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Tl(I) and Tl(III) alter the expression of EGF-
dependent signals and cyclins required for
pheochromocytoma (PC12) cell-cycle
resumption and progression
María T. L. Pino and Sandra V. Verstraeten*
ABSTRACT: The effects of thallium [Tl(I) and Tl(III)] on the PC12 cell cycle were evaluated without (EGF�) or with (EGF+) media
supplementation with epidermal growth factor (EGF). The following markers of cell-cycle phases were analyzed: cyclin D1
(G1); E2F-1, cyclin E and cytosolic p21 (G1→S transition); nuclear PCNA and cyclin A (S); and cyclin B1 (G2). The amount of cells
in each phase and the activation of the signaling cascade triggered by EGF were also analyzed. Tl(I) and Tl(III) (5–100μM)
caused dissimilar effects on PC12 cell proliferation. In EGF� cells, Tl(I) increased the expression of G1→S transition markers
and nuclear PCNA, without affecting cyclin A or cyclin B1. In addition to those, cyclin B1 was also increased in EGF+ cells.
In EGF� cells, Tl(III) increased the expression of cyclin D1, all the G1→S and S phase markers and cyclin B1. In EGF+ cells, Tl
(III) increased cyclin D1 expression and decreased all the markers of G1→S transition and the S phase. Even when these cat-
ions did not induce the activation of EGF receptor (EGFR) in EGF� cells, they promoted the phosphorylation of ERK1/2 and
Akt. In the presence of EGF, the cations anticipated EGFR phosphorylation without affecting the kinetics of EGF-dependent
ERK1/2 and Akt phosphorylation. Altogether, results indicate that Tl(I) promoted cell proliferation in both EGF� and EGF+

cells. In contrast, Tl(III) promoted the proliferation of EGF� cells but delayed it in EGF+ cells, which may be related to the toxic
effects of this cation in PC12 cells. Copyright © 2014 John Wiley & Sons, Ltd.
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Introduction
The heavy metal thallium (Tl) is a normal component of the
Earth’s crust. The bioavailability of this metal is usually negligible
as it forms salts and minerals that are poorly absorbed by plants
and animals. Nevertheless, as a consequence of Tl mobilization
by mining and its increasing use in diverse industrial activities,
the air, water and soils became enriched in Tl (ATSDR, 1999;
Cheam, 2001; Law and Turner, 2011). Additionally, the soils of
certain regions of the world are naturally enriched in Tl (Cvjetko
et al., 2010), and the edible plants from those areas concentrate
the metal in their roots and leaves (Wierzbicka et al., 2004; Xiao
et al., 2004; Pavlickova et al., 2006; Queirolo et al., 2009). Hence,
Tl is incorporated in the food chain and becomes available to
humans (Bunzl et al., 2001; Heim et al., 2002).

The most frequent routes of human intoxication with Tl are
the ingestion of or the dermal contact with Tl-containing com-
pounds, and the inhalation of air-borne particles or fumes
(Repetto et al., 1998; Peter and Viraraghavan, 2005). This metal
has two oxidation states, the monovalent (Tl(I)) and trivalent (Tl
(III)) cations, the latter being a strong oxidant (Tl(III)/Tl(I) ε0:
+1.25 V). As a consequence, Tl(III) can oxidize certain macromol-
ecules and alter their biological functions. In contrast, the strong
oxidant environment necessary to oxidize Tl(I) to Tl(III) cannot
be achieved in the intracellular milieu. Although, it has been pro-
posed that certain plants might oxidize Tl(I) to Tl(III)
(Krasnodebska-Ostrega et al., 2012).
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
Tl is considered a cumulative poison. In rats, 201Tl(I) and 201Tl
(III) show a similar pattern of distribution, being the kidneys
the organs that accumulate the highest amounts of Tl, followed
by the liver, testis and the nervous system (Sabbioni et al., 1981).
Accordingly, the main symptoms of chronic exposure to Tl(I) in-
clude manifestations of cardiac, renal, gastrointestinal and ner-
vous systems dysfunction (Schaub, 1996). Tl(I) induces
neurodegeneration and demyelination in the central and pe-
ripheral nervous systems, which lead to sensory and motor alter-
ations, polyneuritis and encephalopathy, among other
neurological symptoms (Galvan-Arzate and Santamaria, 1998;
Heim et al., 2002; Cvjetko et al., 2010). As Tl crosses the placental
barrier, maternal exposure to Tl during early gestation has been
associated with premature deliveries and a low weight in the
newborns (Hoffman, 2000). In spite of knowing the clinical
symptoms caused by Tl(I) accumulation, the molecular mecha-
nisms underlying its toxicity along with those of Tl(III), are still
not completely elucidated.
Wiley & Sons, Ltd.
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We have reported previously that Tl(I) and Tl(III) cause alter-
ations in the redox state of rat pheochromocytoma (PC12) cells
(Hanzel and Verstraeten, 2006), activate the mitochondrial
and/or the extrinsic pathways of apoptosis (Hanzel and
Verstraeten, 2009) and destabilize lysosomes (Hanzel et al.,
2012). PC12 cells have an embryological origin in the neural crest
(Fujita et al., 1989), and thus these cells are a good model for the
study of the mechanisms of action of neurotoxicants, as well as
the events involved in the proliferation and differentiation of
neuronal precursors (Greene and Tischler, 1976; Fujita et al.,
1989). The stimulation of PC12 cells with epidermal growth factor
(EGF) or neuron growth factor (NGF) activates the Ras → Raf →
MEK → ERK1/2 signaling cascade. The difference between both
growth factors resides in themagnitude and duration of the stim-
ulation of this pathway. EGF causes a transient activation of the
signaling cascade inducing cell proliferation (Henson and Gibson,
2006), whereas NGF causes its sustained activation inducing cell
differentiation (Traverse et al., 1992). In line with this, it has been
shown that EGF stimulates the proliferation of neuronal precur-
sor cells in the retinal neuroepithelium (Anchan et al., 1991), the
olfactory epithelium (Mahanthappa and Schwarting, 1993), the
embryonic mesencephalon (Mytilineou et al., 1992; Santa-Olalla
and Covarrubias, 1995) and the adult striatum (Reynolds et al.,
1992). These evidences, together with the finding that the EGF
receptor (EGFR) is expressed in the germinal zones of the rat
brain (Seroogy et al., 1995), suggest that this growth factor may
be involved in the generation of neurons both in the developing
and regenerating brain (Yamada et al., 1997).

Considering that the capacity of damaged organs and tissues
to restore their normal functions is determined by their ability to
replace damaged cells with new ones, the aim of the present work
was to investigate if, besides promoting their death, Tl(I) and Tl(III)
could affect PC12 cell proliferation. PC12 cells are slow-
proliferating cells (Greene and Tischler, 1976) that express large
amounts of EGFR (Traverse et al., 1994). On this basis, we selected
EGF as a stimulus to induce PC12 cell proliferation. Cell growth
was stopped by serum deprivation and the cell cycle was resumed
using two different protocols. In the first one, the cycle was re-
sumed by serum replenishment with no further additions (EGF�

cells). In the second approach, besides serum replenishment,
themedia was supplemented with EGF (EGF+ cells). We evaluated
the effects of Tl(I) and Tl(III) on cell-cycle progression in both ex-
perimental models, characterizing the expression of the cyclins
and other key regulators of this process, together with the activa-
tion of the signaling cascade that leads to cell proliferation.

