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Abstract: Cyanotoxins are secondary metabolites produced by different types of cyanobacteria.
Among them, Cylindrospermopsin (CYN) and Microcystins (MCs) stand out due to their wide
geographical distribution and toxicity in various organs, including the kidney, which is involved in
their distribution and elimination. However, the renal toxicity caused by CYN and MCs has hardly
been studied. The aim of this work was to assess the cytotoxicity effects caused by CYN and MC-LR
in the renal cell line HEK293, and for the first time, the influence of CYN on the gene expression of
selected genes in these cells by quantitative real-time PCR (qRT-PCR). CYN caused an upregulation
in the gene expression after exposure to the highest concentration (5 µg/mL) and the longest time of
exposure (24 h). Moreover, shotgun proteomic analysis was used to assess the molecular responses of
HEK293 cells after exposure to the individuals and combinations of CYN + MC-LR. The simultaneous
exposure to both cyanotoxins caused a greater number of alterations in protein expression compared
to single toxins, causing changes in the cellular, lipid and protein metabolism and in protein synthesis
and transport. Further studies are needed to complete the toxicity molecular mechanisms of both
CYN and MC-LR at the renal level.

Keywords: Cylindrospermopsin; Microcystin-LR; HEK293 cells; qRT-PCR; shotgun proteomics

Key Contribution: Both single and simultaneous exposure to Cylindrospermopsin and Microcystin-
LR cause alterations in the HEK293 renal cell line. Alterations in gene expression were observed
mainly at the highest CYN concentration evaluated. Whereas, simultaneous exposure to both
cyanotoxins caused greater alterations in protein expression compared to their individual exposure.

1. Introduction

Cyanotoxins are secondary metabolites produced by different species of cyanobacteria,
whose occurrence is increasing. This is due to climate change as well as eutrophication
leading to their worldwide expansion [1]. Humans can be exposed to these toxins by
different routes, and among them, the oral route, through the intake of contaminated water
and food, is the most important. Nevertheless, parenteral, inhalation and dermal exposure
may also happen [2].

Among cyanotoxins, the majority of studies have been conducted with Microcystins
(MCs) and Cylindrospermopsin (CYN). MCs are hepatotoxins with cyclic heptapeptide
structure with L-amino acid residues at the positions 2 (X) and 4 (Y), giving rise to the
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different variables of the molecule [3]. To our knowledge, 279 variants have been iden-
tified thus far [4], and MC-LR is the most frequently studied congener [5,6]. Their main
producers are the genera Microcystis, Planktothrix and Dolichospermum [7]. The toxicity of
MCs is conducted by inhibition of serine/threonine protein phosphatases, mainly PP1 and
PP2A [8]. It has been also reported that MCs can be tumor promoters, and they have been
classified in the group 2B by the International Agency of Research on Cancer (IARC) [9].

CYN is a tricyclic alkaloid with a hydroxymethyluracil combined with a tricyclic
guanidine group [10] that can be produced by species of the genera Chrysosporum, Dolichos-
permum, Raphidiopsis and Umezakia, among others [11]. Its main mechanism of action is the
inhibition of protein and glutathione synthesis [12–14].

Both cyanotoxins target the liver; however, they can also affect other organs, such as
lung, thyroid, adrenal glands, intestines, nervous system [15–17] and also the kidney [7].
Indeed, the kidney is involved in the distribution and elimination of these toxins, and their
presence in this organ was reported [7]. Regarding their toxic effects, the nephrotoxicity of
MCs was recently reviewed [18].

In vitro, MC-LR has shown to induce, for instance, a decrease in cell viability and to
cause cytoskeleton disruption and ultrastructural damage, mainly in HEK293 and Vero
E-6 cell lines, from human and African green monkey origin, respectively. Moreover,
Piyathilaka et al. [19] evaluated the cytotoxicity of MC-LR on two kidney cell lines (HEK293
and ACHN), and HEK293 showed the highest sensitivity. In vivo, in mice and rats, the most
frequent alterations induced by MCs are changes in the activity of antioxidant enzymes as
well as micro and ultrastructural damage [18]. In fish, similarly, the induction of oxidative
stress and pathological changes have been also reported [20,21].

The effects of CYN on kidney, on the contrary, have been comparatively scarcely
investigated. In vitro, it has been reported that CYN induces a decrease in cell viability
in Vero cells [22]. In vivo studies reported that necrosis and increased lumen of proximal
tubules are characteristic of renal toxicity induced by CYN in mice, as well as changes in
the glomerulus [7], and changes in oxidative enzymes have been also involved as a toxicity
mechanism [23–25]. In both cases, moreover, studies dealing with molecular mechanisms
of cyanotoxins effects on the kidney are minimal or even absent.

A different point to highlight is that the toxicological evaluation of cyanotoxins,
whatever the aspect investigated (hepatotoxicity, nephrotoxicity, etc.), has been mainly
performed using individual compounds. However, it is known that cyanobacterial blooms
are usually characterized by the presence of numerous toxins [26]. Moreover, the simulta-
neous occurrence in the environment of MC-LR and CYN has been reported [27–29]. These
cyanotoxins have different structures and mechanisms of action, and phenomena, such as
synergism, antagonism and/or toxicity increases must be taken into account, when their
simultaneous occurrence happens. This potential interaction has been already studied in
cell lines from human liver [30], nervous system [31] and genotoxicity endpoints [32,33]
but not on kidney cell lines.

Therefore, considering the objective of the present work was to assess the cytotoxic
effects of pure and individual CYN and MC-LR toxins in the human kidney cell line
HEK293. Moreover, in order to add some insights into CYN mode of action, we evaluated
the alterations in the expression of selected genes involved in metabolism and mechanisms
of toxicity by real-time quantitative PCR (qRT-PCR) of this toxin for the first time in these
renal cells. Finally, it is innovative to investigate the individual and combined effects of
CYN and MC-LR in HEK293 cells by post-genomics analysis using shotgun proteomics.

2. Results
2.1. Viability of HEK293 Cells Exposed to Cyanotoxins

When HEK293 cells were exposed to CYN (0–25 µg/mL), no effects were observed in
the MTS reduction assay after 4 h. At 24 and 48 h, however, the viability slightly decreased
at all concentrations assayed (Figure 1a). The highest concentration resulted in a viability
of 60%. On the contrary, the total protein (TP) content of the cultures was not altered at any
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of the exposure times and concentrations assayed (Figure 1b). Therefore, no EC50 values
could be derived from any of the endpoints considered.

Figure 1. The effect of CYN on the viability of HEK293 cells. Viability was determined with the MTS
assay (a) and TP (b) after exposure to 0–25 µg/mL CYN for 4, 24 and 48 h. Significantly different
from the control group * p < 0.05 and ** p < 0.01.

