exposures to metals have increased
our knowledge about their toxicity. This is notably the case for lead (Pb) with saturnism [1]
and cadmium (Cd) with Itai-Itai disease [2,3]. Aluminum (Al) and iron (Fe) have been
incriminated in Alzheimer’s disease [4]. Copper (Cu) and Fe have been cited for their
potential link to Parkinson’s disease [5,6]. In addition to their potential toxicity, chronic
exposure to metals may also increase cancer risk. For example, epidemiological studies of
workers in chromium (Cr) production and occupational and environmental exposure to
arsenic (As) and nickel (Ni) have documented the risk of lung and nasal cancers [7-10].

Metals, therefore, represent an actual issue of public health throughout two major
clinical features: toxicity and cancer risk. However, despite a considerable amount of data,
the molecular and cellular bases of metal-induced (MI) toxicity and/or carcinogenesis
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remain unknown. This statement is notably explained by the fact that exposure to metals is
various and the mechanisms related to toxicity and carcinogenesis are complex.

Interestingly, the majority of studies about MI biological effects have focused on base
damage (BD) and/or DNA single-strand breaks (SSB) while there is still no clear quantified
link between these types of DNA damage and cell death (toxicity) or cell transformation
(cancer) [1,2,11,12]. By contrast, studies about the biological effects of ionizing radiation,
another toxic and carcinogenic agent, provide increasing evidence of a causal and quantified
link between toxicity and unrepaired DNA double-strand breaks (DSB) on one hand, and
genomic instability and misrepaired DSB on another hand [13,14]. However, unlike radiation-
induced (RI) stress, MI stress was long considered to be too energetically low to produce
DSB. However, Fenton-like reactions and genetic impairments in the DSB repair pathways
may cause indirect production of DSB in response to metal exposure. This hypothesis has
been documented both in vivo and in vitro by using different DSB assays [1,2,15-22].

In quiescent mammalian cells, the DSB recognition and repair is mainly ensured by
the predominant non-homologous end-joining (NHE]) pathway whose phosphorylation of
variant H2AX histone proteins (YH2AX) is the earliest sensor [23]. Recently, the rate of RI
nucleo-shuttling of the ATM protein (RIANS), a major actor of DSB repair and signalling,
was found to be a reliable predictor of radiosensitivity and cellular toxicity [24-30]. The fol-
lowing mechanistic model was proposed: RI oxidization triggers the monomerization of
the cytoplasmic ATM dimers, which allows the ATM monomers to diffuse in the nucleus.
Once in the nucleus, the ATM monomers phosphorylate H2AX histones, which triggers
the formation of nuclear YH2AX foci and DSB recognition and repair by NHE] [24,29-31].
A delay in the RIANS may be caused by an overproduction of some ATM phosphorylation
substrate proteins in the cytoplasm that sequestrate the ATM monomers. Consequently,
less ATM monomers diffuse in the nucleus, and two scenarios can be evoked: either the
DSB that are non-recognized by NHE] remain unrepaired and participate in cell death and
toxicity, or they are repaired by error-prone recombination-like pathways and participate
as misrepaired DNA damage in cell transformation and cancer [24,29-31]. Here, we exam-
ined whether the nucleo-shuttling of the ATM protein is also relevant for describing the
response to MI stress. Human cells from different genetic statuses and origin were exposed
to 12 different metallic species (representing nine different metals) and were subjected to
immunofluorescence with the RIANS biomarkers as endpoints.

2. Materials and Methods
2.1. Cell Lines

For the first steps of the study, untransformed human fibroblast cell lines were used for
their genomic stability. Cells were routinely cultured at 37 °C in 5% CO, humid conditions
as monolayers with Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-Invitrogen-
France, Cergy-Pontoise, France), supplemented with 20% fetal calf serum, penicillin, and
streptomycin. All the experiments were performed with cells in the plateau phase of growth
(95-99% in G0/G1) to overcome any cell cycle effects. The radiobiological features of the
radioresistant 149BR, 1BR3, and HF19 (ECACC, Public Health England, Salisbury, UK)
and the radiosensitive 01HNG fibroblasts were published elsewhere [32,33]. The 01HNG
cell lines belongs to the “COPERNIC” collection managed by our lab and approved by
the regional Ethical Committee. Cell lines were declared under the numbers DC2008-585,
DC2011-1437 and DC2021-3957 to the Ministry of Research. Radiobiological database was
protected under the reference as IDDN.FR.001.510017.000.D.P.2014.000.10300.

It is noteworthy that cellular radioresistance is generally defined as a clonogenic cell
survival fraction at 2 Gy higher than 50% [14,32,33]. In the next steps of the study, other
cellular models were used, notably endothelial and brain cells. The human mammary
endothelial HMEC cells (#A10565; Thermo Fisher Scientific, Waltham, MA, USA were
routinely cultured as monolayers with RPMI medium (Thermo Fisher Scientific), supple-
mented with 20% fetal calf serum, penicillin, and streptomycin [34]. The human spinal
cord (Hasp), cortex (Ha), and hippocampus (Hah) were purchased from ScienCell Research
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Laboratories (Carlsbad, CA, USA) and routinely cultured as monolayers with a specific
culture medium provided by the manufacturer.

2.2. Metals

All the indicated metal species tested in this study, which included ARt Fe3t, Cu?t,
Zn%*, Ni%*, Pd?*, Cd?*, Pb?*, and CrO4%~ (as AICl3, CuCl,, CuSOy, ZnCl,, NiCly, PACl,,
CdClz, Cd(CHgCOz)z, C12H10Cd3014, Pb(NOg,)z, Na2CI'04, and FeC13), were purchased
from (Sigma-Aldrich France, Saint-Quentin-Fallavier, France). Metals were diluted into
the culture medium for 24 h. If cells were irradiated, the culture medium was renewed
without metal. It is noteworthy that the concentrations of the metal species tested in this
study are much higher than those of these culture mediums. The beginning of irradiation
or the introduction of metal in the culture medium served as “zero” post-stress time.