Materials and Methods

Chemicals

Dulbecco´s modified Eagle medium (DMEM high glucose) and
Hank’s balanced salt solution were purchased from Gibco BRL
(Grand Island, NY, USA). Donor horse serum was from PAA
Laboratories GmbH (Pasching, Germany) and fetal bovine se-
rum (FBS) was from Natocor (Córdoba, Argentina). Thallium(I)
nitrate was from Fluka (Milwaukee, WI, USA). Thallium(III)
trinitrate was from Alfa Æsar (Ward Hill, MA, USA). Murine epi-
dermal growth factor (EGF) was from Peprotech Inc. (Rocky
Hill, NJ, USA). The following primary antibodies and the appro-
priate horseradish peroxidase- or Texas Red-conjugated sec-
ondary antibodies were from Santa Cruz Biotechnology
(Santa Cruz, CA, USA): EGFR (sc-03), cyclins D1 (sc-717), A (sc-
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
31084), B1 (sc-245) and E (sc-25303), E2F-1 (sc-22820), p21
(sc-8246) and PCNA (sc-7907). Monoclonal primary antibodies
against phospho-EGFR (Tyr1068, #3777), ERK1/2 (#9102),
phospho-ERK1/2 (Thr202/Tyr204, #4370), Akt (#4691) and
phospho-Akt (Ser473, #4060) were from Cell Signaling Tech-
nology Inc. (Danvers, MA, USA). The enhanced
chemiluminiscence system (Pierce® ECL plus) for Western im-
munoblot was from Thermo Scientific (Rockford, IL, USA).
Complete, EDTA-free protease inhibitor and PhosStop phos-
phatase inhibitor cocktails were from Roche Diagnostics GmbH
(Mannheim, Germany). PVDF membranes were from Bio-Rad
Corp. (Hercules, CA, USA). Prolong® Gold antifade reagent
was from Life Technologies (Grand Island, NY, USA). Ribonucle-
ase A from bovine pancreas, propidium iodide (PI), Hoechst
32258, Ponceau Red (PR) and all the other reagents had the
highest quality available, and were from Sigma-Aldrich (St.
Louis, MO, USA).
Tl Solutions

Tl(I) and Tl(III) stock solutions were prepared as previously de-
scribed (Hanzel and Verstraeten, 2006). The amounts of Tl(I) or
Tl(III) used in the experiments did not affect the pH of the culture
media.
Analysis of EGF Oxidation by Tl(III)

Aliquots containing 0.1ml of an EGF solution (25μgml�1 in
serum-free DMEM) were incubated at 37 °C for either 30 or
60min in the presence of 100μM Tl(I) or Tl(III). After incubation,
the structure of EGF was verified by matrix-assisted, laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) at the LANAIS-PROEM protein facility (University of
Buenos Aires and National Research Council).
Cell Culture and Incubations

PC12 cells were obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA), and cultured in DMEM sup-
plemented with 10% horse serum, 5% FBS, 100 units per ml of
penicillin G, 100μgml�1 streptomycin and 4mML-glutamine
at 37 °C in a 5% CO2 atmosphere (Hanzel and Verstraeten,
2006). All experiments were performed using cell cultures be-
tween passages 10 and 25.
Cells were harvested by 5-min incubation at 37 °C in the pres-

ence of sterile 0.125% (w/v) trypsin and 0.02% (w/v) disodium
EDTA in Hank’s balanced salt solution (pH 7.2). As indicated for
the individual experiments, cells were seeded on poly-L-lysine-
treated 60- or 100-mm culture dishes, and allowed to grow until
~60% of confluence. Cell growth was stopped by serum depriva-
tion for 24 h. Next, the culture medium was replaced by com-
plete medium without (EGF� cells) or with (EGF+ cells) the
addition of 10 ngml�1 EGF, and with or without the simulta-
neous addition of Tl(I) or Tl(III) (5–100μM). Cells were harvested
at different times and processed as indicated for the individual
experiments.
Cell-Cycle Analyzes

To analyze the kinetics of the PC12 cell cycle, cells were grown in
the conditions described above, and EGF� and EGF+ cells were
incubated for 3 to 48 h of cell-cycle resumption. To analyze the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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effects of Tl(I) and Tl(III) on EGF� and EGF+ cell-cycle progression,
cells were incubated for either 24 or 30 h of in the presence of Tl
(I) or Tl(III) (10–100μM). After incubation, cells were collected by
scrapping, centrifuged at 800 g for 10min at 4 °C, and washed
twice with pre-warmed phosphate-buffered saline (PBS). Cells
were suspended in 1ml of fixation solution [70% (v/v) ethanol,
0.5% (v/v) Tween-20 in PBS], and kept at 4 °C for at least 24 h. Af-
ter centrifugation at 800 g for 10min at 4 °C, cells were washed
twice with PBS, suspended in 0.1ml of a solution containing
50μM propidium iodide (PI) and 0.1mgml�1 DNAse-free ribonu-
clease A, and incubated at room temperature for 30min. Samples
were then filtered through a nylon mesh to disrupt cell aggre-
gates. DNA content in the samples was evaluated in a FacsCalibur
cytometer (Beckton-Dickinson, Mountain View, CA, USA),
equipped with a 488-nm laser and recorded in a FL2 channel
(585 nm). Acquired raw data were analyzed with the freeware
software WinMDI 2.9 (http://www.cyto.purdue.edu/flowcyt/soft-
ware/Winmdi.htm), and cell-cycle distribution was analyzed with
the histogram deconvolution software Cylchred 1.0 (Cardiff Uni-
versity, Wales, UK).
Preparation of Cell Fractions for Western Blot Analysis

PC12 cells were grown on 100-mm-diameter culture dishes
(1 × 107 cells), and incubated for 24 h in the conditions described
above. Cells were washed twice with pre-warmed PBS, collected
byscrapping, centrifugedat800 g for10minat4 °C, and thepellets
were frozen for at least 1 h at �80 °C. Whole cell lysates were
obtained (Hanzel and Verstraeten, 2009) for the detection of p-
EGFR, total EGFR, p-ERK1/2, total ERK1/2, p-Akt, total Akt, cyclins
D1, E, A and B1 and E2F-1. Nuclear and cytosolic fractions for the
analysis of p21 and PCNA levels were obtained as described previ-
ously (Muller et al., 1997). Samples were added with protease and
phosphatase inhibitor cocktails to prevent protein degradation
during their manipulation and storage. After protein quantifica-
tion (Bradford, 1976), sampleswere storedat�80 °Cuntil their use.
Western Blot Analysis

Proteins were separated by reducing SDS–PAGE electrophoresis,
and transferred to PVDF membranes. Colored molecular weight
standards (GE Healthcare, Piscataway, NJ, USA) were ran simulta-
neously. Membranes were blocked for 1 h in 5% (w/v) bovine se-
rum albumin in PBS, incubated overnight at 4 °C in the presence
of the corresponding primary antibody. The following dilutions
of antibodies were used: Akt and ERK1/2 1:2,000; p-ERK1/2,
cyclins D1, A and E, E2F-1, and PCNA 1:1,000; p-EGFR, EGFR, p-
Akt and p21 1:500; cyclin B1 1:200. Membranes were further in-
cubated for 90min with the corresponding peroxidase-
conjugated secondary antibody (1:10 000 dilution). Specific
bands were revealed with chemiluminiscent Pierce® ECLplus
Western blot substrate and detected in a Storm Phosphoimager
840 (Molecular Dynamics, Sunnyvale, CA, USA). Western blot
data were quantified using a Gel-Pro Analyzer 4.0 (Media Cyber-
netics Inc., Bethesda, MD, USA). The integrated optical density of
the bands was normalized by total protein content in the lane
evaluated by Ponceau Red (PR) staining.
Immunofluorescence Detection of Cyclin D1, p21 and PCNA