With respect to MC-LR, cells were exposed to 0–200 µg/mL for 4, 24 and 48 h of
exposure. In this case, cell viability decreased to 80% after 24 and 48 h in the MTS assay
(Figure 2a) and to 60% in the protein content assay after 48 h (Figure 2b). Again, no EC50
values could be derived.
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Figure 2. The effect of MC-LR on the viability of HEK293 cells. Viability was determined with the
MTS assay (a) and TP (b) after exposure to 0–200 µg/mL MC-LR for 4, 24 and 48 h. Significantly
different from control group * p < 0.05 and ** p < 0.01.

2.2. Effect of CYN on mRNA Expression

The mRNA expression of selected genes was assessed after exposure to 0.5 and
5 µg/mL CYN for 4 and 24 h by quantitative real-time PCR (Table 1). In general terms,
the values showed mainly upregulation in the expression of genes after the longer ex-
posure time (24 h) and the highest concentration (5 µg/mL). This is the case for genes
involved in xenobiotic metabolism (CYP1A1 and CYP1A2), DNA damage response (TP53
and CDKN1A), oxidative stress (CAT and GPX1) and apoptosis/survival (BCL2). A lower
number of genes showed an altered expression pattern after 4 h: upregulation in CYP1A1
and SOD1 and downregulation in CAT, all of them again at the highest concentration eval-
uated. The lower concentration (0.5 µg/mL) changed the expression of CYP1A2, CDKN1A
and GPX1 after 24 h. The only gene that was not altered by any treatment was BAX.



Toxins 2022, 14, 429 5 of 20

Table 1. Effects of CYN on the expression of mRNA of selected genes involved in xenobiotic
metabolism, DNA damage responsive, oxidative stress response and apoptosis/survival in HEK293
cells. The cells were exposed to CYN (0.5 and 5 µg/mL) for 4 and 24 h. B(a)P 30 µM was used as
positive control.

Mechanisms
Involved

Gene
Symbol CYN (µg/mL) 4 h 24 h

Entrez Gene NameMean ± SD Mean ± SD

Xenobiotic
Metabolism

CYP1A1

C- 1.13 ± 0.67 1.03 ± 0.33
Cytochrome P450 family 1

Subfamily A member 1
0.5 1.11 ± 0.11 1.06 ± 0.35
5 1.99 ± 0.05 ** 24.21 ± 11.92 ***

B(a)P 30 µM 1.03 ± 0.05 2.16 ± 0.33

CYP1A2

C- 1.01 ± 0.19 1.02 ± 0.25
Cytochrome P450 family 1

Subfamily A member 2
0.5 0.90 ± 0.50 0.68 ± 0.16
5 0.87 ± 0.06 11.33 ± 0.17 *

B(a)P 30 µM 1.23 ± 0.40 1.23 ± 0.18

DNA damage
responsive

TP53

C- 1.05 ± 0.19 1.00 ± 0.12

Tumor protein P530.5 0.86 ± 0.21 1.14 ± 0.25
5 0.98 ± 0.23 3.38 ± 0.31 **

B(a)P 30 µM 0.9 ± 0.20 1.22 ± 0.21

CDKN1A

C- 1.03± 0.30 1.01 ± 0.17
Cyclin Dependent Kinase

Inhibitor 1A
0.5 0.72 ± 0.14 1.73 ± 0.40
5 1.01 ± 0.56 10.57 ± 1.82 *

B(a)P 30 µM 0.88 ± 0.29 1.06 ± 0.68

Oxidative stress

SOD1

C- 1.08 ± 0.47 1.01 ± 0.20

Superoxide dismutase 10.5 1.08 ± 0.28 1.30 ± 0.25
5 2.04 ± 1.44 * 1.10 ± 0.68

B(a)P 30 µM 1.04 ± 0.13 1.05 ± 0.21

CAT

C- 1.08 ± 0.48 1.00 ± 0.13

Catalase
0.5 1.41 ± 0.52 1.45 ± 0.26
5 0.67 ± 0.83 2.96 ± 1.35 ***

B(a)P 30 µM 1.21 ± 0.11 1.17 ± 0.10

GPX1

C- 1.05 ± 0.43 1.05 ± 0.39

Glutathione peroxidase 10.5 1.04 ± 0.22 2.07 ± 0.46
5 0.89 ± 0.27 7.94 ± 2.35 ***

B(a)P 30 µM 1.22 ± 0.18 1.36 ± 0.58

Apoptosis/survival

BAX

C- 1.02 ± 0.22 1.01 ± 0.14

Apoptosis regulator BAX.0.5 0.74 ± 0.17 1.30 ± 0.25
5 0.99 ± 0.30 0.92 ± 0.22

B(a)P 30 µM 0.87 ± 0.10 1.14 ± 0.24

BCL2

C- 1.01 ± 0.15 1.01 ± 0.16

B-cell CLL/lymphoma 20.5 0.78 ± 0.21 1.33 ± 0.26 *
5 1.07 ± 0.02 3.85 ± 0.19 **

B(a)P 30 µM 0.79 ± 0.01 0.70 ± 0.13 *

The results are expressed as relative mRNA expression normalized to the control group. Data are mean ± SD
of three independent experiments. Significant differences between CYN-treated cells and the control group are
indicated by * p < 0.05, ** p < 0.01 and *** p < 0.001 (One-way analysis of variance (ANOVA) with Dunnett’s
Multiple Comparison Test and the non-parametric Kruskal–Wallis test followed by Dunn’s multiple comparison
test). Bold values show the up- or down-regulation of genes.

2.3. Proteomics Analysis

To assess the molecular responses of HEK293 cells exposed to cyanotoxins, a quantita-
tive shotgun proteomics analysis was performed. Forty one proteins displayed quantitative
differences among experimental groups (ANOVA, p < 0.01), and 17 proteins showed sta-
tistical differences in comparison to the control group. The overall differences in protein
expression are reported in the heatmap in Figure 3. Some proteins were presented in more
than one experimental group. The sample group cluster analysis in Figure 3 revealed that
the experimental group that displayed more variations with respect to control was the
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one exposed to the highest concentrations of both cyanotoxins (1CYN + 1MC). Moreover,
control and MeOH groups are positioned closer to each other, thus, indicating that the
effect of MeOH in the experiment was minimal. The relative expression levels of proteins
were also analyzed using hierarchical clustering (Figure 3).

Figure 3. Analysis of HEK293 cells after exposure to cyanotoxins. The color map symbolizes
the relative expression of proteins displaying quantitative variations among experimental groups
(ANOVA, p < 0.01). Proteins are presented in lines and group samples in columns. Control group
(C), MeOH (solvent control group), group exposed to Cylindrospermopsin (CYN), group exposed to
Microcystin-LR (MC) and group exposed to the combination of Cylindrospermopsin and Microcystin-
LR (CYN + MC). Numbers preceding group abbreviations indicate toxin concentrations.

