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Abstract The viability, cellular uptake and subcel-
lular distribution of heavy metal Hg, were determined
in human mammary cell lines (MCF-7, MDA-MB-231
and MCF-10A). It was observed that Hg had the
capacity of being excluded from the cells with a
different type of possible transporters. MCF-7 cells
showed the lowest viability, while the other two cell
lines were much more resistant to Hg treatments. The
intracellular concentration of Hg was higher at lower
exposure times in MCF-10A cells and MCF-7 cells;
but as the time was increased only MDA-MB-231
showed the capacity to continue introducing the metal.
In MCF-7 and MCF-10A cells the subcellular distri-
bution of Hg was higher in cytosolic fraction than
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nucleus and membrane, but MDA-MB-231 showed
membrane and nucleus fraction as the enriched one.
The analysis of RNA-seq about the genes or family of
genes that encode proteins which are related to
cytotoxicity of Hg evidenced that MCF-10A cells
and MCF-7 cells could have an active transport to
efflux the metal. On the contrary, in MDA-MB-231 no
genes that could encode active transporters have been
found.

Keywords Human mammary cell lines - Mercury -
Transporters

Introduction

Mercury (Hg) is a harmful heavy metal that is widely
distributed in earth’s crust. It is involved in environ-
mental toxicology and it has different sources,
including volcanic activity, erosion of rocks and
anthropogenic activity. Its toxicity is highly dependent
on chemical speciation, with organic Hg species such
as methyl- and ethyl-Hg being more toxic than
inorganic species (Nabi 2014). It is already known
that some organomercury compounds are stable in
water, while others more soluble in lipids. Fish and
shellfish can accumulate Hg and they are the lowest
species in the food chain, in consequence some of the
final fish in the food chain can contain high levels of
Hg in their viscera and muscle tissue. This process is
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known as biomagnification process. Nevertheless,
inorganic Hg is the most common species and the
main one in nature, and is considered as 3th class
carcinogen by International Agency for Research on
Cancer (IARC) (Aitio et al. 1993; Palacios and
Capdevila 2013). Several groups have studied Hg
toxicity in different organs such as kidney, brain or
placenta, but a few ones focused on the mammary
gland; although this is the source of nutrition for
newborn (Lohren et al. 2015; Stacchiotti et al. 2009;
Straka et al. 2016). Also, there is evidence about
mammary cells susceptibility to Hg exposure as
reported by Dos Santos et al. where they detected
Hg in the milk of lactating women (Dos Santos et al.
2015). Moreover, Mohammadi et al. (2014) evaluated
Hg concentrations in woman samples of mastectomy
surgery. Likewise, it was reported that Hg could exert
its toxic effects by mimicking or blocking the function
of essential metals (Waalkes et al. 2000). In addition to
these observations, Hg is considered an important
endocrine disruptor, which is suggesting the occur-
rence of some pathways that might explain associa-
tions between metals and hormone related diseases,
considering it as metalloestrogen (Byrne et al. 2013;
Zhang et al. 2008). Environmental exposure to many
of widespread metalloestrogens has increased signif-
icantly over the last 50-60 years, and could be
accumulated in the body and in the breast. The
mechanism of Hg toxicity is unknown, but the body of
literature is growing up to understand how this metal
could be transported into the cells and if the cells could
efflux it (Bucio et al. 1999; Heggland et al. 2009).
Furthermore, the literature has been mainly focused on
possible transporters of Hg in target organs like kidney
and brain, but also placental cells and umbilical cord
have been studied (Bridges and Zalups 2010;
Fujiyama et al. 1994; Patnaik and Padhy 2015; Straka
et al. 2016). However, there are no reports on the role
of Hg in the mammary gland, so further investigation
is still needed in order to fully understand its
mechanisms of toxicity. Evidence that exposed
women may have accumulated Hg in their breast and
that this is being able to pass through breast milk and
finally infants, demonstrates the urgency of knowing
the outlet mechanism that this metal use to get out
from human mammary cell lines (Bose-O’Reilly et al.
2008). The chemistry of Hg in biological systems has
the base in the high affinity of Hg(Il) for cysteine
residues which is thermodynamically extremely
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favorable (Parks and Smith 2016). Finally, at this
point, it is also vital to identify potential target genes
whose expression may be related with transporters
regulating the Hg inlet and outlet from human breast
cells. Whole-transcriptome deep-sequencing tech-
nologies (e.g., RNA-Seq), with their capacity to
simultaneously assay the entire baseline transcrip-
tome, of the cell lines, represent an excellent choice of
tool in this regard (Costa et al. 2013).