PC12 cells were grown on a 18-mm-diameter glass cover slip
and incubated in the conditions described above. Cyclin D1,
Copyright © 2014 Johnwileyonlinelibrary.com/journal/jat
PCNA and p21 were immunolocalized (primary antibody dilution
1:50) as described previously (Hanzel et al., 2012), and detected
with the corresponding Texas Red-conjugated secondary anti-
body (1:200 dilution). Cover slips were washed three times with
PBS and mounted using Prolong® Gold antifade reagent contain-
ing Hoechst 32258 (5μM). For the evaluation of cyclin D1 and
p21 localization, cells were observed through an Olympus
BX50 fluorescence microscope with a coupled digital camera
(Olympus Optical Co., Ltd, Tokyo, Japan). For the evaluation of
PCNA localization, cells were observed under an Olympus
Fluoview FV1000 confocal microscope (Olympus Corporation,
Tokyo, Japan) with objective lens USLSAPO 609 NA 1:35 and
magnification 600×. The degree of colocalization of PCNA with
nuclei labeling was evaluated from the changes in the overlap
coefficient according to Manders et al. (1993) using the routines
available in the software Image-Pro Plus 5.1 (Media Cybernetics
Inc., Bethesda, MD, USA).
Statistical Analysis

The effects of EGF on PC12 cells were analyzed by the Student’s
t-test. The effects of Tl(I) and Tl(III) were analyzed by one-way
analysis of variance (ANOVA) followed by Fisher’s protected least
square difference test. The comparison between the effects of Tl
(I) and Tl(III) were performed by two-way ANOVA followed by
Bonferroni’s post-test. All statistical analyzes and correlations
were performed using the routines available in GraphPad Prism
version 5.00 for Windows, GraphPad Software (San Diego, CA,
USA). A probability (P)-value< 0.05 was considered statistically
significant.

Results

Cell Cycle Progression in PC12 Cells

To characterize the kinetics of cell cycle progression, the
ploidy of PC12 (EGF�) cells was evaluated by nuclei staining
with PI, followed by the identification of the populations of
cells in G0/G1, S or G2/M phase by flow cytometry. Prior to
the experiments, cultures were enriched in cells with G1-phase
DNA content (Cooper, 2003) by a 24-h serum deprivation.
Based on their DNA content, the percentage of cells in each
phase was G0/G1: 80 ± 1, S: 13 ± 1, and G2/M: 6 ± 1, respectively
(time 0, Fig. 1). After serum replenishment, the amount of cells
in G1 phase decreased and reached a minimum level between
18 and 24 h of incubation (Fig. 1A), which corresponded to the
appearance of the S phase (Fig. 1B). The amount of cells in G2/M
phases increased gradually, although a maximum was not clearly
observed within the period assessed (Fig. 1C). At prolonged
incubations, cell cultures became asynchronous and they were
not analyzed (data not shown).

The same analysis was performed for PC12 cells supplemented
with EGF (EGF+ cells). In these cells, the decrease in the G0/G1

phase was anticipated in ~9 h with respect to EGF� cells and it
was sustained until 24 h (Fig. 1A). The amount of cells in the S
phase increased progressively between 6 and 24 h from cell cycle
re-entry. In contrast to that observed in EGF� cells, the amount of
cells in the G2/M phase had twomaximums. The first one was ob-
served at 9 h and corresponded to cells that at the start of the ex-
periment were in the S phase. The secondwas found at 30 h post-
serum replenishment and corresponded to those cells that
reached the S phase within 6 and 24 h of incubation.
J. Appl. Toxicol. 2015; 35: 952–969Wiley & Sons, Ltd.



Figure 1. Evaluation of cell cycle in PC12 cells. PC12 cells were incu-
bated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium
(DMEM). After media replacement, the relative amount of cells in (A) G0/
G1, (B) S and (C) the G2/M phase of the cell cycle was measured in EGF�

(○) and EGF+ (●) cells between 3 and 48 h of incubation. Results
are expressed as the mean± SEM of at least four independent
experiments. *Significantly different from the value measured
in EGF� cells (P< 0.001).
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Effects of Tl(I) and Tl(III) on the Progression of the Cell Cycle

For comparative purposes, the effects of Tl(I) and Tl(III) on the
amount of cells in each phase of the cell cycle were evaluated
at two fixed time points (24 and 30 h) after cell-cycle resumption.
After 24 h of EGF� cell exposure to 10–50μM Tl(I) (Fig. 2A),

the amount of cells in G0/G1, S and G2/M phase were similar
to those found in controls. At 100μM Tl(I), the amount of
EGF� cells in the S phase was increased by 31% and those
in G2/M decreased by 31% (P< 0.05 with respect to the con-
trols). After 30 h, the amount of EGF� cells in the S phase
was still increased but only for the highest concentration of
Tl(I) assessed. The amount of cells in G2/M phase increased
in a concentration (10–50μM)-dependent manner. Tl(I) in-
creased the amount of EGF+ cells in the S phase both at 24
and 30 h of cell-cycle resumption (Fig. 2B). In contrast, the
amount of cells in G2/M phase was decreased at 24 h but it
was normalized at 30 h of cell-cycle resumption.
The exposure of EGF� cells to Tl(III) for 24 h resulted in a

concentration-dependent decrease in the percentage of cells
in S phase (Fig. 2C). This effect was significant only for the
highest concentration of Tl(III) assessed (�28% respect to the
controls, P< 0.05) and it was accompanied by increased levels
of cells in G2/M (+66% respect to controls, P< 0.05). In con-
trast, after 30 h of cell exposure to Tl(III), decreased amounts
of cells in G1 (�20% respect to the controls, P< 0.05) and in-
creased amounts of cells in the S phase (+43% respect to con-
trols, P< 0.05) were found. In EGF+ cells exposed for 24 h to Tl
(III) (Fig. 2D), increased amounts of cells in G0/G1 (+13% with
respect to the controls, P< 0.05) and decreased amounts of
cells in G2/M (�25% with respect to the controls, P< 0.05)
were observed. After 30 h of exposure, the amount of cells
in G0/G1 returned to control values, although the amount of
cells in the S phase decreased up to 30% at 10μM Tl(III)
(P< 0.05 with respect to the controls).
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Effects of Tl(I) and Tl(III) on the Expression of Regulators of
Cell Cycle Progression

On this basis, we next investigated if Tl may affect the expression
of the cyclins that govern the different stages of the cell cycle:
cyclins D1 and E (G1 phase), cyclin A (S phase) and cyclin B1
(M phase).
After 24 h of serum replenishment, the levels of cyclin D1 in

EGF+ and EGF� cells were similar (Fig. 3A, B). In EGF� cells, Tl(I)
showed a dual effect on cyclin D1 expression, decreasing its con-
tent in the 5–25μM range of concentrations, and increasing it at
50μM (Fig. 3C). Tl(III) did not alter the cyclin D1 content in these
cells (Fig. 3D). In EGF+ cells, both Tl(I) (25–100μM) and Tl(III) (5–
100μM) significantly increased the content of cyclin D1
(P< 0.005) (Fig. 3C, D). The magnitude of the effect due to Tl(III)
was significantly higher than that due to Tl(I) in the 10–50μM
range of concentrations (P< 0.05). In spite of having higher levels
of cyclin D1, the immunolocalization of cyclin D1 was similar in
EGF� and EGF+ cells treated with 100μM Tl(I) or Tl(III) (Figure 3E).
At this concentration of Tl, the levels of cyclin D1 expression
found in EGF+ cells correlated positively (P< 0.001) with the rela-
tive amount of cells in the G0/G1 phase (Fig. 3F).
The content of the transcription factor E2F-1 in EGF+ cells

was 80% higher than that found in EGF� cells (P< 0.001)
(Fig. 4A, B). In EGF� cells, both Tl(I) and Tl(III) increased E2F-1
expression (Fig. 4C, D) although the magnitude of the effect
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat

5



Figure 2. Effects of Tl on PC12 cell-cycle progression. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium
(DMEM). After media replacement, EGF� (A, C) and EGF+ (B, D) cells were incubated for a further 24 or 30 h in the presence of 10–100 μM Tl(I) (A, B)
or Tl(III) (C, D). The amount of cells in each phase of the cycle was quantified by nuclear staining with PI and flow cytometry. Results are expressed
as the percentage of cells in each phase with respect to the value measured in the control cells, and are shown as the mean ± SEM of at least four
independent experiments. *Significantly different from the value measured in cells incubated in the absence of Tl (P< 0.01).
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due to Tl(I) was higher than that due to Tl(III). In EGF+ cells, Tl
(I) (25–50μM) increased the E2F-1 content whereas Tl(III) (5–
50μM) decreased it (P< 0.01; Fig. 4C, D). Although, at the
100μM concentration, Tl(III) increased E2F-1 content by 25%
(P< 0.05 with respect to the controls). Basal cyclin E levels
were 51% higher in EGF+ with respect to EGF� cells
(P< 0.005; Fig. 5A, B). In EGF� cells, Tl(I) (50–100μM, Fig. 5C)
and Tl(III) (25–100μM, Fig. 5D) significantly increased cyclin E
contents (P< 0.01 with respect to the controls). In EGF+ cells,
100μM Tl(I) and Tl(III) significantly increased cyclin E expres-
sion (P< 0.01 with respect to the controls) (Fig. 5C and D).

Next, we investigated if the higher expression levels of
cyclins D1 and E found in Tl(I)- and Tl(III) (50–100μM)-treated
cells were accompanied by the translocation of p21 (from
the nuclei to the cytosol) and PCNA (from the cytosol to the
nuclei). For this, the relative amounts of these two proteins
in nuclear and cytosolic fractions were measured. The basal
cytosolic to nuclear p21 ratio was significantly higher in EGF+

than in the EGF� cells (+51%, P< 0.01) (Fig. 6A and B). Both
in EGF� and EGF+ cells, Tl(I) and Tl(III) (50–100μM) significantly
promoted p21 translocation to the cytosol (P< 0.01 with re-
spect to the controls), with a magnitude that ranged from
80% to 210% increase with respect to the data measured in
their respective controls (Fig. 6C, D). Supporting these results
a strong nuclear immunolocalization of p21 was evidenced
in EGF� cells (Fig. 6E). At a 100-μM concentration, Tl(I) and
Copyright © 2014 Johnwileyonlinelibrary.com/journal/jat
to a lesser extent Tl(III), caused p21 translocation to cytoplasm.
In EGF+ cells, p21 was localized mostly in the cytoplasm both
before and after cell exposure to 100μM Tl(I) or Tl(III) (Fig. 6E).

The basal nuclear to cytoplasmic PCNA ratio in EGF+ cells was
3.4-times higher than the value measured in EGF� cells
(P< 0.001) (Fig. 7A, B). In EGF� cells, both Tl(I) and Tl(III) (50–
100μM) increased the nuclear to cytosolic PCNA ratio (Fig. 7C
and D), in a magnitude that was significant (P< 0.01 with re-
spect to the controls) for 50μM Tl(I) and 100μM Tl(III). In EGF+

cells, Tl(I) and Tl(III) had opposed effects. While Tl(I) significantly
increased (P< 0.01 with respect to the controls) the content of
nuclear PCNA, Tl(III) decreased it (P< 0.01 with respect to the
controls) (Fig. 7C, D). These results were confirmed by immuno-
fluorescence detection of PCNA, showing higher PCNA
colocalization with nuclear staining in EGF� cells exposed to
100μM Tl(I) or Tl(III) than the control cells (Fig. 7E). In EGF+ cells,
Tl(I) increased PCNA nuclear localization whereas Tl(III) mildly de-
creased it (Fig. 7E). The nuclear-to-cytosolic PCNA ratio mea-
sured in 100μM Tl-treated cells significantly correlated with
the calculated overlapping coefficients for both EGF� (r2: 0.99,
P< 0.01) and EGF+ (r2: 0.99, P< 0.05) cells (Fig. 7F).

The total content of cyclin A in EGF+ cells was 2.5-times higher
with respect to that measured in EGF� cells (P< 0.01) (Fig. 8A, B).
The ratio between the inactive (48 kDa) and active (55 kDa)
forms of cyclin A was significantly lower in EGF+ cells with re-
spect to EGF� cells (P< 0.01) (Fig. 8B). Tl(I) did not affect the total
J. Appl. Toxicol. 2015; 35: 952–969Wiley & Sons, Ltd.



Figure 3. Effects of Tl on cyclin D1 expression. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium (DMEM).
After media replacement, EGF� and EGF+ cells were incubated for a further 24 h in the presence of 5–100 μM Tl(I) or Tl(III), and cyclin D1 expression was
evaluated. (A) Representative Western blots. Loading control was performed by Ponceau Red (PR) protein staining and the region of the membrane
corresponding to cyclin D1 (34 kDa) migration is shown. (B–D) Relative cyclin D1 content in EGF� (○) and EGF+ (●) cells (B), and in Tl(I)- (C)
or Tl(III)-treated cells (D). * Significantly different from the value measured in cells incubated in the absence of Tl (P< 0.01). (E) Immu-
nolocalization of cyclin D1 in EGF� and EGF+ cells exposed for 24 h to 100μM Tl(I) or Tl(III) and visualized by fluorescence microscopy.
Red: cyclin D1; blue: nuclei. (F) Correlation between the amount of cells in G0/G1 phase in EGF+ cells incubated for 24 h in the absence
of Tl (EGF+) or in the presence of 100μM Tl(I) or Tl(III) and the expression levels of cyclin D1.
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content of cyclin A in EGF� or EGF+ cells (Fig. 8C). In contrast, Tl
(III) had opposed effects on EGF� and EGF+ cells. While in EGF�

cells treated with Tl(III) total cyclin A levels were not affected, in
EGF+ cells Tl(III) decreased cyclin A levels by 38–70% (P< 0.001
with respect to the controls) (Fig. 8D). Tl(I) increased the ratio be-
tween the inactive and active forms of cyclin A in both EGF� and
EGF+ cells (Fig. 8E), whereas Tl(III) increased this ratio only in the
EGF� cells (Fig. 8F).