Table 2 shows the 17 proteins displaying differences with respect to the control group.
This group of proteins will be most relevant to describe the effects of exposure to cyanotox-
ins. Proteins modified after cyanotoxin exposure include proteins related to RNA-binding
and mRNA and protein transport (E3 SUMO-protein ligase RanBP2-RANBP2), Golgi struc-
tural integrity and intracellular protein transport (Coatomer subunit gamma-1-COPG1),
immunity and host–virus interaction (Moesin-MSN), regulation of lipid metabolic pro-
cess and enzyme activator activity (Prosaposin-PSAP), mRNA binding and mRNA splice
site selection (Cisplatin resistance-associated overexpressed protein and isoform CRA_b-
LUC7L3), lipid metabolism (3-ketoacyl-CoA thiolase and mitocondrial-ACAA2), ubiquiti-
nation and proteasomal degradation of target proteins (Protein SGT1 homolog-SUGT1),
host cell receptor for virus entry and cell adhesion (Integrin beta-1 and ITGB1), hydrolase
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function and proteolysis involved in cellular protein catabolic process (ATP-dependent Clp
protease proteolytic subunit and mitochondrial-CLPP), proteins with functions connected
with gene transcription/translation and RNA-binding protein (40S ribosomal protein
S5-RPS5), catalytic activity (carbonyl reductase [NADPH] 1-CBR1), regulation of RNA poly-
merase I (Treacle protein, TCOF1), metabolic inactivation of the antitumor drug Bleomycin
(Bleomycin hydrolase-BLMH), cell adhesion (Fermitin family homolog 2-FERMT2), pro-
teasomal degradation and protein modification (E3 ubiquitin-protein ligase CHIP-STUB1),
initiation factor and protein biosynthesis (translation initiation factor eIF-2B subunit Alpha-
EIF2B1) and catalytic activity (phosphoglucomutase-2, PGM2).

Simultaneous exposure to both cyanotoxins led to alterations in the expression of
a higher number of proteins in comparison to the other experimental conditions. These
included proteins involved in processes such as Golgi structural integrity and intracellular
protein transport (COPG1), immunity, host–virus interaction and host cell receptor for
virus entry as cell adhesion (MSN, ITGB1 and FERMT2). Furthermore, other proteins
affected were proteins associated with lipid metabolism (PSAP and ACAA2), ubiquitina-
tion, proteasomal degradation and protein modification (SUGT1 and STUB1). Proteins
that participated in catalytic activity (CBR1 and PGM2), gene transcription/translation
and RNA-binding protein (RPS5), regulation of RNA polymerase I (TCOF1), metabolic
inactivation of Bleomycin (BLMH) and protein biosynthesis and initiation factor (EIF2B1)
were also altered.

The results obtained showed that the protein expression profile of HEK293 cells was
affected after cyanotoxins exposure. Therefore, cyanotoxins can modify the proteome of
this renal cell line.
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Table 2. Differential protein expression in HEK293 cells exposed to CYN (0.5 and 1 µg/mL), MC-LR (1 µg/mL) or their combination of both toxins compared to the
control. Quantitative expression is reported as normalized arbitrary units (AU). Significant differences between treated cells and the control group are indicated by
* p < 0.05 and ** p < 0.01 (ANOVA).

AU

Functional
Category Protein Name Gene

C 0.5 CYN 1 CYN 1 MC-LR 0.5CYN + 1MCLR 1CYN + 1MC-LR
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Cellular
metabolism

Carbonyl reductase
[NADPH] 1 CBR1 2.3 × 10−4 2.6 × 10−4 4.7 × 10−4 3.7 × 10−4 9.0 × 10−4 5.3 × 10−4 9.0 × 10−4 3.0 × 10−4 8.7 × 10−4 1.7 × 10−4 1.6 × 10−3 ** 4.5 × 10−4

Phosphoglucomutase-2 PGM2 1.0 × 10−8 0 1.0 × 10−8 9.0 × 10−5 1.0 × 10−8 0 1.0 × 10−8 0 2.8 × 10−4 ** 1.7 × 10−4 1.0 × 10−8 0

Lipid
metabolism Prosaposin PSAP 5.3 × 10−4 1.4 × 10−4 4.3 × 10−4 2.6 × 10−4 1.0 × 10−8 ** 1.0 × 10−4 2.4 × 10−4 8.7 × 10−5 3.1 × 10−4 1.4 × 10−4 2.4 × 10−4 * 1.4 × 10−4

3-ketoacyl-CoA thiolase,
mitochondrial ACAA2 6.4 × 10−4 2.7 × 10−4 5.7 × 10−4 3.9 × 10−4 1.0 × 10−8 * 1.3 × 10−4 4.3 × 10−4 2.7 × 10−4 1.4 × 10−4 2.7 × 10−4 1.0 × 10−8 * 0

Protein Moesin MSN 9.9 × 10−4 2.9 × 10−4 7.8 × 10−4 2.8 × 10−4 4.3 × 10−4 * 2.6 × 10−4 5.9 × 10−4 8.0 × 10−5 4.1 × 10−4 * 1.5 × 10−4 1.5 × 10−4 ** 2.1 × 10−4

Cell
adhesion Integrin beta-1 ITGB1 2.5 × 10−4 8.1 × 10−5 1.0 × 10−8 * 7.9 × 10−5 1.0 × 10−8 * 6.6 × 10−5 1.0 × 10−8 * 7.4 × 10−5 1.0 × 10−8 ** 0 1.0 × 10−8 ** 0

Fermitin family homolog 2 FERMT2 2.9 × 10−4 1.0 × 10−4 3.3 × 10−4 1.7 × 10−4 1.0 × 10−8 7.7 × 10−5 8.6 × 10−5 1.0 × 10−4 1.7 × 10−4 1.3 × 10−4 1.0 × 10−8 * 0

Protein
Metabolism Bleomycin hydrolase BLMH 1.0 × 10−8 0 1.0 × 10−8 0 1.0 × 10−8 0 1.0 × 10−8 2.4 × 10−4 4.8 × 10−4 * 2.4 × 10−4 1.0 × 10−8 0

Protein
regulation

E3 SUMO-protein
ligase RanBP2 RANBP2 4.1 × 10−5 3.2 × 10−5 3.7 × 10−5 2.1 × 10−5 1.2 × 10−4 * 6.8 × 10−5 8.8 × 10−5 3.7 × 10−5 6.9 × 10−5 4.5 × 10−5 1.4 × 10−4 3.8 × 10−4

E3 ubiquitin-protein
ligase CHIP STUB1 1.0 × 10−8 0 1.0 × 10−8 0 1.7 × 10−4 2.5 × 10−4 1.0 × 10−8 1.8 × 10−4 4.0 × 10−4 ** 1.7 × 10−4 4.1 × 10−4 2.4 × 10−4

Protein SGT1 homolog SUGT1 4.3 × 10−4 1.8 × 10−4 3.9 × 10−4 3.1 × 10−4 1.0 × 10−8 * 0 1.0 × 10−8 1.8 × 10−4 3.6 × 10−4 2.7 × 10−4 1.0 × 10−8 * 0
ATP-dependent Clp protease

proteolytic subunit,
mitochondrial

CLPP 1.0 × 10−8 0 1.0 × 10−8 0 1.0 × 10−8 0 4.3 × 10−4 ** 3.6 × 10−4 1.0 × 10−8 0 1.0 × 10−8 0

Protein
synthesis

Translation initiation factor
eIF-2B subunit alpha EIF2B1 1.0 × 10−8 0 1.0 × 10−8 0 1.0 × 10−8 0 1.0 × 10−8 0 3.6 × 10−4 * 1.8 × 10−4 1.0 × 10−8 2.0 × 10−4