In this work, new insights into the transport of Hg in
human mammary cells are presented. Viability, cellu-
lar uptake and subcellular distribution have been
evaluated in different cells by combining elemental-
specific detection with molecular characterization
tools. The sensibility of MCF-7, MDA-MB-231
(breast cancer cell lines) and MCF-10A nontumori-
genic breast epithelial cell line, was assayed in the
presence of different Hg concentrations and exposure
times, evaluating also the subcellular distribution of
the metal and RNA-Seq of gene expression from
human breast cells.

Experimental
Chemicals and reagents

All the reagents were of analytical grade. Mercury(II)
chloride was purchased from Anedra (Buenos Aires).
Stock standard solutions of inorganic Hg(II) species
(100 mmol 1™") as HgCl, were prepared in ultrapure
water (18.2 MQ) obtained from a Milli-Q system
(Millipore, Academic, USA) at 5% on HNOj; pur-
chased in Anedra (Buenos Aires).A working solution
in the corresponding culture media was daily prepared
at different concentrations needed, and sterilized using
a 0.22 pm nylon filter (Sartorius, Germany).

Cell culture conditions

Tumor (MCF-7 and MDA-MB-231) and non-tumor
(MCF-10A) human breast epithelial cell lines were
used. MCF-7, MDA-MB-231 and MCF-10A were
kindly provided by Dr. Pistone Creydt V. (IMBECU-
CONICET) and were originally obtained from the
American Type Culture Collection (ATCC, Rockville,
MD, USA), MCF-7 and MDA-MB-231 cells lines
were routinely cultured in DMEM high glucose:
Dulbecco’s Eagle Medium (GIBCO, Invitrogen
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Corporation, Argentina), containing 10% fetal bovine
serum (Internegocios, Buenos Aires, Argentina) and,
100 TU ml™" penicillin and 100 pug ml™" strepto-
mycin (GIBCO). The non-tumorigenic cell line,
MCF-10A, was cultured in DMEM-F12: Dulbecco’s
modified eagle medium: nutrient mixture F-12 (Ham)
(GIBCO) containing 10% fetal bovine serum
(GIBCO) and, 100IU ml~! penicillin  and
100 pg ml~" streptomycin (GIBCO), supplemented
with 2 pg ml™' insulin (Lilly, Humalog, Italia),
0.5 pg ml~" cortisol (Sigma-Aldrich, St. Louis,
USA) and 20 ng ml™' epidermal grown factor
(Sigma-Aldrich). The three cell lines were maintained
at 37 °C in an incubator with 5% CO, and 100%
humidity. Sub-confluent cells were split twice a week
at a ratio of 1:20.

Toxicity of Hg

The viability of three human mammary cell lines after
Hg treatment, was evaluated using Trypan blue
staining (Sigma-Aldrich); and 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
(Sigma-Aldrich). Experiments were repeated three
times for each concentration.

MTT assay

To carried out the standard procedure for the estima-
tion of the cell number based on metabolic activity,
cells were seeded in 96-well plates (10,000 MCF-7
cells, 7000 cells MCF-10A and 10,000 MDA-MB-231
cells per well) and grown for 48 h in complete
medium. When cells reached 85-95% confluence,
the medium was aspirated and cells were washed twice
with tempered PBS. Then, the cells were exposed to 0,
0.5, 5, 10, 25, 50, 100, 150, 200 and 250 uM HgCl, in
fresh culture medium (without fetal bovine serum)
during 3, 12 and 24 h. Following drug exposure, MTT
was added to the cells at a final concentration of
0.5 mg ml~! and incubated for 3 h at 37 °C, after that
the MTT was discarded and the violet formazan was
dissolved by the addition of 200 pl of DMSO (Sigma-
Aldrich). The optical density was measured at 570 nm
wavelength using a microtiter plate reader Multiskan
EX (Thermo Fisher Scientific, Vantaa, Finland) and
the percentage of surviving cells was calculated from
the ratio of absorbance of treated to untreated cells.