2.3. Treatment with Zoledronate and Pravastatine (ZoPra)

The ZoPra treatment was applied as previously published [35]. Briefly, cells were
incubated with 1 uM pravastatine (Sigma-Aldrich France) in phosphate buffered saline
solution (PBS) for 24 h at 37 °C. Thereafter, 1 uM zoledronate (Sigma-Aldrich France) in
PBS was added into the culture medium, and cells were incubated for 12 h at 37 °C. The
culture medium was renewed immediately before irradiation.

2.4. Irradiations

An X-ray clinical irradiator (Philips orthovoltage; Philips, Amsterdam, The Nether-
lands) devoted to research was used to perform all the irradiations. The X-ray beam was
produced from a tungsten anode, applying a voltage setting of 200 kV, an intensity of
20 mA, and using a filtration of 0.1 mm copper filter. The dose-rate was 1.234 Gy/min [32].

2.5. Immunofluorescence

The immunofluorescence protocol was described elsewhere [36,37]. Briefly, cells were
fixed in paraformaldehyde for 10 min at room temperature and were permeabilized in
0.5% Triton X-100 solution for 5 min at 4 °C. Primary and secondary antibody incubations
were performed for 40 and 20 min at 37 °C, respectively. The anti-yH2AX*"13 antibody
(#05636; Upstate Biotechnology-Euromedex, Mundolsheim, France) was used at 1:800. The
monoclonal anti-mouse anti-pATM*"1%81 (#ab2888) from Abcam (Cambridge, UK) was
used at 1:100. Incubations with anti-mouse fluorescein (FITC) and rhodamine (TRITC)
secondary antibodies were performed at 1:100 at 37 °C for 20 min. Slides were mounted
in 4’,6" Diamidino-2-Phényl-indole (DAPI)-stained Vectashield (Abcys, Paris, France) for
scoring micronuclei and mitoses and examined with an Olympus fluorescence microscope.
DAPI staining also allowed for indirectly evaluating the yield of Gj cells (nuclei with
homogeneous DAPI staining), S cells (nuclei showing numerous YH2AX foci), G, cells
(nuclei with heterogeneous DAPI staining), and metaphase (visible chromosomes). In cer-
tain conditions described in this study, some nuclei may appear with hundreds of foci:
these cells, called “highly damaged cells” (HDC), are generally observed after a cancer-
prone hyper-recombination process [34,38]. In this study, the number of HDC cells was
considered as a molecular endpoint.

The foci scoring procedure applied here has received the certification agreement of a
CE mark and ISO-13485 quality management system norms. Our foci scoring procedure
also developed some features that are protected in the frame of the Soleau Envelop and
patents (FR3017625 A1, FR3045071 A1, EP3108252 A1) [37]. More than 50 nuclei were
analyzed per experiment and at least 3 independent replicates were performed for each
condition. The Gaussian nature of the distribution of the number of foci per cell was system-
atically controlled for unirradiated conditions and data was assessed 24 h post-irradiation
and routinely for the other indicated post-irradiation times. Foci scoring performed by
eye was characterized by a relative error ranging between 3 and 7%, which depends on
the number of foci per cell. Such relative errors were found incompressible (a foci scoring
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based on a number of nuclei that would be 2, 5, or 10 times higher does not reduce the foci
scoring error significantly (data not shown)). In our lab, inter-experiments and inter-reader
differences were not statistically significant. Similarly, there was no significant differ-
ence between eye scoring and computerized Image]J scoring when microscopy objective
magnification is x100 [24].

2.6. Statistical Analysis

The immunofluorescence data were fitted to the so-called Bodgi’s formula that de-
scribes the kinetics of the appearance/disappearance of nuclear foci formed by some
protein relocalizing after genotoxic stress [39]. This formula also serves as a coherence
control to analyze the YH2AX, pATM, and MRE11 data. Statistical analysis was performed
using Kaleidagraph v4 (Synergy Software, Reading, PA, USA).

3. Results
3.1. Unrepaired MI DSB Assessed with Different Endpoints

In our hands, the exposure of human cells to metal results in the production of metal-
induced (MI) DSB whose occurrence may depend on the cellular model, the concentration,
and the nature of the metallic species. Since the number of unrepaired RI DSB assessed at
24 h post-irradiation has been shown to be correlated with cellular death and therefore with
toxicity [13,24], the number of MI DSB revealed by the nuclear yYH2AX foci was assessed
in human fibroblasts for 24 h after the introduction of metal in the culture medium. It is
noteworthy that the shape of the YH2AX foci did not change with the nature of the metallic
species (data not shown). The MI DSB response curves elicited similar sigmoidal functions
of the metal concentration that appeared curvilinear when the X-axis is a linear scale of
concentration. Three parts of the MI response curves were identified (Figure 1):

— a metal concentration range in which the number of YH2AX foci is not significant or
does not increase significantly with metal concentration;

— a metal concentration range in which the number of YH2AX foci becomes significant
and increases, generally linearly, with the metal concentration;

— a metal concentration range in which the number of YH2AX foci reaches its maximum
in a pseudo-plateau.
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Figure 1. Unrepaired DSB after metal exposure. Number of YH2AX foci per cell in the human
untransformed radioresistant 149BR cells after incubation for 24 h with the indicated concentration
of metal species plotted either in a linear scale (left panel) or in a log scale (right panel). Each
plot represents the mean =+ standard error (SEM) of at least three replicates. Insert: Representative
examples of YH2AX and DAPI-counterstained images obtained at the indicated concentration of
CuCl,. The white bar represents 5 pm.

All the mathematical features of the sigmoidal data fits are detailed in Table 1.
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Table 1. Metal species characteristics and data fit parameters.

Metal TMC:, Sigmoidal* Data Fit Parameters
Species $$$$(uM) ml m2 m3 m4 r
NayCrOy 0.003 30 1.71 1.90 x 101 0.67 0.97
NiCl, 0.03 3380 4.49 2.77 x 107 0.42 0.98
Pb(NO3), 0.1 35 3.69 2.31 x 102 0.80 0.99
AlCl; 1 36 0.29 5.75 x 103 0.48 0.99
FeCl3 3 735 0 6.53 x 107 0.33 0.98
ZnCl, 3 72 1.00 1.50 x 103 0.89 0.99
CdcCl, 3 58 0 3.54 x 10° 0.46 0.99
Cd(CH3CO;), 3 603 0 229 x 108 0.26 0.99
C1oH9Cd3014 10 80 0 5.25 x 10% 0.28 0.99
PdCl, 10 1045 0 2.94 x 100 0.47 0.99
CuSO, 10 43 0 7.07 x 102 0.75 0.99
CuCl, 10 1501 0.13 8.84 x 10° 0.62 0.99

* The applied sigmoidal function tested for data fitting was y = m1 + (m2 — m1)/(1 + (x/m3) M4y 1 is the
correlation coefficient.