Finally, basal cyclin B1 levels were similar in EGF� and EGF+

cells (Fig. 9A, B). In EGF� cells, Tl(I) (100μM) and Tl(III) (10–
50μM) significantly increased cyclin B1 levels (P< 0.01 with re-
spect to the controls) (Fig. 9C, D). In EGF+ cells, Tl(I) (10–50μM)
significantly increased cyclin B1 levels (P< 0.01 with respect to
the controls) whereas Tl(III) did not affect cyclin B1 levels in the
range of concentrations assessed (Fig. 9C, D)
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
Effects of Tl(I) and Tl(III) on EGFR-Dependent Signaling
Cascade

To understand further the mechanisms underlying the alteration
of cyclins expression in cells exposed to Tl(I) or Tl(III), the signal-
ing cascade activated by EGF was evaluated both in EGF� and
EGF+ cells. Measurements were restricted to the maximal con-
centration of Tl assessed (100μM) as this concentration altered
almost every parameter evaluated in this study.
Tl(III) is a strong oxidant and the possibility that it may oxi-

dize EGF was evaluated in a cell-free system. For that purpose,
EGF was incubated in the presence of 100μM Tl(III), and the
generation of oxidized species of EGF were analyzed by
MALDI-TOF MS. Using this method, oxidized EGF should be ev-
idenced as a peak with m/z +16 corresponding to the
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat

7



Figure 4. Effects of Tl on E2F-1 expression. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium (DMEM). After
media replacement, EGF� and EGF+ cells were incubated for a further 24 h in the presence of 5–100 μM Tl(I) or Tl(III), and E2F-1 expression was eval-
uated. (A) Representative Western blots. Loading control was performed by Ponceau Red (PR) protein staining and the region of the membrane cor-
responding to E2F-1 (60 kDa) migration is shown. Graphs show the relative E2F-1 content in EGF� (○) and EGF+ (●) cells (B), and in Tl(I)- (C) or Tl
(III)-treated cells (D). Results are shown as the mean± SEM of at least four independent experiments. *Significantly different from the
value measured in cells incubated in the absence of Tl (P< 0.01).
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oxidation of Met21, Trp49 or Trp50. The similarities between the
spectrum corresponding to EGF alone (Supplementary
Figure 1A) and those obtained for EGF incubated in the pres-
ence of Tl(III) for either 30min (Supplementary Figure S1B) or
60min (Supplementary Figure S1C) suggest that Tl(III) did
not cause the irreversible oxidation of EGF. As expected from
its lack of oxidant capacity, Tl(I) did not affect EGF mass spec-
trum (data not shown).

Once discarded the possibility that Tl(III) could alter the molec-
ular integrity of EGF and thus decrease the effective concentra-
tion of EGF available to initiate the signaling cascade, the
kinetics of EGF receptor (EGFR) activation was evaluated by its
degree of phosphorylation (Fig. 10A). In EGF� cells, the phos-
phorylation of EGFR increased slightly over the 90-min period
assessed (Fig. 10B). As expected, the content of p-EGFR in EGF+

cells was significantly higher than in EGF� cells (P< 0.01) with a
maximum attained after 10min of EGF addition to the media
(Fig. 10A, B). In EGF� cells, Tl(I) and Tl(III) did not affect the kinetics
of EGFR phosphorylation (Fig. 10C). In contrast, both Tl(I) and Tl
(III) stimulated EGFR phosphorylation in EGF+ cells (P< 0.001 with
respect to the controls) between 1 and 5min after EGF addition
to the samples (Fig. 10D). At prolonged times, the phosphoryla-
tion of EGFR in Tl(I)- and Tl(III)-treated EGF+ cells was similar to
that measured in EGF+ cells without the addition of Tl (Fig. 10D).
Copyright © 2014 Johnwileyonlinelibrary.com/journal/jat
The phosphorylation of ERK1/2 that occurs downstream of
EGFR activation was next evaluated (Fig. 11A). EGF+ cells showed
significantly higher contents of p-ERK1 and p-ERK2 than EGF�

cells (P< 0.01), with a maximum reached after 5min of EGF ad-
dition to the media (Fig. 11B). At prolonged incubation times,
the magnitude of ERK1 and ERK2 phosphorylation was similar
in EGF� and EGF+ cells (Fig. 11A and B). In EGF� cells, Tl(I) and
Tl(III) stimulated ERK1 and ERK2 phosphorylation (Fig. 11D and
F) between 5 and 10min of incubation (P< 0.005 with respect
to the controls) returning to baseline values at prolonged incu-
bations. In EGF+ cells, the levels of p-ERK1 in Tl(I)- or Tl(III)-treated
cells were maximal between 1 and 5min of incubation (P< 0.01
with respect to the controls), whereas at prolonged incubation
times p-ERK1 levels were similar to that found in cells devoid
Tl (Fig. 11D). The kinetics of ERK2 phosphorylation in EGF+ cells
was not affected by Tl(I) or Tl(III) along the period assessed
(Fig. 11G).

Finally, the activation of Akt was investigated (Fig. 12A). EGF+

cells showed significantly higher contents of p-Akt than EGF�

cells (P< 0.01), with a maximum attained after 5min of EGF ad-
dition to the media, and that decreased progressively until
reaching values similar to those found in EGF� cells (Fig. 12B).
Between 1 and 10min, EGF� cells treated with Tl(I) showed a
tendency towards increased Akt phosphorylation, both Tl(I)
J. Appl. Toxicol. 2015; 35: 952–969Wiley & Sons, Ltd.



Figure 5. Effects of Tl on cyclin E expression. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium (DMEM).
After media replacement, EGF� and EGF+ cells were incubated for a further 24 h in the presence of 5–100 μM Tl(I) or Tl(III), and cyclin E expression was
evaluated. (A) Representative Western blots. Loading control was performed by Ponceau Red (PR) protein staining and the region of the membrane
corresponding to cyclin E (53 kDa) migration is shown. Graphs show the relative cyclin E content in EGF� (○) and EGF+ (●) cells (B), and in Tl
(I)- (C) or Tl(III)-treated cells (D). Results are shown as the mean± SEM of at least four independent experiments. * Significantly different
from the value measured in cells incubated in the absence of Tl (P< 0.01).
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and Tl(III) increased Akt phosphorylation in EGF� cells, being the
magnitude of Tl(III)-mediated effect higher than that of Tl(I)
(Fig. 12C). In EGF+ cells, Tl(I) and Tl(III) did not affect EGF-
dependent Akt phosphorylation between 1 and 10min of EGF
addition. However, after 15min of EGF addition, p-Akt levels
remained elevated in Tl(III)-treated cells (P< 0.01 with respect
to the controls) (Fig. 12D). Akt phosphorylation measured after
15min of EGF+ cells exposure to Tl significantly correlated with
the expression levels of cyclin D1 (r2: 0.93, P< 0.05; Fig. 12E)
and with the amount of cells in the G0/G1 phase of the cycle
measured after 24 h (r2: 0.95, P< 0.05; Fig. 12F).

Discussion
Tissues and organs homeostasis results from the balance be-
tween the disappearance of aged or damaged cells and the gen-
eration of new ones. For that reason, the maintenance of the
machinery that regulates cell proliferation is a key event in de-
termining the organogenesis and development.

The exposure of cells to toxic heavy metals may interfere
with the progression of the cell cycle and/or to promote cell
death. For example, high doses of cadmium, cobalt, lead or
mercury induce the arrest of the cell cycle in diverse experi-
mental models (Gastaldo et al., 2007; Glahn et al., 2008; Bose
et al., 2012; Darolles et al., 2013; Smith et al., 2014), whereas
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
at low doses, cadmium induces cell proliferation (Ronchetti
et al., 2013; Zhou et al., 2013; Simoniello et al., 2014). Akin to
cadmium, lead and mercury, Tl is considered as a priority
pollutant by the USA Environmental Protection Agency. In
addition to causing cell death in diverse experimental models,
Tl(I) caused DNA alterations in bacteria, plants and cultured
mammalian cells (Rodriguez-Mercado and Altamirano-Lozano,
2013). Moreover, a pilot study suggested that Tl(I)-poisoned pa-
tients have an increased frequency of structural chromosomal
aberrations compatible with those caused by S-dependent
clastogens (Nikiforov et al., 1999).
The present study was started to characterize the kinetics of