Treacle protein TCOF1 4.0 × 10−5 8.0 × 10−5 1.0 × 10−4 1.0 × 10−4 1.0 × 10−4 5.0 × 10−5 2.0 × 10−4 1.0 × 10−4 3.0 × 10−4 6.2 × 10−5 3.0 × 10−4 * 9.3 × 10−5

40S ribosomal protein S5 RPS5 7.0 × 10−4 3.0 × 10−4 7.0 × 10−4 3.0 × 10−4 1.0 × 10−8 3.0 × 10−4 1.0 × 10−8 3.0 × 10−4 5.0 × 10−4 3.0 × 10−4 1.0 × 10−8 * 0
Cisplatin resistance-associated

overexpressed protein,
isoform CRA_b

LUC7L3 1.0 × 10−8 1.3 × 10−4 1.5 × 10−4 2.5 × 10−4 4.1 × 10−4 ** 1.2 × 10−4 2.5 × 10−4 2.0 × 10−5 2.5 × 10−4 1.0 × 10−4 3.0 × 10−4 5.2 × 10−5

Protein
transport Coatomer subunit gamma-1 COPG1 7.0 × 10−4 5.1 × 10−5 3.2 × 10−4 * 1.9 × 10−4 1.8 × 10−4 * 2.5 × 10−4 2.2 × 10−4 * 1.8 × 10−4 6.3 × 10−4 1.6 × 10−4 1.7 × 10−4 ** 1.8 × 10−4
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3. Discussion

Previous in vivo experiments indicated that the kidney was the most affected organ in
several experimental models, such as mice [34], fish exposed to lyophilized A. ovalisporum
cells containing CYN at relevant concentrations (10–100 µg/L) [25] or pure CYN [23].
However, regarding in vitro studies performed in renal cells with cyanotoxins, dealing with
the potential toxicity mechanisms of these toxins is rare. In the specific case of HEK293 cells,
up to now, the studies have been performed with MCs, in particular MC-LR [19,35–37].

The present study provides evidence that CYN and MC-LR are able to induce a cell
viability decrease in HEK293 cells, with CYN being more cytotoxic in comparison to MC-LR.
For both cyanotoxins, no EC50 were derived from the MTS assay, and in the case of MC-LR
(1–200 µM), the cell viability decreased to 80% after 24 and 48 h, with a small increase at
the lowest concentration, potentially due to a hormetic effect [38]. Hormetic effects by
MC-LR have been reported for MC-LR in kidney cell lines HEK293 [39] and Vero-E6 [40].
These results for MC-LR showed less sensitivity than those previously obtained in the same
cell line (HEK293 cells) and in the human kidney adenocarcinoma (ACHN) cell line by
Piyathilaka et al. [19].

These authors used the same concentrations of MC-LR (1–200 µM) and determined the
cytotoxicity by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
sulphorhodamine B (SRB) assays. In both cases, cell viability was significantly decreased at
50 µM for 24 h. The higher cytotoxicity reported for MC-LR in comparison to the present
work could be due to the culture conditions, cytotoxicity assays applied, etc. In other renal
cells, monkey kidney cell line (Vero E6), a marked cytotoxicity of MC-LR was reported
from 25 µM for 24 h by the MTT assay [40].

Li et al. [39] reported that MC-LR at low concentrations stimulated PP2A, whereas at
high concentrations, induced an inhibition in HEK293 cells. The effects on PP2A/C led
to destabilization of cytoskeleton, cell detachment and possibly further anoikis, a form of
apoptosis induced by cell detachment from the extracellular matrix. Moreover, experiments
with OATP-transfected HEK293 cells reported EC50 values for MC-LR of 214–257 nM, with
lower EC50 values of the more hydrophobic MC congeners [35]. In general, regarding
MC-LR exposure, the low cytotoxicity observed could be partially attributed to the absence
of specific OATP transporters. However, all the reports above mentioned demonstrated
that MC-LR is able to induce toxicity in HEK293 cells.

Regarding to CYN, there are no studies available with HEK293 cells; however,
Froscio et al. [22] evaluated its cytotoxicity in different cells lines, including Vero (from
African green monkey kidney). They observed that CYN induced a delayed toxicity in Vero
cells and that this cell line was less sensitive than hepatic cell lines but more sensitive than
the intestinal cell line Caco-2.

Moreover, Froscio et al. [41] reported that CYN uptake in Vero cells was slow but
sufficient to induce cytotoxicity. More recently, Moraes et al. [42] observed that CYN
induced necrosis in all concentrations assayed (up to 1 µg/mL) in LLC-PK1 kidney tubular
cells from pigs. This work reported for the first time in HEK293 cells at the molecular level
that non-cytotoxic concentrations of CYN can modify the regulation of different genes.
Similarly, the changes in the protein expression profile of HEK293 cells after exposure to
individual MC-LR or CYN, as well as to both cyanotoxins simultaneously, are reported in a
novel way in order to clarify the mechanisms involved in cyanotoxin renal toxicity.

Studies about the modulation of gene expression after CYN exposure are limited.
Several works have evaluated the influence of CYN on the alteration of mRNA levels
of genes involved mainly in the CYN metabolism, response to DNA damage and repair,
oxidative stress, survival and/or cell death in several in vitro models, such as human
peripheral blood lymphocytes (HPBLs) [43] and HepG2 cells [44,45], including the ad-
vanced 3D cell model developed from these cells [46]. In addition, other works with
CYN have been conducted in vascular smooth muscle cells (VMSCs) [47] and in human
umbilical vein endothelial cells (HUVECs) [48]. Changes in the expression of these genes
were also induced in hepatic cells, HepG2, by binary mixtures of MC-LR/CYN [32,49], or
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CYN and Bisphenols [46]; however, to date, no previous studies have been performed in
HEK293 cells.

In the present study, upregulations of CYP1A1 and CYP1A2 at the highest CYN
concentration (5 µg/mL) assayed, mainly after 24 h of exposure, were reported, which were
approximately 24-fold and 11-fold increased, respectively. These results are in agreement
with those previously found in HPBLs and HepG2 cells [43,44], while the transcription
of CYP1A2 was not significantly affected in the HepG2 3D cell model, with CYP3A4
upregulated [46], and this confirms the evidence that CYP-450 family enzymes are involved
in the biotransformation of CYN [44].

CYP1A1 is one of the main cytochrome P450 enzymes, extensively studied for its
capacity to activate compounds with carcinogenic properties [50]. CYP1A2 is also involved
in the metabolism of several drugs and endogenous compounds. It is of particular interest
because of its crucial role in chemical carcinogenesis and its susceptibility to induction at
transcriptional and translational levels [51]. Our results provide the first evidence that
exposure to CYN induces transcription of these genes in HEK293 cells and confirm previous
research that they are involved in CYN metabolic activation to genotoxic and potential
carcinogenic effects [44].