It is noteworthy that similar numbers of YH2AX foci were obtained with other un-
transformed radioresistant fibroblast cell lines as those assessed in the 149BR cells, such as
the HF19 and MRCS5 cells (Figure S1).

In our conditions of culture, the average background level of non-transformed human
fibroblasts was found to be lower than two YH2AX foci per cell [24,31], suggesting that
a higher number of YH2AX foci per cell can reveal toxicity. The threshold metal concen-
tration to reach more than two YH2AX foci per cell, called TMCs;, was deduced from
experimental data. The metallic species tested were found to be characterized by a specific
metal concentration threshold of some uM, with the notable exception of CrO;2~ whose
corresponding TMC,,; was found in the nM range (Table 1). Our findings suggest that
all the metallic species tested induce persistent/slowly repairable DSB at a specific rate
(Figure 1).

In the same experimental conditions, we investigated other endpoints generally associ-
ated with unrepaired DSB such as the yields of micronuclei and highly damaged cells (HDC)
(defined here as nuclei showing more than 15 YH2AX foci per cell) [34,38]. Micronuclei are
considered to be the cytogenetic reflection of the unrepaired DSB propagated to the mitotic
phase [40]. The number of MI micronuclei generally obeyed a pseudo-sigmoidal function
of the metal concentration in agreement with the yYH2AX data (Figure 2B). Moreover, the
MI micronuclei curves of CrO,2~ again appeared shifted to the nM range. Interestingly,
some metal species such as Pb?* and Cu?* showed a drastic decrease in the number of
micronuclei at high metal concentrations. At this stage, we can evoke the possibility
that the process of micronuclei was so rapid that a large number of them escape from
cells (exocytosis phenomenon) during the immunofluorescence procedure, as previously
reported [11].

By plotting the yYH2AX data against the corresponding micronuclei data, a quantitative
link appeared between the two endpoints: the higher the number of residual YH2AX foci,
the higher the yield of micronuclei with metal-specific linear slopes (Figure S2A). The
yYH2AXfoci/micronuclei ratio was found to be 1.2 4+ 0.3 (r = 0.8; p = 0.04). Pd?* elicited the
highest YH2AX/micronuclei ratio (Figure S2A).
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Figure 2. Residual micronuclei and highly damaged cells after metal exposure. (A) Number of
micronuclei per 100 cells in the human untransformed radioresistant 149BR cells after incubation for
24 h with the indicated concentration of metal species. Each plot represents the mean + standard
error (SEM) of at least three replicates. Insert: Representative example of one micronucleus (white
arrow). (B) Number of HDC per 100 cells in the human untransformed radioresistant 149BR cells
after incubation for 24 h with the indicated concentration of metal species. Each plot represents the
mean =+ standard error (SEM) of at least three replicates. Insert: Representative example of one HDC
stained with anti-yH2AX antibody and counterstained with DAPI. The white bar represents 5 pm.

HDC (cells with more than 15 yYH2AX foci) are generally observed after a cancer-prone
hyper-recombination process [38] and/or at a very high level of oxidative stress [34]. The
MI HDC curves were found to be very similar to the YH2AX ones, suggesting again a
strong metal concentration-dependence (Figure 2B). However, it is noteworthy that the Cu
species induced large numbers of HDC cells. The link between the number of YH2AX foci
and that of HDC was also found to be linear for the great majority of metallic species tested
(the higher the number of residual YH2AX foci, the higher the yield of HDC). The YH2AX
foci /HDC ratio was found to be 1.0 + 0.3 (r = 0.85; p = 0.04). Cu?* and Ni?* elicited the
highest YH2AX/HDC ratio (Figure S2B).

Some authors have reported that low metal concentrations may stimulate cellular
proliferation, which would favor mitosis induction [41-45]. To verify this hypothesis,
mitoses were scored by using the DAPI counterstaining in the same experimental conditions
as described above. For all the metallic species tested, we observed a yield of more than
two mitoses per one hundred cells. This number decreased as far as the metal concentration
increased, suggesting that high concentrations of metal trigger cell cycle arrest. For certain
metallic species, at specific concentrations, the number of mitoses increased or described
non-linear concentration-effects: the biological interpretation of these data and notably, the
interplay between cell concentrations, clonogenicity, and influence on the cell cycle control
remain to be elucidated (Figure S3). However, since the highest number of mitoses did not
exceed 13 mitoses per 100 cells (obtained with CuCly), it must be stressed that the great
majority of quiescent cells remains in G0/G1 phase even after a metal exposure for 24 h for
all the metallic species tested (Figure S3).

3.2. Influence of the Presence of Metal during the RI DSB Recognition and Repair Process

The data described above showed that metal exposure induces a relatively low number
of MI DSB at concentrations lower than 100 uM. Such data did not permit the verification of
whether each metallic species inhibits recognition and/or repair of the DSB that it induces.
Hence, to understand the influence of metal on the DSB recognition and repair steps, we
used a physical agent to induce DSB without any chemical interaction with metal, the
X-ray, as applied in previous studies [11,12]. The advantage of X-ray irradiation is that the
RI DSB induction rate and the RI DSB repair kinetics of the cell lines tested are very well
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documented. Notably, in our conditions, a DSB induction rate of 37 & 4 DSB per Gy per
cell was found in human fibroblasts, in agreement with a number of reports [14]: at a dose
of 2 Gy applied for 2 min, the number of RI DSB was much higher than the MI DSB. Here,
cells were therefore exposed to metal for 24 h, then exposed to 2 Gy X-rays. After culture
medium renewal, a post-irradiation repair time ranging from 10 min to 24 h was applied
(Figure 3A,B). The resulting YH2AX foci kinetics elicited a shape of curves similar to that
of cells irradiated without metal, to the notable exception of:

— the 10 min-1 h data points, that may reveal a low number of YH2AX foci, generally
interpreted as a lack of DSB recognition by the NHE] pathway [24,31] (Figure 3C);

— the 24 h data points, that may reveal a significant number of residual YH2AX foci,
generally interpreted as a DSB repair defect by the NHE] pathway [24,31] (Figure 3D);
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Figure 3. RI DSB repair kinetics after metal exposure. (A,B) The number of YH2AX foci as a function
of repair time post-irradiation in the human untransformed radioresistant 149BR incubated for 24 h
with the indicated concentration of metal species. Each plot represents the mean =+ standard error
(SEM) of at least three replicates. (C) The YH2AX data shown in panels (A,B) and obtained after
10 min post-irradiation were plotted against the metal concentration. The grey zone corresponds
to the numerical values when all the RI DSB are recognized. A decrease in the number of YH2AX
foci is interpreted as a defect in the DSB recognition. (D) The YH2AX data shown in panels A and B
and obtained after 24 h post-irradiation were plotted against the metal concentration. The grey zone
corresponds to the numerical values when all the RI DSB are unrepaired. An increase in the number
of YH2AX foci is interpreted as a defect in the DSB repair.

The great majority of the resulting data suggests that the presence of metal may affect
DSB recognition and/or repair. However, the quantitative impact on these two steps was
found to be strongly dependent on the metal considered and its concentration. For example,
it appeared that 100 uM Pb(NO3),, 100 pM NiCl,, or 1 uM NayCrO;4 drastically impair the
RI DSB recognition at 10 min post-irradiation, while 30 and 100 uM ZnCl,, 30 uM AICl3,
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and 30 uM NiCl, do not influence it (Figure 3C). By considering the DSB recognition after
100 uM metal exposure, the rank order of the metallic species tested was:

Pb(NO3); < NiClp < CuSO4 < FeCl3 < CdCl, < AlCl3 < ZnCl, (from the most impaired
to the least). Nap,CrO, applied at 1 pM may be included in this order (between CuSO4 and
FeCl3) by considering the number of non-recognized DSB.

With regard to the number of YH2AX foci obtained after 24 h post-irradiation, all
the metallic species tested produced unrepaired MI DSB with the concentrations tested
(Figure 3D). However, the rank order of the metallic species tested was (from the most
defective repair to the least) very similar to that deduced from the DSB recognition data
after 100 pM metal exposure: NiCl, > Pb(NO3); > CuSO4 > FeCls > CdCl, > AICI; >
ZnCly. Only the NiCl, and Pb(NOs), data were found inverted in the two rank orders:
NiCl, produced more unrepaired DSB than Pb(NOj3),, while Pb(NO3), produced less
unrecognized DSB than NiCl,. Na,CrOy, applied at 1 pM may be included between CuSOy4
and FeCl; by considering the number of unrepaired DSB.

Hence, in the presence of metal, RI DSB recognition data appears to be correlated to
the RI DSB repair data: by plotting the number of YH2AX foci obtained after 24 h post-
irradiation and the corresponding data obtained without irradiation, Figure S4 revealed
strong RI DSB repair defects in agreement with the data shown in Figure 3A,B. Furthermore,
a one-to-one correlation was found between the number of unrepaired DSB after metal
exposure with and without irradiation (y = —3.68 + 1.15 x; r = 0.95; p < 0.02) (Figure S4).
It is noteworthy that the non-nil intercept of about three YH2AX foci observed with X-ray
treatment may correspond to the number of residual YH2AX foci generally assessed with
the cell line tested after 2 Gy X-rays without metal exposure (the number of spontaneous
YH2AX foci was not significant, data not shown) [24].

3.3. Influence of the Presence of Metal on the Nucleo-Shuttling of the ATM Protein

The data described above suggest that the presence of metal inhibits DSB recognition
and/or repair via the ATM-dependent NHE] pathway. Therefore, we examined the nuclear
relocalization of the auto-phosphorylated form of the ATM protein, reflecting its kinase
activity in the nucleus [31]. By applying anti-pATM immunofluorescence to cells exposed to
metal and IR, the number of the nuclear pATM foci assessed 10 min after irradiation were
found to be generally lower than those obtained with non-exposed cells, in good agreement
with the YH2AX data (Figure 4A,B). Interestingly, when metal species were classified
by their capacity of inhibiting DSB recognition, the rank order obtained with pATM
and YH2AX data were found to be not significantly different (Figure 4C). A quantified
correlation was also obtained between the two data groups with a YH2AX/pATM ratio
of two, in full agreement with the RIANS model [28,31]. Again, these findings strongly
suggest that metal exposure may impair the recognition of DSB by the ATM-dependent
NHE] pathway, which also impacts the quality of the DSB repair. Altogether, our findings
can be interpreted as the result of a delay of the nucleo-shuttling of the ATM protein as
proposed in a number of published papers [30].

The combination of zoledronate and pravastatin (ZoPra) was shown to increase the
number of pATM foci and reduce the radiosensitivity associated with numerous genetic
syndromes, suggesting that the active ATM forms present in the nucleus without ZoPra
treatment are not sufficient to ensure a normal response to radiation [30,37,46,47]. While
zoledronate is an aminobisphosphonate agent known for its action against osteoporosis,
and pravastatin belongs to the statins family known for their anticholesterol properties,
the ZoPra treatment was shown to inhibit both farnesylation and geranylgeranylation
of the progerin and prelamin A proteins, which permits higher permeabilization of the
nuclear membranes to protein trafficking [48]. Hence, the ZoPra treatment of cells exposed
to genotoxic stress is supposed to amplify and accelerate the nucleoshuttling of the ATM
protein. In fibroblasts exposed to AlCl; or CuSQOy, the number of early YH2AX and pATM
foci were found systematically higher in ZoPra-treated cells than in untreated controls
at 10 min and 1 h post-irradiation. However, the differences found were not significant
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(Figure S5). Altogether, these preliminary data encourage us to further investigate the
action of ZoPra treatment or any other agent that would accelerate the ATM nucleoshuttling
in cells exposed to metals (Figure S5).
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Figure 4. Delay of the ATM nucleo-shuttling after metal exposure. In the same conditions as described
in Figure 3, anti-pATM immunofluorescence was applied to the radioresistant 149BR control cells to
obtain pATM foci kinetics. (A) Representative example of images stained with anti-pATM antibody
and counterstained with DAPI after 24 h exposure to 100 pM AICl3, X-ray irradiation (2 Gy) followed
by 10 min for repair. The white bar represents 10 um. (B) The pATM data obtained after 10 min
post-irradiation were plotted against the metal concentration. The grey zone corresponds to the
numerical values when all the RI DSB are recognized. A decrease in the number of pATM foci
is interpreted as a defect in the DSB recognition. Each plot represents the mean =+ standard error
(SEM) of at least three replicates. (C) The pATM data obtained after 100 mM metal exposure and
10 min (empty circles) or 1 h (black circles) post-irradiation shown in panel B were plotted against
the corresponding YH2AX data shown in Figure 3. The black squares indicate the YH2AX and pATM
data without metal exposure. Each plot represents the mean + standard error (SEM) of at least
three replicates. The dotted line represents the data fit with y = 2.0039x (r = 0.95) obtained from the
10 min data.