Cells without any treatment used as the untreated
control were set to 100% of viability.

Trypan blue staining

The percentage of viability cells was determined after
the exposure time to Hg by Trypan blue exclusion.
After 3 h of incubation with Hg concentrations of
1C,5, ICs0 and IC75, the medium was removed and the
cells were detached with trypsin. After 5 min cen-
trifugation at 1500 rpm, the cells suspension was
mixed with the Trypan blue solution (0.4% (w/v)) at
the 1:1 ratio. Cells were counted in Neubauer’s
chamber with an inverted Zeiss 47 12 02-9901
microscope (West Germany). As this stain is a
membrane permeable dye, all cells that exclude the
dye are viable and those blue cells are non viable ones.
The viability was obtained as a percentage between
dead and alive cells.

Hg cellular uptake

For cellular uptake studies MCF-7, MCF-10A and
MDA-MB-231 were seeded in 6-well plates, grown to
approximately 80% confluence and incubated at 37 °C
with 0.5% CO,. The cells were treated with 10, 25, 50,
75 and 100 uM HgCl, (daily prepared in the incuba-
tion medium) for 3, 12 and 24 h. At the end of the
treatment, the cells were washed three times with 1 ml
of template PBS per well. Then, 500 pl of MiliQ water
were added with protease inhibitor (Roche, Indi-
anapolis, USA) and cells were detached using a
scraper, 6-well plates were on ice bath. After har-
vested, samples were divided in two aliquots, one of
them was stored at 5% (v/v) of HNO; for Hg
determination by cold vapor atomic fluorescence
spectrometry (CV-AFS), and the other was analyzed
to determine their protein content with the bicin-
choninic acid (BCA) assay (Sigma Aldrich).

Hg determination

Hg determination was performed with a Rayleigh AF-
640A atomic fluorescence spectrometer (Beijing
Rayleigh analytical Instrument Corp., Beijing, China).
Instrumental conditions of CV-AFS are shown in
Table 1. Concentration of Hg was obtained after
sample digestion as follows. Three cells lines (20 pl)
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Table 1 Instrumental
conditions for Hg

HG-AFS

determination Carrier gas and flow rate

Auxiliar gas and flow rate
Atomization temperature
Lamp and wavelength
Main current

Auxiliary current
Reductant

Carrier

Ar, 800 ml min~"

Ar, 400 ml min™"

200 °C

Hg high intensity hollow cathode lamp, 253.65 nm
40 mA

0 mA

0.14% (w/v) KBH, in 0.02% (w/v) NaOH

5% (v/v) HNO3

were digested with 125 pl of concentrated nitric acid
(96%) (Anedra), 250 pl of sulphuric acid (98%)
(Merck, Darmstadt, Germany), 400 pl of 1% (w/v)
potassium permanganate (Sigma-Aldrich), 400 pl of
5% (w/v) potassium persulfate (Sigma-Aldrich) and
filled to a total volume of 3 ml with ultrapure water.
The set of vials was placed in a thermostatic bath at a
temperature of 90 °C for 2 h, with vigorous shaking
each 30 min. Then, the flasks were cooled to room
temperature and 100 pl of 12% (w/v) hydroxylamine
hydrochloride (Sigma-Aldrich) were added to reduce
excess of KMnOy. In order to evaluate possible matrix
effects caused by cell material, standard addition
method was performed by spiking MCF-7, MCF-10A
and MDA-MB-231 cells at 2, 4 and 10 pg 17! Hg. No
significant differences in the slopes of the calibration
curves obtained by external and standard addition
methods were observed.

Subcellular fractionation

For subcellular fractionation, the three cell lines were
grown in 75 cm? flasks, at approximately 85% con-
fluence and incubated with IC,5 concentration for 3 h.
At the end of the treatment, cells were washed with
template PBS before being detached using mQ water
with protease inhibitor (Roche) and scraper. Fraction-
ation was achieved using the Subcellular Protein
Fractionation Kit for Cultured Cells (purchased at
Thermo Scientific, Rockford, USA). All samples (total
cells and fractions) were analyzed for their protein
content prior to CV-AFS determination using the BCA
assay (Sigma Aldrich).