In addition, we found upregulation in the expression of the P53 tumor-suppressor
gene after 24 h CYN exposure at the highest concentration assayed in HEK293 cells. The
tumor-suppressor gene, p53, plays a central role in the cellular response to xenobiotics
in general, which damages DNA by activation of transcription of several essential genes
controlling cell cycle arrest/DNA repair, senescence, differentiation and apoptosis [52].
These changes in p53 gene levels are in agreement with results reported previously in
HPBLs after 24 h of exposure to CYN [43].

In contrast, in HepG2 cells, CYN did not induce any change in the expression of
P53, at any assayed concentrations after 4–24 h of exposure [44], and Bain et al. [53] only
detected P53 protein accumulation after 48 h of exposure. Moreover, the main target of
P53 upon DNA damage is CDKN1A at node p21, an inhibitor of cyclin-dependent kinases
(CDKs) that inhibits the cell cycle at the G1/S and the G2/M transitions [52,54]. In the
present study, CYN upregulated the expression of CDKN1A gen only after 24 h of exposure
(no changes at 4 h CYN-exposure), which correlates well with previous reports in other
experimental cell lines [43–45,53].

Furthermore, Zegura et al. [43] showed that after 24 h of exposure of HPBLs to CYN,
some p53-downstread regulated genes, such as MDM2 and GADD45α, were upregulated,
whereas no differences in the CDKN1A mRNA levels were found in comparison to con-
trol cells.

In this work, the gene expressions were measured at only two time-points (4 and 24 h),
similarly to the present study, and the authors indicated a later induction of CDKN1A in
comparison to other genes. The upregulation of CDKN1A was also reported in HepG2
spheroids, indicating DNA damage effects of CYN [46]. Oxidative stress is one of the
recognized CYN toxicity mechanisms, as it has been demonstrated in several in vitro studies
available in the scientific literature [55] and in vivo models [23,24] at environmentally
relevant concentrations [25].

Among the enzymes involved in oxidative stress, the superoxide dismutase-catalase
(SOD-CAT) system provides the first defense against oxygen activity [56], because SOD
catalyzes the dismutation of the superoxide radical to molecular oxygen and hydrogen
peroxide, which is detoxified by the CAT activity, and a simultaneous induction response
in the activities of both enzymes has been observed in fish exposed to CYN in vivo [25].

In this experiment from our lab, the initial increase of SOD activity detected in the
kidney of fish was followed by a decrease after 14 d of exposure, indicating an increased
susceptibility of the kidney in comparison to the liver. Moreover, CAT activity appeared
to be more active trying to control the oxyradicals generated [25]. However, studies on
the gene expression profile of these antioxidant enzymes are scarce. Up to now, only
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Zegura et al. [43] demonstrated significant upregulation of SOD1, while CAT was not
changed after 24 h exposure of HPBLs to CYN.

Recently, Zhang et al. [47] reported the promotion of the expression of SOD1, CAT and
GPX1 in vascular smooth muscle cells (VMSCs) at 24 h of exposure (200–2000 nM CYN).
In the present work, SOD1 was upregulated after 4 h of exposure, whereas CAT showed
significant changes after 4 and 24 h of exposure, mainly upregulation after 24 h (three-fold
in comparison to the controls). These results confirm that CYN is able to induce oxidative
stress in these renal cells. Several studies reported that SOD, CAT and GPX are important
antioxidant enzymes for the maintenance balance [25,57]. CAT is globally considered the
key antioxidant enzyme that decomposes H2O2 to O2 and H2O [58], thus showing, in the
present work, a higher sensitivity of its gene expression in comparison to SOD1. SODs
are involved in dismutation of the highly superoxide anion to O2 and to the less reactive
species H2O2 [59].

In addition to CAT, the glutathione peroxidase family (GPX) of enzymes acts coop-
eratively as scavengers of hydrogen peroxide (both enzymes) and other hydroperoxides
(GPX). In general, GPX reduces hydrogen peroxide as well as organic hydroperoxides to
water and/or the corresponding alcohol [60]. In the present study, the gene expression
of the enzyme GPX1 was significantly upregulated after 24 h exposure of cells to CYN,
confirming the oxidative stress induction by this toxin.

This result is in agreement with the upregulation in the expression of genes GPX1
after 24 h of exposure in HPBLs, while the mRNA level of CAT was unchanged [43]. In
addition, in vivo, the gene expression of GPX in the kidney of tilapia exposed to CYN was
also increased significantly after exposure to CYN (200–400 µg/kg CYN), thus, confirming
the induction of oxidative stress by CYN in kidney [23]. Globally, in HEK293 cells, the
upregulation of CAT and GPX1 at 24 h and SOD1 after 4 h of CYN exposure in the present
work contributes to understanding and confirming the role of the oxidative stress as the
mechanism responsible for CYN pathogenicity in these renal cells.

In relation to the genes involved in apoptosis, the p53 protein is a major regulatory of
cellular response to various types of stress, and P53-mediated apoptosis is related to the
regulation of the transcription of the BCL-family [48]. The BCL-2 family includes a network
of pro-and anti-apoptotic proteins, and among them, BAX, a pro-apoptotic protein (cytosol)
could be activated to induce cell death. Moreover, BCL-2, an anti-apoptotic protein, mainly
localized in the mitochondrial membrane, could interact with BAX to form heterodimers to
prevent mitochondrial changes during apoptosis [48].

In this study, the gene expression profile of BAX was not significantly affected in
HEK293 cells after CYN exposure, whereas the toxin induced the expression of BCL-2 gene
at the highest concentration assayed (5 µg/mL) after 24 h (3-fold), thus, leading to a lower
ratio of BAX/BCL-2 at these conditions. Consequently, the apoptosis would not be affected.
Regarding the scientific literature, contradictory results have been found in the deregulation
of pro- and anti-apoptotic genes after CYN exposure. Thus, up-regulation of both genes
after 24 h of exposure of HPBLs to CYN has been indicated, being more pronounced for
BCL-2, with a ratio of BAX/BCL-2 in favor of BCL-2, thereby, indicating the suppression of
apoptosis at the same assayed concentration of the present work (0.5 µg/mL) [43]. These
authors also reported in HepG2 cells that CYN exposure significantly deregulated five
of the six selected genes encoding proteins from the BCL-2 family; specifically, the toxin
down-regulated the anti-apoptotic BCL-2, while BAX was upregulated by CYN for less
than 1.5 fold [45].

Recently, CYN promoted the expression of BAX and BCL-2 genes in HUVEC cells, with
differences in the ratio of both genes depending on the CYN concentrations: significant
increases in the 20 and 200 nM CYN-treated groups and no significant differences in the
2 and 2000 nM CYN-exposed groups [48]. In VMSC cells, Zhang et al. [47] reported the
promotion of cellular apoptosis by CYN with induction of the expression of p53 and
BAX genes and inhibition of the expression of BCL-2 gene, leading to a higher ratio of
BAX/BCL-2. Finally, in the HepG2 3D cell model, Hercog et al. [46] reported that CYN
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significantly deregulated genes involved in cell proliferation and apoptosis (BBC3) after
72 h exposure (0.5 µg/mL), suggesting that one of the mechanisms of CYN action is the
induction of apoptosis.