3.4. Influence of the Presence of Metal on the Activity of the MRE11 Nuclease

Once in the nucleus, the ATM monomers were notably shown to phosphorylate the
MRE11 protein, which inhibits its nuclease activity and triggers the formation of nuclear
MRE11 foci [13,30]. A technical report revealed that the kinetics of appearance of the
YH2AX foci do not overlap those of the MREL11 foci in the first hour post-irradiation,
suggesting that ATM- and NHE]J-dependent phosphorylation of H2AX histones may be
independent of the MRE11 activity [49]. It is also noteworthy that, in quiescent cells, the
MREL11 nuclease is localized in the nucleus while the great majority of ATM molecules are
cytoplasmic. Hence, the RIANS model suggests that the NHE] and MRE11-dependent
pathways compete in cells with different kinetics and that DSB revealed by yYH2AX foci or
by MREL11 foci may not have the same fate [30,50]. Interestingly, an early increase in the
number of MREL11 foci revealing DNA strand break sites that are not managed by NHE]
has been correlated with the hyper-recombination process and cancer-proneness [13,30,50].
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In order to examine the formation of MRE11 foci after a MI stress, fibroblasts were
exposed to metal for 24 h and irradiated thereafter at 2 Gy X-rays. Anti-MRE11 immunoflu-
orescence was applied from 10 min to 24 h post-irradiation. While the 149BR cells that
were not exposed to metal showed a slight increase in the number of MRE11 foci from 1 to
4 h post-irradiation, the exposures with the metallic species tested resulted in a significant
increase in the number of MRE11 foci. The highest numbers of MRE11 foci values were
generally reached at 4 h post-irradiation (Figure 5). If the metallic species tested were
classified according to these maximal MRE11 foci values (from the highest to the lowest
one), it would be as follows: Pb(NOj3), > CuSO,4 > Nap,CrO4 > FeCl; > AlCl3 > NiCl, >
CdCl, > ZnCl,. Figure 5C,D reflects the differences between the number of residual YH2AX
foci and the maximal number of MRE11 foci.
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Figure 5. MREI11 foci after exposure of cells to metal. In the same conditions as described in
Figure 3 (but only 100 uM metal was applied), anti-MRE11 immunofluorescence was applied to the
radioresistant 149BR control cells. (A) Representative example of images stained with anti-MRE11
antibody and counterstained with DAPI after 24 h exposure to 100 uM AlCl3, X-ray irradiation (2 Gy)
followed by 4 h for repair. The white bar represents 10 um. (B) The MRE11 data was obtained after
100 uM metal incubation followed by 2 Gy X-rays and assessed at the indicated post-irradiation
times. Each plot represents the mean =+ standard error (SEM) of at least three replicates. (C) The
number of residual YH2AX foci obtained after 100 uM metal as shown in Figure 3 but corrected
with the YH2AX data without metal exposure was plotted at the indicated metallic species. (D) The
number of the MRE11 foci obtained after 100 uM metal shown in Figure 5A but corrected with the
MRE11 data without metal exposure was plotted at the indicated metallic species.

3.5. The Hypersensitivity Phenomenon Observed after Exposure to Low Metal Concentrations

In radiation biology, the phenomenon called “hypersensitivity to low dose (HRS)”
describes an excess of cell lethality, micronuclei, unrepaired DSB, or gene mutations in the
[1 mGy — 800 mGy] dose range equivalent to the biology effect observed at a 5 to 10 times
higher dose [31,51]. The HRS phenomenon is only observed in the cell lines in which the
RIANS is delayed. In fact, in the frame of the RIANS model, this HRS phenomenon is
supposed to be caused by a low number of ATM monomers (produced by low doses) in
the cytoplasm that is not sufficient to recognize all the RI DSB after their diffusion into
the nucleus. The HRS extent was shown to increase with the delay of RIANS [31]. If the
RIANS model is relevant for MI DSB, some specific low metal concentrations may produce
a similar phenomenon in cells with delayed nucleo-shuttling of the ATM protein. Therefore,
we examined the occurrence of an HRS-like phenomenon after exposure to 30 uM AICl; in
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the 01HNG fibroblasts that show a significant delay in the RIANS [24]. AICl; was chosen
because of its societal interest. Interestingly, in this cell line, the number of YH2AX foci
was found to be equivalent to that expected at 115 uM AICl; (i.e., at about a 3.8 times
higher concentration) (Figure 6A,B). This non-linear phenomenon was not observed with
the radioresistant skin fibroblast 149BR cell line that shows a fast RIANS [24]. The HRS-like
phenomenon may also be visible in a semi-log scale (Figure 6C). It is noteworthy that
similar conclusions were reached with two other couples of radioresistant/radiosensitive
fibroblast cell lines and also in the human endothelial HMEC cell lines (data not shown).
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Figure 6. Evidence of an HRS-like phenomenon in cells exposed to metal. (A) Representative
examples of images stained with anti-yH2AX antibody and counterstained with DAPT after 24 h
exposure to 30 or 100 pM AICl3 in the human radiosensitive 01HNG and the radioresistant 149BR
skin fibroblast cells. (B,C) Number of YH2AX foci per cell in the 01IHNG (black) and 149BR (green)
cells after incubation for 24 h with the indicated concentration of AICl3 presented in a linear (B) or a
semi-log (C) scale. Each plot represents the mean + standard error (SEM) of at least three replicates.
Dotted lines represent linear data fits.