@ Springer

Mercury efflux

The three cell lines where individually seeded in a
6-well plate, after 3 h incubation at 37 °C with
HglC,s, the cells were washed with template PBS
and 2 mL of fresh medium free of Hg were added to
each well. After 3, 12 and 24 h the medium was
removed and centrifuged at 1500 rpm by 5 min. The
cells were washed three times with PSB and detached
with mQ water with protease inhibitor (Roche) and
scrapper. The intracellular and expelled Hg from the
cells was determined using CV-AFS. Protein concen-
tration in the cells was evaluated with BCA (Sigma
Aldrich).

In silico analysis

Human breast cells RNA-Seq of gene expression from
human breast cells database generated by Genentech/
gRED were used (Klijn et al. 2015). RNAseq raw fastq
files were obtained for three cell lines (MCF-7, MDA -
MB-231, MCF-10A) from the European Genome-
phenome Archive (EGA) (accession number
EGADO00001000725) with permission from the
Genentech Data Access Committee. Briefly, data
quality control was performed using FastQC reads
that were aligned with HISAT with default parameters
against GRCh38.87 reference genome (Kim et al.
2015; Andrews 2010). The per-gene counts were
retrieved using HTseq algorithm in unionmode (An-
ders et al. 2015). All the data was analyzed using
Galaxy platform and the workflow can be accessed at
https://usegalaxy.org/u/martinguerrero/w/hisat-htseq-
rnaseq-protocol-1 (Afgan et al. 2016).
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Results and discussion

Evaluation of Hg toxic effects on human mammary
cells

In order to determine the impact of different Hg
concentrations and incubation times (3, 12 and 24 h)
on cell viability of the three human mammary cell
lines, MTT assay and Trypan blue exclusion were
performed. The MTT assay was used to measure
metabolic activity and Trypan blue was used to
determine membrane integrity of the cells. The cell
line with the highest ICs5, was considered the most
tolerant to Hg exposure. The data showed that the
metabolic activity of the cell lines studied decreased as
the Hg concentration was increased. Mercury cyto-
toxicity effects were determined in the three cell lines
comparing the ICsq values (nonlinear regression, with
95% confidence interval Fig. 1) that are shown in
Table 2. In this study, the ICso values obtained for
MCF-10A and MDA-MB-231 cells were not signif-
icantly modified by increasing the exposure time to
Hg. On the contrary, the metabolic activity of MCF-7
cells at 12 h decreased more abruptly than the rest of
the cells that was demonstrated by a reduction of ICsg
value in almost fifty percent. Moreover, MCF-7 cells
did not survive after the 24 h treatment even at the
lowest concentration caused by the cytotoxicity of Hg.
On the other hand, there were no significant differ-
ences in the results obtained by MTT and Trypan blue
assays (data not shown), indicating that Hg was not
only decreasing the metabolic activity but also the cell
viability. Based on the results of the MTT and Trypan
Blue, it was possible to determine that the cytotoxicity
of the cell lines was different between them and they
were influenced by concentration and exposure time.
This differential response to Hg is in agreement with
previous studies performed in lymphocytes (Patnaik
and Padhy 2015). However, there does not seem any
study carried out in these three human mammary cell
lines evaluating Hg cytotoxicity. Therefore, the results
obtained in the present work are indicating the
occurrence of different mechanisms of Hg toxicity
involved in these cell lines.

Uptake of Hg

In order to understand the intracellular toxicity of Hg,
experiments with cells were performed at different
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Fig. 1 Viability by MTT assay, non linear regression. a MCF-
7, b MCF-10A and ¢ MDA-MB-231 exposed to different
concentrations of Hg for 3, 12 and 24 h. Graphpad Prism 5 was
used to make graphics

concentrations and exposure time in the three mam-
mary cell lines. It has to be mentioned at this point, that
no transporters have been designed specifically for the
entry of most toxic metal species into mammalian cell.
Instead, it has been described that some of these metals
gain entry into target cells following the mechanisms
of ionic and/or molecular mimicry, at the site of
transporters of essential elements and/or molecules
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Table 2 ICs, and IC,s for Hg exposure in MCF-7, MCF-10A and MDA-MB-231 human mammary cell lines