Globally, the discrepancies found in the studies reported could be due to the experi-
mental model employed, the concentrations of CYN assayed or the time of exposure. In
any case, the results demonstrate that CYN induced effects in kidney cells at the molecular
level. As far as we know, the molecular process that describes the response of HEK293
cells after exposure to cyanotoxins, as it is the case of CYN and MC-LR, has been scarcely
studied thus far. This work investigates for the first time the effects caused in the protein
expression of HEK293 cells after exposure to CYN, MC-LR and their combination.

The assessment of proteins, genes and other biomolecules through the use of OMICS
techniques, such as proteomics, allows the study to the molecular pathways and metabolism
of organisms in a more comprehensive manner [61]. In environmental sciences, proteomics
enables to investigate and disclose the toxicity of many xenobiotics or pollutants in the
biota [62]. In addition, the existence of new methods of sample preparation, such as filter-
aided sample preparation (FASP), is making proteomics studies more trustworthy and
sensitive [61].

In our study, proteomics results indicated that HEK293 cells that were simultaneously
exposed to both cyanotoxins (CYN + MC) showed more differences at the proteome level
in comparison to cells exposed to individual toxins (CYN or MC-LR) (Figure 3 and Table 2).
This response can be due to a synergetic response of CYN and MC-LR in the metabolism
of cells. These results are not in line to those previously described by Gutiérrez-Praena
et al. [30], which showed an antagonistic response when the cytotoxicity of both pure
cyanotoxins in combination was assessed in HepG2 cells or in SH-SY5Y cell line [31].

Moreover, it has been proven that the genotoxic potential observed in HepG2 cells after
the simultaneous exposure to CYN and MC-LR is comparable to that of CYN alone [32,33,49].
This fact is in agreement with the results obtained in the present study, since, although
significant differences in protein expression were observed mainly in the groups exposed
to the combination CYN + MC, protein expression differences were also reported in cells
exposed to CYN and MC-LR alone (Figure 3 and Table 2), with CYN affecting more proteins
than MC-LR, suggesting that cells are more sensitive to this toxin.

Globally, the proteomics results in the present work indicate a different response of
HEK293 cells depending on the exposure group (Figure 3 and Table 2). Cells exposed
to CYN + MC affected mainly mechanisms associated with lipid metabolism and pro-
teins with functions related with cytoskeleton structure, chaperone, cell adhesion and
protein translation.

The diverse protein expression in HEK293 cells exposed to the highest concentrations
of both cyanotoxins (Figure 3 and Table 2) could be interpreted as the interaction between
CYN and MC-LR with the proteins, which prompt different molecular responses. In the
case of CBR1, an increase in the expression of this protein was observed after exposure
to the combination of both cyanotoxins in comparison to control group. This protein is
a NADPH-dependent carbonyl reductase with broad substrate specificity and catalyzes
the reduction of an extensive diversity of carbonyl compounds, including quinones and
prostaglandins, among other compounds [63].

Other proteins affected were PSAP and ACAA2, which are involved, respectively, in
the following processes: lysosomal degradation of sphingolipids and mitochondrial beta-
oxidation pathway. Thus, these proteins play an important role in the lipid metabolism.
Furthermore, the expression of different proteins, such as MSN, SUGT1, ITGB1, RPS5
and TCOF1, were also altered showing a decrease in most of them after exposure to both
cyanotoxins. These proteins are involved in the following functions: immunity and host–
virus interaction, protein ubiquitination and proteasomal degradation of target proteins,
host cell receptor for virus entry and cell adhesion, functions linked with gene transcrip-
tion/translation and RNA-binding protein and the regulation of RNA polymerase I.
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Therefore, these proteins play a critical role in the regulation of many other pro-
teins in the cell. In addition, COPG1 was also altered after the simultaneous exposure to
CYN + MC-LR showing a decrease in its expression. This protein interacts with a cytosolic
protein complex, which is involved in the Golgi structural integrity and in intracellular
protein transport. Moreover, is also implicated in the cell processing, activity and endocytic
recycling of low-density lipoprotein (LDL) receptors, being required for controlling lipid
storage in lipid droplets. Another protein whose expression was affected is FERMT2, a
protein with putative functions in cell adhesion, cell surface signaling and regulation of
cell differentiation and cellular component biogenesis. In the present work, a significant
decreased was observed after exposure to the highest concentration of CYN + MC.

When cells were exposed only to CYN, several of the above-mentioned proteins were
also affected, namely PSAP, ACAA2, MSN, SUGT1, ITGB1 and COPG1. Moreover, the
results showed that CYN alone induces changes in the expression of proteins involved in
mRNA binding and mRNA splice site selection (LUC7L3) and RNA-binding and mRNA
and protein transport (RANBP2) (Figure 3 and Table 2). Previous in vivo studies conducted
with CYN + C. raciborkii cells showed that CYN affected different biochemical pathways
related to energy production, mitochondrial function and metal transport [64].

In the case of the group exposed to MC-LR alone, few differences with respect to the
control group were observed, with only three proteins altered: ITGB1, COPG1 and CLPP
(Table 2). In the last case, the expression of CLPP was only changed after exposure to
MC-LR and not by CYN or CYN + MC-LR. This protein is involved in hydrolase function,
and proteolysis implicated in cellular protein catabolic process. These results demonstrate
that MC-LR is able to induce a response in HEK293 cells despite the lower sensitivity
attributed to this cell line due to its lack of specific OATPs. Pure MC-LR standard was used,
and thus the effects observed can be attributed to the toxin.

Menezes et al. [65] also observed that MC-LR induced toxic effects in the kidney
Vero-E6 cell line, for which no previous studies had reported the expression of OATPs, or
that an alternative transport system was involved in the microcystin uptake by kidney cells.
They explained that the type and extension of these effects were highly dependent on the
toxin concentration and that, for example, certain responses, such as necrosis or apoptosis,
required much higher concentrations than others (i.e., mitogen-activated protein kinase
(MAPK) expression). Similarly, in our study, cell viability was a less sensitive biomarker
than proteomic analysis. In any case, the potential mechanisms of toxicity of MC-LR on cell
lines where the presence of OATPs is not confirmed remains an open issue and should be
further investigated.

Finally, the STRING analysis established a functional link between MSN, ITGB1 and
FERMT2 (Supplementary Figure S1). This protein cluster may well reflect one of the
main molecular effects of CYN and CYN + MC-LR in HEK293 cells. These proteins share
functions in cell adhesion (integrin-mediated cell adhesion) and cytoskeletal functions.
Furthermore, alterations on these proteins and processes could have major implications in
the functions of cells, tissues and organs.