3.6. The Adaptive Response Observed after Exposure to Low Metal Concentrations

In parallel with the HRS phenomenon, another low radiation dose-specific phe-
nomenon has recently been explained by the RIANS model: the adaptive response. Experi-
mentally based on the succession of a low (d) and a high dose (D) separated by a certain
period of time (At), the adaptive response is a phenomenon in which d + At + D provides
a lower radiobiological effect than D alone [52-54]. In the frame of the RIANS model, in
cells with delayed RIANS, the adaptive response occurs if the low dose, d, produces ATM
monomers that accumulate in the nucleus without inducing DSB. If At is not too long, these
ATM monomers will participate in the recognition and repair of DSB induced by D, in
addition to the ATM monomers directly induced by D. Hence, the number of unrepaired
DSB will be lower after d + At + D than after D applied alone. Such a phenomenon may
not occur in cells without a delayed RIANS since the number of ATM monomers provided
by D alone is sufficient to recognize all the DSB [52-54].

In order to examine whether cells with delayed RIANS show an adaptive response-like
phenomenon with metal exposure consisting in a succession of two concentrations c and C
separated by a certain period of time At (i.e., ¢ + At + C), we incubated cells with 30 uM
AlClj3 for 4 h then with 300 uM AIClj for 24 h and the number of residual YH2AX foci
per cell in the human radiosensitive 01HNG and the radioresistant 149BR fibroblast cells
was assessed (Figure 7). AlCl; was chosen because of its societal interest. Interestingly,
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while the radioresistant 149BR cells showed the same number of YH2AX foci after 30 uM
+4h + 300 uM + 24 h and after 300 uM + 24 h, the 01HNG cells with delayed RIANS
elicited significantly less YH2AX foci after 30 pM + 4 h + 300 uM + 24 h than after 300 uM
+24 h (p < 0.03), suggesting an adaptive response-like phenomenon (Figure 7). Similar
conclusions were reached with pATM data (data not shown).
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Figure 7. Evidence of an adaptive response-like phenomenon in cells exposed to metal. Number of
YH2AX foci per cell in the 01HNG (black) and 149BR (green) cells after incubation with the indicated
concentrations of AlCl;. Each bar represents the mean =+ standard error (SEM) of at least three
replicates.

3.7. Cell-Type Dependence in the Response to Metal Exposure

All the above data were obtained with human skin fibroblasts. It is noteworthy that
the RIANS model has been shown to be relevant for any other mammalian tissue [30]. The
MI stress may also be strongly dependent on the nature of the tissue. Since the brain and
endothelial cells may be concerned directly by metal exposure, the molecular response
to MI stress of human brain cells was examined. To this aim, we assessed the number
of YH2AX foci and micronuclei remaining after metal exposure for 24 h in three human
non-transformed astrocyte cell lines and one endothelial cell line. These brain cell lines
were provided from the cortex (Ha), the hippocampus (Hah), and the spinal cord (Hasp)
from the same donor and were shown to elicit different delays of RIANS [55]. The 149BR
fibroblast cell line served as a control (Figure 1). AICl3 was chosen because of its societal
interest. Similar to the data described in Figure 1, the number of residual YH2AX foci
obeyed a pseudo-sigmoidal shape when metal concentration was plotted in a log scale.
Particularly, the number of YH2AX foci in cortex Ha astrocytes were found higher than that
in the spinal cord Hasp and the hippocampus Hah astrocytes (Figure 8A). Again, when
micronuclei yields were considered as endpoints, the cortex astrocyte Ha cell line elicited
much more micronuclei than the other two brain cell lines tested (Figure 8B).

In order to better understand these findings, we plotted the number of residual
YH2AX foci per cell against the corresponding number of micronuclei per 100 cells (Figure
8): while the skin fibroblast cell line described a linear YH2AX/micronuclei slope of about
1 (Figure 2), the slope value became 0.3 for the spinal cord astrocytes (similar to the slope
obtained with X-rays) and 0.07 for the other two brain cell lines (Figure 8C), suggesting
that 3 and 14 times more micronuclei are observed for the same number of YH2AX fodi,
respectively. The HMEC cells elicited similar characteristics as those assessed in the control
fibroblasts (Figure 8). Similar conclusions were reached with pATM foci (data not shown).
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Figure 8. Evidence of a tissue-dependence in the response to metal exposure. (A,B). The number of
YH2AX foci per cell (A) and micronuclei per 100 cells (B) in the human Hasp, Ha, Hah brain cells
and the skin fibroblast 149BR cells after incubation for 24 h with the indicated concentration of AICI;.
Each plot represents the mean =+ standard error (SEM) of at least three replicates. (C) The number of
YH2AX foci shown in panel A was plotted against the corresponding number of micronuclei shown
in panel B. Solid lines indicate the result of data fitting to a linear function.

4. Discussion
4.1. The Need for a Consensual Scale to Account for Toxicity and Carcinogenicity of Metals

Due to their intense use in industry and their potential toxicity and carcinogenicity,
metals, like any other chemical agents, are submitted to specific international and national
rules in order to regulate their use and transport. Particularly, the material safety data
sheets (MSDS) usefully inform workers and users of the main dangers that they represent.
However, the MSDS content can differ drastically from one country to another. Faced with
this diversity, international authorities endeavored to get consensual decisions with the
Globally Harmonized System (GHS). Unfortunately, there is still no simple correspondence
between all the categories proposed by the different safety agencies. GHS categories do
not correspond to the groups defined by the International Agency for Research on Cancer
(IARC); for example, a chemical classified as IARC Group 2B (possibly carcinogen) could be
found in the GHS category 1B or category 2 (presumed or suspected carcinogen). All these
statements demonstrate the need for a quantitative and objective scale to account for toxic
and cancer risks, but also the necessity of examining a large panel of metal species with the
same endpoints.