the PC12 cell cycle. Samples were enriched in cells with G1-
amounts of DNA by 24-h serum deprivation (Cooper, 2003). Then,
the cycle was resumed replenishing the serum in the media ei-
ther without or with the addition of EGF (10 ngml�1). Even when
the complete culture media used for the experiments contained
10% horse and 5% FBS, it caused minimal EGFR activation. EGFR
has two specific binding sites, one that binds EGF with high affin-
ity [dissociation constant (Kd)< 1 nM] and the other that binds
EGF with low affinity (Kd = 6–12 nM) (Suresh Babu et al., 2004).
Given that the estimated concentration of EGF in the culture me-
dia [5–18 pM, (Joh et al., 1986; Hwang et al., 1989; Birk et al.,
1999)] was at least two orders of magnitude lower than that re-
quired to stimulate the high-affinity binding sites of EGFR,
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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Figure 6. Effects of Tl on p21 localization. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium (DMEM). After
media replacement, EGF� and EGF+ cells were incubated for a further 24 h in the presence of 50 or 100 μM Tl(I) or Tl(III), and p21 expression was eval-
uated in cytosol and nuclear fractions. (A) Representative Western blots. Loading control was performed by Ponceau Red (PR) protein staining and the
region of the membrane corresponding to p21 (21 kDa) migration is shown. Graphs show the relative p21 content in cytosol (p21cyt) and nuclear
(p21nuc) fractions in EGF� (○) and EGF+ (●) cells (B), and in Tl(I)- (C) or Tl(III)-treated cells (D). Results are shown as the mean± SEM of
three independent experiments. * Significantly different from the value measured in cells incubated in the absence of Tl (P< 0.01).
(E) Immunolocalization of p21 in EGF� and EGF+ cells exposed for 24 h to 100μM Tl(I) or Tl(III) and visualized by fluorescence micros-
copy. Red: p21; blue: nuclei.
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negligible activation of this receptor can be expected in EGF�

cells. Supporting that, when the culture media was supple-
mented with 10 ngml�1 (1.65 nM) EGF, a concentration close to
the Kd of EGFR high-affinity binding sites, the phosphorylation
of EGFR increased 12 times in the first 10min of incubation.
Because of the large amount of EGFR expressed in this cell line
(Traverse et al., 1994), the maximal EGFR activation was not
achieved in the current conditions (Suresh Babu et al., 2004).

The kinetics of PC12 cells cycle was evaluated between 3 and
48 h after cell-cycle resumption. It has been reported that maxi-
mal [3H]thymidine incorporation occurs in these cells between
18 and 20 h after resuming the cycle (Rudkin et al., 1989), with
a doubling time estimated in 40 h (Mouri and Sako, 2013). In
our model, the maximal percentage of cells in the S phase was
Copyright © 2014 Johnwileyonlinelibrary.com/journal/jat
observed between 18 and 24 h after the cycle resumption. In ac-
cordance to Lee and Lo (2010), only ~30% of EGF� cells reached
the S phase, whereas 60% of them remained in G1 phase. In EGF+

cells, the onset of the S phase was anticipated in ~9 h with re-
spect to that in EGF� cells and persisted until 24 h of cell-cycle re-
sumption. Even when the lengths of the S phase in EGF� and
EGF+ cells were different, data integration of the curves depicted
in Fig. 1B indicated that the total amount of cells that reached the
S phase was similar for both experimental conditions (EGF� cells:
33%, EGF+ cells: 28%). The anticipation of cell entry in S phase
caused by EGF is consistent with the continuum model of the
mammalian cell division cycle (Cooper 2000, 2003).

Next, the effects of Tl(I) and Tl(III) (5–100μM) on the PC12 cell
cycle were evaluated. The range of Tl concentrations (5–100μM)
J. Appl. Toxicol. 2015; 35: 952–969Wiley & Sons, Ltd.



Figure 7. Effects of Tl on proliferating cell nuclear antigen (PCNA) localization. PC12 cells were incubated at 37 °C for 24 h in serum-free DMEM. After
media replacement, EGF� and EGF+ cells were incubated for a further 24 h in the presence of 50 or 100 μM Tl(I) or Tl(III), and PCNA content was eval-
uated in nuclear and cytoplasmic fractions. (A) Representative Western blots. Loading control was performed by Ponceau Red (PR) protein staining and
the region of the membrane corresponding to PCNA (36 kDa) migration is shown. (B) Nuclear (PCNAnuc) to cytosolic (PCNAcyt) PCNA ratio measured in
EGF� and EGF+ cells. (C and D) Relative nuclear to cytosolic PCNA ratio measured in Tl(I)- and Tl(III)-treated cells, respectively. Results are shown as the
mean ± SEM of at least three independent experiments. *Significantly different from the value measured in the corresponding fraction from cells incu-
bated in the absence of Tl (P< 0.01). (E) PCNA immunolocalization in EGF� (○) and EGF+ (●) cells exposed for 24 h to 100μM Tl(I) or Tl(III) and
visualized by confocal microscopy. Red: PCNA; blue: nuclei. Table shows the overlapping coefficients calculated according to (Manders
et al., 1993). (F) Correlation between the overlapping coefficients calculated for PCNA immunolocalization and the relative nuclear to
cytoplasmic PCNA levels measured in EGF� and EGF+ cells.
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was chosen considering the maximal metal concentration found
in Tl-poisoned people (Schaub, 1996). Based solely on cell DNA
content measured at two fixed time points (24 and 30 h), it
seems that Tl(I) and Tl(III) have different impacts on EGF� cell-
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
cycle progression. After 24 h, Tl(I) increased the amount of EGF�

cells in S phase, an effect that was accompanied by a decrease in
the amount of cells in G2/M. However, after 30 h, Tl(I)-treated
cells had higher relative amounts of cells in the S and G2/M
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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Figure 8. Effects of Tl on cyclin A expression. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle medium (DMEM).
After media replacement, EGF� and EGF+ cells were incubated for a further 24 h in the presence of 5–100 μM Tl(I) or Tl(III), and cyclin A expression was
evaluated. (A) Representative Western blots. Loading control was performed by Ponceau Red (PR) protein staining and the region of the membrane
corresponding to cyclin A (55 kDa) migration is shown. (B) Total cyclin A content and cleaved (48 kDa) to full-length (55 kDa) cyclin A ratio in EGF�

(○) and EGF+ (●) cells. (C and D) Total cyclin A contents in Tl(I)- and Tl(III)-treated cells, respectively. (E and F) Relative amount of
cleaved (48 kDa) and full-length (55 kDa) cyclin A in Tl(I)- and Tl(III)-treated cells, respectively. Results are shown as the mean± SEM
of at least four independent experiments. * Significantly different from the value measured in cells incubated in the absence of Tl
(P< 0.01).
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phases, suggesting that Tl(I) may cause a mild delay in EGF� cell-
cycle resumption. Additionally, Tl(I) may cause EGF� cell cycle ar-
rest in G2 similar to that observed in C6 glioma cells (Chia et al.,
2005). The exposure of those cells to 10–100μM Tl(I) caused no
major alterations in the cell cycle, although at higher concentra-
tions, up to 3mM, Tl(I) produced the arrest in the G2 phase. In
the current study, we did not investigate the effects of Tl(I) be-
yond the 100μM concentration because of the large loss of cell
viability that high concentrations of Tl(I) cause in PC12 cells
(Hanzel and Verstraeten, 2006). In contrast to the observed for
Tl(I), Tl(III) shortened the duration of G1 in EGF� cells. This
conclusion is supported by the finding that at 24 h, Tl(III) in-
creased the percentage of cells in G2/M at the expense of
Copyright © 2014 Johnwileyonlinelibrary.com/journal/jat
decreasing the amount of cells in S whereas at 30 h, Tl(III) de-
creased the amount of cells in G1 and increased the amount of
those in S phase. Tl(I) and Tl(III) also displayed differential effects
on the progression of the EGF+ cell cycle. Tl(I) stimulated the re-
sumption of cell entry into S phase, as observed both at 24 and
30 h of incubation. In contrast, Tl(III) delayed the entry on the S
phase as suggested by the increased contents of cells in G1 at
24 h followed by a decrease in the amount of cells in the S phase
at 30 h of incubation. The effects of Tl(III) on the progression of
cell cycle in any other cultured cell or animal models have not
been reported yet, making this study a novel contribution to
the knowledge of Tl(III) mechanisms of action in biological
systems.
J. Appl. Toxicol. 2015; 35: 952–969Wiley & Sons, Ltd.