Here, we report the molecular effects associated with a subtoxic exposure to cyanotox-
ins MC-LR and CYN. In fact, little is known of the subtoxic effects of cyanotoxins at the
molecular level and especially on the protein expression. To date, proteomic research has
been reporting molecular responses associated with the toxic effects caused by MCs and
CYN toxins of increased adversity and associated to apoptosis, cytotoxicity or genotoxicity.
These works revealed molecular responses triggered by MCs involving pathways related
with signal transduction, apoptosis, protein degradation, cell cycle, cell differentiation,
transporter, oxidative stress and energy metabolism [66–69] in cell and animal models.

These studies enabled the identification of the p53 protein as a potential target of
MCs [66] and BID-BAX-BCL-2 as the main mechanism of apoptosis mediated by this
cyanotoxin [70]. Proteomic alterations associated with exposure to CYN are less known.
Liebel et al. [71] reported alterations in proteins involved in different biological processes:
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protein folding, xenobiotic efflux, antioxidant defense, energy metabolism and cell an-
abolism, cell signaling, tumorigenic potential and cytoskeleton structure.

The proteins in HepG2 cells affected by CYN included G protein-coupled receptors
(GPCRs), heterogeneous nuclear ribonucleoproteins (hnRNP), MRP3 and glutathione per-
oxidase, which can be associated with cell protection against some chemicals and ROS [71].
Our work expands our understanding of CYN toxicity by establishing the proteins MSN,
ITGB1 and FERMT2 as possible targets, as these play relevant roles in cell adhesion (integrin-
mediated cell adhesion) and cytoskeleton functions.

4. Conclusions

This work shows for the first time the nephrotoxic effects caused by CYN and MC-
LR individually and simultaneously in the HEK293 renal cell line. Alterations in gene
expression (CYP1A1, CYP1A2, TP53, CDKN1A, GPX1 and BCL2) were observed mainly
at the highest concentration assessed (5 µg/mL) and after 24 h of exposure. Moreover,
shotgun proteomics was used to assess alterations in the protein expression profile, and the
greatest changes were observed after simultaneous exposure to CYN and MC-LR.

Among the proteins affected, the corresponding genes are involved in cellular metabolism
(CBR1 and PGM2), lipid metabolism (PSAP and ACAA2), cell adhesion (ITGB1 and FERMT2)
and different functions at the protein level, such as MSN, BLMH, STUB1, SUGT1, EIF2B1,
TCOF1, RPS5 and COPG1, were implicated in protein metabolism, regulation synthesis and
transport. These results allow a better understanding of the effects of these cyanotoxins in
renal cells at the molecular level, particularly regarding protein expression. Furthermore,
additional studies are needed to investigate the toxicity caused by these cyanotoxins at the
renal level and to clarify the molecular mechanisms involved.

5. Materials and Methods
5.1. Supplies and Chemicals

Microcystin-LR standard (99% purity) and Cylindrospermopsin standard (95% pu-
rity) were obtained from Enzo Life Sciences (Farmingdale, New York, NY, USA). Culture
medium, foetal bovine serum (FBS) and cell culture reagents were obtained from Biomol
(Sevilla, Spain). MTS assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay)
was supplied by Promega Biotech Iberica S.L. (Madrid, Spain). TRIzol® reagent was from
Gibco BRL (Paisley, Scotland) and benzo(a)pyrene (B(a)P) was obtained from Sigma-Aldrich
(St. Louis, MO, USA).

High-capacity cDNA Archive Kit and Taqman Gene Expression Assays were from Ap-
plied Biosystems (Forest City, CA, USA), TaqMan Universal PCR Master Mix from Applied
Biosystems (Branchburg, NJ, USA) and Human GAPDH from Applied Biosystems (Forest
City, CA, USA). Tris(hydroxymethyl)aminomethane (Tris), Sodium Dodecyl Sulfate (SDS),
Dithiothreitol (DTT) and protease inhibitors (Halt PI Cocktail CAT #78429,Thermo Scientific,
Waltham, MA, USA). Centrifugal filter units with nominal molecular weight limit (NMWL)
of 30 kDa (MRCF0R030) were from Millipore, Billerica, MA, USA. Iodoacetamide (IAA),
Trypsin (CAT #3708985001, Roche, Mannheim, Germany), Reversed phase extraction tips
(C18 Tips 100 µL) were from Thermo scientific. The rest of the chemicals were purchased in
Sigma-Aldrich (Madrid, Spain) and VWR International Eurolab (Barcelona, Spain).

5.2. Cell Culture and Treatment

HEK293 cells, derived from human embryonic kidney, were obtained from the Ameri-
can Type Culture Collection (CRL-1573). These cells were maintained in DMEM medium
supplemented with 10% FBS, 1% L-glutamine 200 mM, 1% sodium pyruvate, 1% non-
essential amino acids and 1% penicillin/streptomycin solution, in an atmosphere contain-
ing 5% CO2 at 95% relative humidity at 37 ◦C (CO2 incubator, NuAire®, Plymouth, MN,
USA). Cells were grown 80% confluent in 75 cm2 plastic flasks and harvested twice a week
with 0.25% trypsin-EDTA (1×).
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5.3. Cytotoxicity Assays

For the cytotoxicity assays, HEK293 cells were seeded at a density of 5 × 105 cells/mL
in 96-well culture plates and incubated at 37 ◦C and 5% CO2 for 24 h before the exposure was
performed. From the stock solution of 4000 µg/mL MC-LR, serial dilutions were prepared
from 0 to 200 µg/mL MC-LR. In the case of CYN, from the stock solution of 1000 µg/mL
CYN, serial dilutions were prepared from 0 to 25 µg/mL CYN. The concentrations were
selected in order to obtain mean effective concentration (EC50) values according to Pichardo
et al. [72]. Solvent control (MeOH) for MC-LR and a negative control (non-treated cells)
were also included. All the dilutions were prepared in medium without serum.

Cells were treated with the exposure solutions for 4, 24 and 48 h at 37 ◦C. The cyto-
toxicity biomarkers assayed were the total protein content (TP), evaluated following the
procedure described by Bradford [73] and Pichardo et al. [74] and the reduction of the
tetrazolium salt MTS, following the method described by Baltrop et al. [75]. Both assays
were conducted three times independently.

5.4. Real-Time Quantitative PCR (qRT-PCR) Analysis after CYN Exposure

The expression of selected genes was analyzed by quantitative real time PCR (qPCR).
HEK293 cells were seeded at 4 × 105 cells/mL and incubated for 24 h at 37 ◦C in 5% CO2
to attach. Afterwards, the cells were exposed to fresh medium containing CYN at 0.5 and
5 µg/mL and incubated for 4 and 24 h. In each experiment, a positive control (30 µM B(a)P)
was included following the procedure of Hercog et al. [32].

After CYN exposure the cells were washed with 1× PBS and total mRNA was isolated
using TRIzol reagent according to Maisanaba et al. [76]. The concentration and purity
of isolated mRNA was determined using NanoDrop 2000 Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE, USA). All solutions needed for RNA isolation were
prepared in RNase-free water. Three independent experiments were performed. The RNA
was transcribed to cDNA using 1 µg of total RNA and cDNA High-Capacity Archive Kit,
according to the manufacturer’s protocol.