In addition to these statements, it must be stressed that like with some other chem-
ical agents, exposure to metals likely leads to heterogeneous stress distribution in cells.
Moreover, some metals may produce much higher intracellular concentrations than others.
Hence, together with a quantitative and objective scale to account for toxic and cancer risks,
dose-effect curves with a large range of metal concentrations are needed to document
the biological effects of any metal exposure. Such quantification should also take into
account the role of the specific action of anions for a given metal species. Here, even if this
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aspect was not the major scope of the study, the differences observed between CdCl, and
Cd(CH3COy); are very representative of intra-species differences.

Lastly, while the production of one RI DSB requires more than 100 eV per nm? (this
energy is reached at doses higher than 25 mGy;, i.e., equivalent to that delivered during
a standard chest CT scan exam) [14], exposure to metals was long considered to be too
energetically low to directly produce numerous DSB [56]. However, the present study
pointed out that metal exposure can result in the significant production of DSB in a non-
linearly concentration-dependent manner. In the present study, we did not investigate the
way by which MI DNA damage is induced. A number of biochemical models have been
proposed to this aim and they suggest either direct or indirect formation of DNA damage
produced by the presence of metal [16,57,58]. The relevance of the RIANS model applied
to MI stress does not depend on the fact that MI DSB are directly or indirectly produced.
However, the MI DNA damage production likely appears to be strongly dependent on the
nature of the metallic species considered, and the biochemical and molecular features of
the production of MI DSB need to be investigated further.

4.2. Unrepaired DSB as a Unit to Account for Toxicity of Metals?

According to the literature, the natural parameters for reflecting RI toxicity may be the
number of unrepairable DNA damage and chromosome breaks [59]. However, in the case
of metal exposure, our findings suggest two different categories of endpoints to account for
MI toxicity: those defined in the presence of metal but after a well-characterized exposure
to X-rays, and those defined in the presence of metal without exposure to X-rays. In the
first category, the number of pATM foci assessed 10 min post-irradiation and the number
of YH2AX foci assessed 24 h post-irradiation has been shown to be the best endpoints
to predict radiosensitivity (i.e., RI toxicity) [13,24]. However, 2 Gy X-rays produce much
more ATM monomers than the highest metal concentrations tested. Hence, even if X-ray
irradiation is an interesting tool to study the molecular influence of metal in the DSB
recognition and repair process, the endpoints requiring exposure to both X-rays and metal
cannot easily be used to account for MI toxicity, in practice.

By contrast, by considering that the average background assessed in human fibroblasts
does not exceed two spontaneous YH2AX foci per cell, the threshold metal concentration to
reach more than two YH2AX foci per cell (TMCs;) has been defined (Table 1) and served as
an endpoint of MI toxicity. However, the TMC,, parameter may not include the HRS-like
phenomenon observed and may be strongly dependent on the individual response to
genotoxic stress. Since eight unrepaired RI DSB were shown to correspond to 100% RI
cell lethality [13], the threshold metal concentration to reach more than eight yYH2AX foci
per cell (TMC.g) was also investigated (Table 2). Interestingly, TMC.g, better than TMC,;,
appeared to be correlated to the number of YH2AX foci assessed 24 h post-irradiation and
the number of YH2AX foci or pATM assessed 10 min post-irradiation (Figure S6). However,
again, TMC.g, may reflect a range of MI toxicity that is rarely reached, even after accidental
exposure. Hence, further experiments are needed to document better the interest and the
validity domain of both TMC parameters.

In addition to the precited molecular endpoints, it is noteworthy that the RIANS
model is also based on the ATM-metal complex affinity and stability. Some chemical
features may reflect these features well. This is notably the case of the Misono softness
parameter [60] that quantifies the soft character of the metal ions and their ability to form
covalent bonds, notably with the ATM reactive base sites, according to the hard and soft
acid and base principle [61] (i.e., corresponding to an increasing stability of the ATM-
metal complexes) (Table 2). Interestingly, a quantitative correlation was found between
the Misono softness parameter, the TMC. g, and the number of YH2AX foci assessed 24 h
post-irradiation (Figure S6), supporting the importance of the chemical stability of the
ATM-metal complexes in the nucleo-shuttling of the ATM protein: the more stable the ATM-
metal complexes, the larger the delay of the nucleo-shuttling of the ATM protein, the higher the
toxicity of the metal.
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Table 2. Major biochemical and radiobiological values for the metallic species tested.

l\S/Ieta!lic é‘:ﬁz;"s TMC>25656 ~ TMC>886%5  YH2AXFoci  MREI1 Foci gﬁ;ﬁﬁ‘;i
pecies Parameter (uM) (uM) at24 h at4h (M)
Na,CrOy na! 0.003 0.06 21 (1 uM) 8 (1 uM) 0.2
NiCl, 2.82 0.03 9 21 3 0.15
Pb(NO3), 3.58 0.1 30 16 15 0.03
AlCl, 1.6 1 1000 7 4 15
FeCly 3.09 3 300 9 5 1.2
ZnCl, 2.34 3 700 6 1 22
CdCl, 3.04 3 100 12 2 0.03
Cd(CH5CO,), 3.04 3 100 nal nal nal
C12H19Cd3014 3.04 10 100 nal nal nal
PdCl, nal 10 100 nal nal nal
CuCl, 2.89 10 800 14.9
CuSOy 2.89 10 100 12 12 12.5

1 Non available; 2 Number of YH2AX foci assessed 24 h post-irradiation and exposed to 100 M with the notable exception of Na,CrOy
(data shown in Figures 3A,B and 5C) corrected by the number of foci without metal concentration (irradiation only); 3 Number of MRE11
foci assessed 4 h post-irradiation and exposure to 100 uM with the notable exception of Na;CrOy (data shown in Figure 5B,D) corrected by
the number of foci without metal concentration (irradiation only).