Figure 9. Effects of Tl on cyclin B1 expression. PC12 cells were incubated at 37 °C for 24 h in serum-free DMEM. After media replacement, EGF� and
EGF+ cells were incubated for a further 24 h in the presence of 5–100 μM Tl(I) or Tl(III), and cyclin B1 expression was evaluated. (A) Representative West-
ern blots. Loading control was performed by Ponceau Red (PR) protein staining and the region of the membrane corresponding to cyclin B1 (60 kDa)
migration is shown. Graphs show the relative cyclin B1 content in EGF� (○) and EGF+ (●) cells (B), and in Tl(I)- (C) or Tl(III)-treated cells (D).
Results are shown as the mean± SEM of at least four independent experiments. * Significantly different from the value measured
in cells incubated in the absence of Tl (P< 0.01).
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The expression of the cyclin marker of each phase of the cycle
was evaluated in whole samples and thus, the results obtained
are the average of all cell populations. The fact that only a lim-
ited amount of cells entered the S phase constituted a valuable
tool for our study, because the comparative analysis of the
cyclins and other key regulators of cell-cycle progression
allowed us to monitor simultaneously the status of each phase
of the cycle.

EGF� and EGF+ cells expressed cyclin D1 to a similar extent.
Through the activation of the retinoblastoma tumor suppressor
protein (Rb), the cyclin D1-cdk4/6 complex regulates the expres-
sion of the E2F family of transcription factors. In turn, E2F-1 regu-
lates cyclin E expression (Gopinathan et al., 2011) and both, E2F-1
and cyclin E, control the G1→S transition. In non-proliferating
cells, the cyclin D-cdk4/6 complex is bound, among others, to
the inhibitory protein p21 located in the nucleus (Cmielova and
Rezacova, 2011). Nuclear p21 also binds to cyclins E and A, and
the proliferating cell nuclear antigen (PCNA), causing cell cycle
arrest (Cazzalini et al., 2010). Upon phosphorylation by Akt1,
p21 exits the nuclei and the cycle proceeds to the S phase
(Heron-Milhavet et al., 2006). The higher content of p21 in the cy-
toplasm of EGF+ cells, accompanied by the higher content of nu-
clear PCNA are indicative of cells in S phase. Supporting this, the
expression of the S phase marker cyclin A, which is regulated by
E2F-1 (Schulze et al., 1995), was also increased in EGF+ cells. Two
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
bands corresponding to cyclin A were detected, the full-length
protein (55 kDa) and a 48-kDa inactive fragment (Welm et al.,
2002). In EGF+ cells, cyclin A expression was increased and its ac-
tive form predominated. The expression of cyclin B1, that starts in
late S phase and progressively increases until G2 phase (Lindqvist
et al., 2009), was similar in EGF� and EGF+ cells. This finding is in
accordance with the similar amounts of cells in G2/M found in
both experimental conditions.
Based on the pattern of expression of cyclins and cell-cycle

regulators assessed, we can conclude that Tl(I) affected both
G1 and S phases of the EGF� cell cycle. Tl(I) promoted the
G1→S transition, as evidenced by the decrease in cyclin D1
and the increase in E2F-1 and cyclin E expression. Tl(I) also pro-
moted the progression of S phase, as indicated by the exit of
p21 from the nuclei and by the increased expression of nuclear
PCNA and cyclin A. Regarding the G2→M transition, no major al-
terations were observed after 24 h, based on the levels of cyclin
B1 that were consistent with the amount of cells in G2/M. After
30 h of incubation, the amount of cells in G2/M was markedly in-
creased. This is an interesting finding because Tl(I) could alter
chromosomal distribution and increase the number of cells with
micronuclei, which leads to a decreased number of mitosis
(Leonard and Gerber, 1997).
Tl(I) also stimulated G1 and S phase progression in EGF+ cells.

In these cells, the markers of G1→S transition were increased,
Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jat
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Figure 10. Effects of Tl on the kinetics of EGF receptor (EGFR) phosphorylation. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s
modified Eagle medium (DMEM). After media replacement, EGF� and EGF+ cells were further incubated at 37 °C for 1–90min in the absence of further
additions (C) or in the presence of 100 μM Tl(I) or Tl(III), and the levels of phosphorylated EGFR (p-EGFR) and total EGFR were evaluated. (A) Represen-
tative Western blots. (B) Quantification of p-EGFR to total EGFR ratio in EGF� (○) and EGF+ (●) cells incubated in the absence of Tl. Results are
shown as the mean± SEM of four independent experiments. * Significantly different from the value measured in EGF� cells at the
same incubation time (P< 0.01). The ratio between p-EGFR to EGFR levels was determined in (C) EGF� and (D) EGF+ cells incubated
in the absence of further additions (○) or in the presence of 100μM Tl(I) (●) or Tl(III) (■). Results are shown as the mean± SEM of four
independent experiments. * Significantly different from the value measured in control EGF+ cells at the same time point (P< 0.05).
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suggesting that Tl(I) stimulated cell-cycle resumption. The mild
effect on p21 and PCNA translocation, together with the finding
that cyclin A was mostly inactive, suggests that at that time
point (24 h) the S phase was concluding. In agreement with this,
the analysis of DNA content showed an accumulation of cells in
S phase. Finally, increased levels of cyclin B1 were found which
stimulates the progression of G2 towards mitosis. Supporting
that, the amount of cells in G2/M after 30 h was restored to con-
trol values, indicating the completion of the cycle.

Tl(III) had differential effects on the PC12 cell cycle. Tl(III)
promoted G1→S transition in EGF� cells, as suggested by
the increased expression of E2F-1 and cyclin E. Even when Tl
(III) induced the translocation of p21 and PCNA, the expression
of cyclin A remained within control values with a mild increase
in the amount of the inactive form. As discussed previously,
Copyright © 2014 Johnwileyonlinelibrary.com/journal/jat
these findings suggest that the progression of the S phase
was accelerated. In line with this, Tl(III) affected positively the
G2→M transition, as evidenced by the increase in cyclin B1
levels and the higher content of cells in G2/M phase. Tl(III)
did not affect EGF� cell mitosis, as no further accumulation
of cells in G2/M was observed after 30 h, thus signifying that
the cycle was completed. In contrast to the observed in EGF�

cells, Tl(III) postponed the resumption of the cycle in EGF+

cells, as evidenced by the marked increase in cyclin D1 and
by the decreased expression of E2F-1 and cyclin E. Further-
more, the levels of cyclin D1 after 24 h positively correlated
with the amount of cells in G0/G1 phase. Moreover, the pro-
gression of the S phase was impaired, based on the higher
p21 nuclear content with decreased expression of nuclear
PCNA and total cyclin A. Importantly, this effect could not be
J. Appl. Toxicol. 2015; 35: 952–969Wiley & Sons, Ltd.