MCEF-7 MCF-10A MDA-MB-231
3h 12h 24 h 3h 12h 24 h 3h 12h 24h

ICso 102.5 50.9 # 115.5 98.5 117.1 107.7 119 93.2

1Cs 31 # # 70 49.7 53.4 57 69 41

Values represent averages of three independent experiments in M. Bars indicate standard deviations. #: data could not be obtained

(Bridges and Zalups 2005). Recently, Vazquez et al.
(2015) described that the intracellular Hg accumula-
tion may be mediated by the divalent cations trans-
porter DMT1 in the intestinal epithelium. Although
some mechanisms responsible for the transport of Hg
inside the cells have been described in vitro models, no
information has been reported about Hg accumulation
in human mammary cell lines. Thus, the results
obtained in the present work are the first evidences
of Hg accumulation in this type of human cells.

The results obtained after Hg cellular uptake
experiments performed at different concentrations
and exposure times in the three mammary cell lines
are shown in Fig. 2. It can be observed that after an
incubation period time of 3 and 12 h, in MCF-10A
cells the intracellular concentration of Hg was higher
than the rest of the cells, demonstrating to possess a
higher incorporation capacity at short exposure times.
On the other hand, at 24 h, an elevated amount of Hg
was observed to be accumulated in MDA-MB-231
cells, much more, than the others. Therefore, it seems
that in MDA-MB-231 cells, Hg is taken up continu-
ously but much more slowly, suggesting a time-
dependent process. On the other hand, MCF-7 showed
a lower intracellular concentration of Hg at all
exposure times evaluated in this study. Moreover,
slightly lower concentrations of Hg were detected at
10 pM and after 24 h in MCF-7 in comparison to 3 h
incubation, and the same behavior was found in the
non tumorigenic cell line. Thus, the exposure time is
inversely proportional to the intracellular concentra-
tion of Hg (Fig. 3). From the results obtained after
viability and intracellular accumulation experiments,
it was observed that MCF-10A and MDA-MB-231
cells were the most resistant and/or tolerant to Hg
exposition, perhaps due to different uptake mecha-
nisms (one slower and other faster). Secondly, MCF-7
cells may have a lower capacity to accumulate Hg,
possibly because of a saturable, detoxification dose-
dependent mechanism.
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Subcellular fractionation and Hg concentration
in the different cells fractions

The intracellular distribution of Hg was studied using
a subcellular fractionation technique which separates,
in a first step, the cytosolic and soluble cytoplasmic
fractions using a selective cell membrane permeabi-
lization buffer (Baghirova et al. 2015). In a second
step, membranes were dissolved and separated by
centrifugation, while in a final step soluble nucleus
was extracted. For all samples, the concentration of Hg
was determined and standardized against the amount
of protein determined in each fraction.

Figure 4 shows Hg distribution among cytoplas-
mic, membrane and nuclear fractions for MCF-7,
MDA-MB-231 and MCF-10A cell lines and after 3 h
incubation at each IC,5 concentration. Distinct differ-
ences between enriched fraction in MDA-MB-231 and
the two others cells were observed. For MCF-10A,
there was no difference in Hg concentration found in
the membrane and nucleus fraction; whereas the
cytoplasmic fraction was enriched in Hg. Similar
results were found in MCF-7, where the most enriched
fraction was the cytoplasmic one. On the other hand,
the highest Hg concentrations in MDA-MB-231 were
found in nuclear and membrane fractions. It has to be
mentioned that distribution of Hg in subcellular
fractions was described in human hepatic non tumori-
genic cell lines in the past, with the highest Hg
concentrations found in the nucleus and mitochondria
(Bucio et al. 1999). Furthermore, it was reported that
accumulation in the nucleus could produce damage at
the DNA level. Therefore, in MDA-MB-231 nucleus
fraction, where the highest concentration of Hg was
observed, accumulation could be accompanied by
possible damage to DNA. In MCF-10A and MCF-7,
Hg could be attached to the membrane during a
process of Hg efflux. In human mammary cell lines,
there are not previous reports about Hg enriched in
subcellular fractions.
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Study on the differential efflux of Hg from the cells