How to test the biological relevance of the above parameters to reflect toxicity? By con-
sidering normal (radioresistant) human cells, and for each metallic species tested here,
the TMC.,, was compared with the maximal concentrations of metal recommended in tap
water by the World Health Organization (WHO) [62] (Table 2, Figure 9). With the notable
exception of Cd and Cr, the TMC,;, values were found to be in acceptable agreement
with the recommended concentration limits (i.e., six metal elements tested among eight).
By contrast, TMC,, values significantly underestimated the WHO recommendation for Cd,
while it was the inverse for Cr (Figure 9). Further investigations are needed to document
better the link between TMC and the metal concentration limits.
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Figure 9. Comparison between TMC > 2 metal concentration limits in tap water. The TMC > 2
values shown in Tables 1 and 2 were plotted against the metal concentration limits in tap water
recommended by the WHO (Table 2). The dotted line corresponds to a one-to-one correlation.
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4.3. Misrepaired DSB as a Unit to Account for Carcinogenicity of Metals?

Likely because the intrinsic mechanisms of carcinogenesis are still unknown, one of
the most important challenges of genotoxicology is to define reliable and very specific
parameters for quantifying carcinogenic risk separately from the toxicity risk [50]; metal
biology is not an exception.

It is noteworthy that the ATM-dependent phosphorylation of H2AX (i.e., the formation
of YH2AX foci) reflects the DSB recognized specifically by the NHE] pathway. If the
ATM nucleoshuttling is delayed, DSB may not be recognized by NHE] but by the error-
prone recombination-like pathway. Interestingly, in the particular case of cancer-prone
syndromes, the error-prone recombination-like process may be out of control: this is the
hyper-recombination phenomenon. The hyper-recombination phenomenon is responsible
for the production of additional DSB that may not be revealed by YH2AX foci [50]. Since
unrepaired DSB may lead to the formation of micronuclei indifferently of the DSB repair
and signaling pathway, hyper-recombination may contribute to an increase of the number
micronuclei faster than the number of YH2AX foci. Hence, the YH2AX foci/micronuclei
ratio may be a promising endpoint for cancer-proneness while the number of residual
YH2AX foci may be more specific to toxicity [50].

As developed in Section 3.5, in the frame of the RIANS model, abnormal MRE11 activ-
ity and abnormal MRE11 foci kinetics appear to be correlated to the hyper-recombination
phenomenon and cancer proneness, but not necessarily to toxicity [13,30,50]. By plot-
ting the Misono softness parameter against the number of YH2AX foci assessed 24 h
post-irradiation (Figure S7A) and against the number of MRE11 foci assessed 4 h post-
irradiation (Figure S7B), a certain linearity appears with the YH2AX data, but not with
the MRE11 data (Figure S7), suggesting that the ATM-metal complex affinity and stability
reflected by the Misono softness parameter may influence the YH2AX-dependent pathway
but not the MRE11-dependent pathway. However, again, considering the relatively low
number of MI DSB after realistic exposure to metal, the parameters based on the combina-
tion of RI and MI stress cannot be easily applied, in practice. Further investigations will be
necessary to identify more specific endpoints to account for metal carcinogenicity.

4.4. Toward a Unified Model for Understanding the Response to Metals?

Our findings showed a coherent and quantitative link between YH2AX foci, pATM
foci, MRE11 foci, micronuclei, and HDC cells for all the metallic species tested. Data are in
agreement with a delay of the ATM nucleoshuttling that would occur at high concentrations
depending on the metal. The HRS-like, the adaptive response phenomena, and the tissue-
dependence of the response of metal exposure were also described and predicted by the
RIANS model. Hence, a general mechanistic model can be proposed (Figure 10): metals
that enter into cells can create, via direct or indirect Fenton-like reactions, an oxidative
stress that induces ATM monomerization in the cytoplasm and DSB in the nucleus (similar
to ionizing radiation and hydrogen peroxide [63]). The rates of ATM monomerization and
of the formation of DSB are strongly dependent on cell type and metal species. At a certain
threshold concentration of metal, metals form with ATM some complexes that delay the
nucleo-shuttling of ATM. Such a delay prevents the full recognition and repair of MI DSB
via NHE], which leads to toxicity and/or carcinogenicity. At low concentrations of metals,
if the rate of ATM monomerization is too low, an HRS-like phenomenon may occur. Lastly,
in cells with a large cytoplasm, the mean free path of ATM may be longer, which leads
to a significant delay in the nucleoshuttling of ATM and influences the response to metal
exposure (Figure 10).
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Figure 10. Mechanistic model of metal action. As detailed in the discussion, the presence of metal
species may contribute to monomerizing ATM and/or inducing DSB. If the nucleo-shuttling of ATM
is delayed, DSB will be not recognized by the NHE] pathway. There are two possible consequences:
either DSB are unrepaired, which triggers cell death and toxicity, or DSB are misrepaired by an
alternative DSB repair pathway, which triggers genomic instability and carcinogenicity.

5. Conclusions

Our findings obtained with different assays and endpoints (YH2AX, pATM, MRE11,
micronuclei) and with several metallic species suggest that exposure to metal leads to the
production of DSB, whether direct or indirect, and the activation of the ATM protein kinase.
Like after exposure to ionizing radiation, exposure to metal is consistent with a model
based on the production of ATM monomers in the cytoplasm that diffuse into the nucleus
at a specific rate and extent depending on the metallic species and on their concentration.
At high metal concentrations, some ATM-metal complexes prevent the diffusion of ATM
monomers in the nucleus, which impairs the DSB recognition and repair, leading to toxicity
and/or carcinogenicity. Some specific biomarkers are proposed to better evaluate the risks
associated with exposure to metal.

While metal nanoparticles are currently used as theranostic agents for cancer radiother-
apy, there is some evidence that they may also result in producing DSB that may participate
in the response of treated tumors or exposed healthy tissues [64]. Further experiments will
be therefore needed to link the data involving nanoparticles to those involving metal salts.

6. Patents

WO02017029450—Individual method predictive of the DNA-breaking genotoxic effects
of chemical or biochemical agents.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biom11101462 /51, Figure S1: Mitoses and metal exposure; Figure S2: Effect of ZoPra treatment
and exposure to metal; Figure S3: Correlation between YH2AX data obtained after 24 h exposure
to metal followed by irradiation and YH2AX data obtained without exposure to metal; Figure S4:
Correlations between TMC, number of YH2AX foci, and Misono softness parameters.
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