Each specific gene product was amplified by Real time PCR using the ABI Prism
7000 sequence detector (Applied Biosystems, Foster City, CA, USA) according to the
following parameters: 50 ◦C for 2 min, 95 ◦C for 10 min, 95 ◦C for 15 s (40 cycles) and 60 ◦C
for 1 min (40 cycles).

Gene expression was quantified using PrimePCR™ Probe Assay (Bio-Rad, Hercules,
CA, USA), and the following Gene Expression Assays were used: CYP1A1 (cytochromeP450,
family 1, subfamily A, polypeptide 1), qHsaCEP0058439; CYP1A2 (cytochrome P450, fam-
ily 1, subfamily A, polypeptide 2), qHsaCIP0029751; TP53 (tumor protein P53), qHsa-
CEP0052284; CDKN1A (cyclin-dependent kinase inhibitor 1A) qHsaCIP0029411; SOD1A (su-
peroxide dismutase 1), qHsaCIP0026883. GPX1 (glutathione peroxidase 1) qHsaCEP0039727;
CAT (catalase), qHsaCEP0051176; BAX (BCL2-associated X protein), qHsaCEP0040666;
BCL2 (B-cell CLL/lymphoma 2) and qHsaCIP0040441.

Amplification of GAPDH probe (Human Endogenous Controls, qHsaCEP0041396)
was performed as an internal control as described by Hercog et al. [32]. Data were analyzed
using the ∆∆Ct algorithm giving relative expression (RE) according to solvent control.
Differences > 1.5-fold or <0.7 were considered as up/down-regulation, respectively.

5.5. Proteomic Analysis
5.5.1. Sample Preparation

Proteomic studies were conducted in cells exposed to CYN, MC-LR and their com-
binations. HEK293 cells were seeded at 5 × 105 cells/mL and incubated for 24 h at 37 ◦C
in 5% CO2 to attach. Later, the cells were exposed to CYN (0.5 and 1.0 µg/mL), MC-LR
(1 µg/mL) and their combinations for 24 h at 37 ◦C. Methanol (MeOH) was used as the
solvent control.

After exposure, cells were homogenized in Tris (0.1 M), SDS (2% w/v), protease
inhibitors and DTT (0.1 M) and brought to pH 7.6. Subsequently, they were sonicated
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(three cycles of 4 s at 60 Hz) and incubated for 2 h at room temperature. Samples were
denatured with heat (3 min, 95 ◦C) and centrifuged at 16,000× g, for 20 min at 25 ◦C.
Later, the supernatants were collected, and the total protein concentration was measured at
280 nm.

Proteins were digested in accordance with the filter-aided sample preparation (FASP)
method reported by Wisniewski et al. [77] using NMWL of 30 kDa. Protein samples (30 µg
protein) were alkylated with IAA (0.05 M) and digested with trypsin at an enzyme-to-
protein ratio of 1:100 (w/w) and incubated for 16 h at 37 ◦C. Centrifugal filtration was
used to recover protein digests, acidified with FA (10% v/v), desalted and concentrated
by reversed phase extraction (C18 tips). Prior to liquid chromatography coupled with
tandem mass spectrometry (LC-MS/MS), the peptides were recovered in 0.1% FA (v/v) to
the concentration of 0.06 µg/µL.

5.5.2. LC-MS/MS

The LC-MS/MS was performed in a nano-LC coupled to a hybrid Ion trap mass
spectrometer (LTQ Orbitrap Velos Pro-ETD) as described by Campos et al. [78] and
Dominguez-Pérez et al. [79]. Peptides were separated by reverse phase chromatogra-
phy on a 20 mm × 100 µm C18 precolumn followed by a 100 mm × 75 µm C18 column
(particle size 5 µm, NanoSeparations, Nieuwkoop, The Netherlands) in a linear gradient of
acetonitrile (2% to 95% v/v) in FA (0.1% v/v), at a flow rate of 0.3 µL/min (total elution time
70 min). Full scans were conducted at 30,000 resolution at a range of 380–2000 m/z. The top
20 most intense ions were isolated and fragmented with collision-induced fragmentation
(CID) using normalized collision energy of 30%, isolation width of 2.0, activation time of
10 ms and a Q-value of 0.25. In total, 35 independent LC-MS/MS runs were conducted
corresponding to the analysis of 35 biological samples.

5.5.3. Protein Identification

Proteins were identified searching LTQ raw data against human protein sequences
available at the Uniprot database (180503 sequences from UNIPROT downloaded June
2018) utilizing SEQUEST algorithm (Proteome Discoverer software, version 1.4, Thermo
Scientific, Waltham, MA, USA) MS and MS/MS mass tolerances were set to 10 ppm and
0.6 Da, respectively. Trypsin was chosen for protein cleavage for one missed cleavage.
Carbamidomethylation of cysteins were selected as static and methionine oxidation as
dynamic modifications.

Further evaluation and protein quantification was performed using the X!Tandem
algorithm in Scaffold (version Scaffold 4.3.4, Proteome Software, Portland, OR, USA) [78].
Peptides were allowed if established at greater than 95.0% probability by the Scaffold local
false discovery rate (FDR) algorithm, and proteins were accepted if established at greater
than 99.9% probability. Proteins sharing significant peptide evidence were grouped into
clusters grouped to satisfy the principles of parsimony. Protein label-free quantification
was based on spectral counts information (normalized spectral abundance factors, NSAFs).
Functional analysis of the differential proteins was performed using the web resource
STRING [80].

STRING analysis was performed by selecting the Homo sapiens database for searching
protein interaction evidence and to identify functional groups and pathways. Evidence
accepted was from textmining, experiments, databases, co-expression, neighborhood, gene
fusion and co-occurrence. Medium confidence (0.400) and max number of interactors (first
shell)—no more than five defined the robustness of the analysis.

5.6. Statistical Analysis

Statistical analysis for the data of the cytotoxicity assays were conducted using analysis
of variance (ANOVA), followed by Dunnett’s multiple comparison tests. The results were
considered significant when * p < 0.05 and ** p < 0.01. For qRT-PCR analysis, statistical
significance between treated groups and control group was determined by one-way analysis
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of variance (ANOVA) followed by Dunnett’s Multiple Comparison Test and the non-
parametric Kruskal–Wallis test followed by Dunn’s multiple comparison test.

Differences were considered to be significant from * p < 0.05, ** p < 0.01 and *** p < 0.001
with respect to the control group. Proteomics results were analyzed using one-way analysis
of variance (ANOVA) followed by the Tukey–Kramer Multiple Comparisons Test. Statistical
significance was considered at p < 0.01. All the analyses were performed using Multi Array
Viewer version 4_9_0 (mev.tm4.org) and GraphPad InStat software (GraphPad Software
Inc., La Jolla, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14070429/s1, Figure S1: Predicted functional associations
of differentially expressed proteins in HEK293 cells.
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