At a first glance, the amount of Hg seemed to be higher
in the culture medium across the time, indicating that
the cells could be releasing the metal to the medium.
This result was remarkable, especially in MDA-MB-
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Fig. 3 Intracellular Hg after 50 pM of metal treatment, during
3, 12 and 24 h. a MCF-10A, b MCF-7 and ¢ MDA-MB-231.
*P < 0.05 versus 3 h, **P < 0.01 versus 3 h. Graphpad Prism 5
was used to make graphics

231 because of its high capacity to accumulate Hg
following a slow path depending on Hg concentration
and exposure time. Likewise, the non tumorigenic cell
line and MCF-7 showed the same behavior. After
these findings, it was evaluated the intracellular
concentration of Hg in the three cell lines when they
were in contact with an Hg-free medium. The results
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Fig. 4 Subcellular distribution of Hg after 3 h incubation at
1C,5 concentration in MCF-7, MCF-10A and MDA-MB-231
cells. Graphpad Prism 5 was used to make graphics

showed a decrease in the intracellular Hg content that
was accompanied by the increase of Hg concentration
in the extracellular medium (Fig. 5). The MDA-MB-
231 cell lines accumulated Hg during the 3, 12 and
24 h. Nevertheless, the same capacity than the others
two cells to efflux Hg was found. This particular
behavior in MDA-MB-231 cells could indicate that Hg
maybe using a passive transport mechanism to exit the
cells. On the other hand, MCF-7 and MCF10A cell
lines may use an active transport as they showed an
efflux capacity of Hg during their contact with an
extracellular medium containing high concentrations
of this metal.

This kind of behavior induced us to wonder about
the baseline expression levels of many active or
passive transporters that could be used by Hg in the
three cell lines. Llop et al. had evaluated the state-of-
the-art of genes or gene families which may have a
relationship with Hg toxicokinetics and established a
list of genes that could be involved in the process (Llop
et al. 2015). Taking into account the genes proposed in
the list, it was first analyzed the baseline mRNA
expression levels of these genes in the three cell lines,
determining which genes were expressed in the
different lineages. Differences in the expression levels
of the genes were considered compared to the other
cell lines and correlated to the Hg efflux behavior
observed in the experiments to grasp a better under-
standing of the complex regulation involved in the
transport of Hg observed in the different cell types.

Radar plot in Fig. 6 shows the different expression
levels of mRNA between the three cell lines, where
MCF-10A was considered as the baseline level. The
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Fig. 5 Efflux assay. a Hg accumulation in human mammary
cell lines at 3, 12, and 24 h of recovery time with Hg free
medium. In all three cases, cell lines were previously exposed
with IC,5 concentration by 3 h. b Extracellular Hg in medium
after 3, 12 and 24 h in contact with treated cells. Graphpad Prism
5 was used to make graphics

genes that revealed differences between MCF-10A
and MCF-7 over MDA-MB-231 were: ABCBO6,
GSTO2, SLCO5AI1, GSTMI1, GSTM2, GSTM4,
MTI1A and SLCOI1B7. These genes encode proteins
with different functions like membrane protein ATP-
binding cassette transporters, glutathione S-trans-
ferase, solute carrier anion transporter and mammalian
metallothioneins (Board and Menon 2016; Ho and
Kim 2010; Irvine et al. 2016; Kiss et al. 2015).

Only ABCB6, SLCO5A1 and GSTO2 where found
diminished in MDA-MB-231 compared with the other
cells as it was expected. The first gene codifies an
active transporter, indicating that MCF-7 and MCF-
10A could be using this pathway for Hg efflux. The
same behavior was also described by Straka et al. in
trophoblast cells, where they described an efflux of Hg
conjugated to glutathione (GSH) in fetal endothelial
cell (Straka et al. 2016). They could determine that
when this transporter was down regulated, intracellu-
lar Hg concentration was higher than the controls.
Although this gene has been found with a mayor
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expression in MCF-10A and MCF-7, it is necessary to
perform specific assays to further evaluate this
hypothesis. The second gene SLCO5AI1, codifies a
plasma membrane protein, OATP5AI1, that is
expressed in normal and tumor mammary tissue
samples (Kindla et al. 2011). Ding J. et al. have
demonstrated that OATP5A1 may play the role of
mediate the uptake of toxins by neurons, these findings
suggest that this protein could act as a transporter
(Ding etal. 2017). In a topology analysis carried out on
the SLCO5A1 protein, ten cysteine residues were
predicted to be located in the extracellular loop
(Sebastian et al. 2013). Conjugation of Hg with Cys
may promotes the transport of low concentrations of
this metal through the luminal membrane (Zalups and
Lash 1997). The third gene GSTO2 gives rise to a
homodimeric protein GSTO2-2, in which 11 Cys
residues are present (Zhou et al. 2012). The protein
encoded by this gene may contribute to the mainte-
nance of cellular redox balance because of its action as
a dehydroascorbate reductase but the precise role