Figure 11. Effects of Tl on the kinetics of ERK1/2 phosphorylation. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle
medium (DMEM). After media replacement, EGF� and EGF+ cells were further incubated at 37 °C for 1–90min in the absence of further additions (C) or
in the presence of 100 μM Tl(I) or Tl(III), and the levels of phosphorylated ERK1/2 (p-ERK1/2) and total ERK1/2 were evaluated. (A) Representative West-
ern blots. (B and C) Quantification of p-ERK1 to ERK1 (B) and p-ERK2 to ERK2 (C) ratios in EGF� (○) and EGF+ (●) cells incubated in the absence of
Tl. (D–G) Quantification of p-ERK1 to ERK1 ratio (D and E) and p-ERK2 to ERK2 ratio (F and G) measured in EGF� (D, F) and EGF+ (E, G)
cells incubated in the absence of further additions (○) or in the presence of 100μM Tl(I) (●) or Tl(III) (■). Results are shown as the
mean± SEM of four independent experiments. * Significantly different from the value measured in cells incubated in the absence
of Tl (P< 0.01).
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Figure 12. Effects of Tl on the kinetics of Akt phosphorylation. PC12 cells were incubated at 37 °C for 24 h in serum-free Dulbecco´s modified Eagle
medium (DMEM). After media replacement, EGF� and EGF+ cells were further incubated at 37 °C for 1–90min in the absence of further additions (C) or
in the presence of 100 μM Tl(I) or Tl(III), and the levels of phosphorylated Akt (p-Akt) and total Akt were evaluated. (A) Representative Western blots. (B)
Quantification of p-Akt to total Akt ratio in EGF� (○) and EGF+ (●) cells incubated in the absence of Tl. Results are shown as the mean
± SEM of four independent experiments. * Significantly different from the value measured in EGF� cells at the same incubation time
(P< 0.01). The ratio between p-Akt and Akt levels was determined in (C) EGF� and (D) EGF+ cells incubated in the absence of further
additions (●) or in the presence of 100μM Tl(I) (●) or Tl(III) (■). Results are shown as the mean± SEM of four independent experi-
ments. * Significantly different from the value measured in cells incubated in the absence of Tl (P< 0.01). (E) Correlation between
Akt phosphorylation in EGF+ cells exposed for 15min to 100μM Tl(I) or Tl(III) and cyclin D1 expression levels. (F) Correlation between
Akt phosphorylation in EGF+ cells exposed for 15min to 100μM Tl(I) or Tl(III) and the amount of cells in the G0/G1 phase.

M. T. L. Pino and S. V. Verstraeten

J. Appl. Toxicol. 2015; 35: 952–969Copyright © 2014 John Wiley & Sons, Ltd.wileyonlinelibrary.com/journal/jat

966



Thallium and PC12 cell-cycle progression

96
ascribed to a Tl(III)-mediated oxidation of EGF that would limit
its interaction with the EGFR.

To characterize further the mechanisms underlying Tl(I)- and
Tl(III)-mediated alterations in the progression of EGF� and EGF+

cell cycle, the kinetics of the initial steps of EGF-dependent sig-
naling cascade were next evaluated. Both Tl(I) and Tl(III)
(100μM) enhanced EGF-dependent phosphorylation of EGFR
within 1 and 5min of incubation, while at prolonged incubations
the extent of EGFR phosphorylation was similar to that caused
by EGF alone. The finding that EGFR activation was enhanced
by Tl after only 1min of incubation was unexpected. At this time
point, neither Tl(I) nor Tl(III) could enter cells to a significant
amount, implying that this effect must take place at the extracel-
lular side of the plasma membrane. One plausible explanation
involves the activation of the voltage-gated calcium channels
(VGCC). The opening of these channels is triggered by the depo-
larization of the plasma membrane and causes a rapid rise in cy-
toplasmic Ca2+ concentration, which in turn induces EGFR
phosphorylation (Zwick et al., 1999). We demonstrated previ-
ously that the interaction of Tl(I) and Tl(III) with lipid bilayers in-
duced a rapid increase in the membrane surface potential
(Villaverde and Verstraeten, 2003) that, in case of occurring in bi-
ological membranes, may result in the depolarization of the
plasma membrane. The possibility that this mechanism may be
operative in our experimental model is currently under
investigation.

EGF induces ERK1/2 (Mebratu and Tesfaigzi, 2009) and Akt
(Manning and Cantley, 2007) phosphorylation, which are associ-
ated with cell survival and proliferation. Tl(I) and Tl(III) induced
the phosphorylation of ERK1 and ERK2 in EGF� cells, whereas
they affected only ERK1 phosphorylation in EGF+ cells. The mo-
lecular mechanisms underlying the differential activation of
ERK1 and ERK2 remain to be elucidated. The kinetics of Tl(I)-
and Tl(III)-mediated ERK1, ERK2 and Akt phosphorylation in EGF�

cells resembled those caused by EGF alone, suggesting that they
may mimic the effects of EGF even in the absence of EGFR activa-
tion. Conversely, these cations may enhance in EGF� cells the ac-
tivation of RTKs by other growth factors present in the culture
media, an effect that could be masked upon EGF supplementa-
tion. In Tl(I)- and Tl(III)-treated EGF+ cells, Akt was still activated af-
ter 15min of incubation and this effect correlated positively with
the amount of cells in G0/G1 and the expression of cyclin D1. As
Akt regulates the expression and phosphorylation of p21 and sta-
bilizes cyclin D (Liang and Slingerland, 2003; Hassan et al., 2013),
these findings imply that Tl-mediated ERK1/2 and Akt phosphor-
ylation are key in the resumption of the cell cycle both in EGF�

and EGF+ cells.
Altogether, experimental evidence presented in this work in-

dicate that Tl(I) and Tl(III) have dissimilar effects on PC12 cells
proliferation, and that those effects depended not only on the
concentration of the metal in the media but also on cell stimula-
tion with a growth factor, e.g. EGF. In agreement with our previ-
ous findings, the effects due to Tl(I) were different in magnitude
and/or kinetics than those due to Tl(III) (Hanzel and Verstraeten,
2006; Hanzel and Verstraeten, 2009; Hanzel et al., 2012), thus
supporting the hypothesis that Tl(III)-mediated effects on cell
outcome are caused by Tl(III) itself, and not by Tl(I) generated
from the reduction of Tl(III) in the extracellular milieu. The find-
ing that neither Tl(I) nor Tl(III) abolished cell proliferation in this
cell model, and that EGF partially prevented cell apoptosis in-
duced by these cations (Pino & Verstraeten, unpublished results)
helps to understand why in non-fatal cases of Tl poisoning, most
J. Appl. Toxicol. 2015; 35: 952–969 Copyright © 2014 John
clinical symptoms can be ameliorated (Cvjetko et al., 2010). The
capacity to restore the affected functions seems to rely on the
intrinsic ability of organs and tissues to proliferate and regener-
ate the affected areas, which is altered but not fully impaired by
Tl. In line with this, being the peripheral nerves able to regener-
ate and to reinervate the denervated targets (Fu and Gordon,
1997), the sensory and motor alterations caused by Tl exposure
can be fully reverted. In this system, the release of neurotrophic
and growth factors, including EGF, by cells in the surroundings
of the lesion induces neuronal regeneration (Fu and Gordon,
1997). In contrast, the alterations of the central nervous system,
such as the optic atrophy responsible for the generation of cen-
tral scotoma (Schmidt et al., 1997), persist even after the normal-
ization of Tl content in the body fluids. In this case, the lack of
tissular regeneration cannot be ascribed to the toxic effects of
Tl but to the extremely low or no neuronal regeneration in the
central nervous system.
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