GSTZ1 GSTT2
GSTTP1 GSTT2B

remains unclear. Also, it has been demonstrated that
this protein could catalyze the reduction of other
elemental species than those containing Hg, such as
inorganic As (arsenate and arsenite), monomethy-
larsenoate and dimehylarsenoate (Board and Menon
2016).

These results indicate that MCF-10A and MCF-7
may efflux Hg using transporters or enzymes which
generate a new molecule that bind Hg to their
structures. However, specifics assays are necessary
to characterize the mechanisms involved in the efflux
of Hg by these two cell lines.

On the other side, a few genes were found to be
higher in MDA-MB-231 than the other cells as
GSTM1, GSTM2, GSTM4, MT1A, SLCOIB3 and
SLCO1B7. The family of GSTs encodes a glutathione
S-transferase that belongs to the mu class. This class of
enzymes has functions in the detoxification of elec-
trophilic compounds, including environmental toxins
and therapeutic drugs, by conjugation with glutathione
(Hollman et al. 2016). In fact, it is already known that
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Hg could conjugate with this molecule, and they could
leave the cells using different transporters as proved
by Straka et al. (Straka et al. 2016). However, there is
no evidence of these enzymes in the breast cells acting
as transferase in presence of Hg. The other gene
MT1A, encodes the apo-MT1a protein.

Metallothioneins have the function to bind essential
or toxic metals for different purposes. Irvine et al. had
demonstrated that the concept of the roll of MTs as a
detoxification protein is not correct. They used Cd as
the toxic metal, and they could prove that the structure
of metallothioneins binding to Cd is resistant to
degradation and could provide the mechanism by
which Cd(II) persists in lower pH compartments in
renal cells for many years, provoking more damage at
this target organ (Irvine et al. 2016). In MDA-MB-231
cell line these protein could be binding Hg to diminish
its possible release from the cell. The family of genes
SLCO (encodes solute anion carrier transporters
family) encodes families comprising passive trans-
porters, ion-coupled symporters, and antiporters in the
plasma membrane and other cellular membrane com-
partments. The SLCO1B7 gene encodes a putative
protein (OAT1B7) which function is unknown and
poorly characterized (Legge et al. 2016). The other
gene of the family of solute anion carrier transporters
is SLCO1B3. This gene codifies a protein which can
act as a hepatic bile acid efflux transporter, protecting
the liver from accumulation of toxic intracellular
solutes (Ho and Kim 2010).

Conclusions

In this study, it has been demonstrated that different
human mammary cell lines have specific behaviors
regarding Hg viability, uptake and subcellular distri-
bution, which is also proposing different efflux
mechanisms for this element. The complementary
use of the three areas of knowledge—analytical
chemistry, biology and bioinformatics—allows
obtaining reliable data about possible transports of
Hg in three human mammary cell lines. The Hg
concentration in the extracellular medium of MCF-
10A and MCF-7 provides insight into the active
transport that these two cells have. On the other hand,
MDA-MB-231 had a different behavior when they
were exposed to Hg. The efflux assay allowed us to
shuffle the possibility to indicate that this cell line

@ Springer

could have passive transport to the Hg. That was
lightly support about the different mRNA founded in
the data base that shown mayor presence of gens that
could encode proteins that may be passive trans-
porters, or binding proteins that could be retaining the
metal inside de cell. To verify the efflux mechanisms
performed by these three cell lines, it is necessary to
develop specific assays. Thus, everything is an
important step to elucidate the possible mechanism
of toxicity generated by Hg in human breast cell lines.
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