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Abstract. Lithium is a specific inhibitor of GSK3-f, and
hence, an activator of the Wnt/p-catenin pathway, whereas the
epidermal growth factor (EGF) has been linked to malignant
transformation in epithelial cancer cells. Both pathways are
aberrantly activated in most colorectal cancers (CRCs). However,
the relationship between them in modulating events related to
the progression of this cancer type remains to be defined. In
this study, we investigated whether the Wnt/B-catenin and
EGFR pathways converge to modulate the malignant potential
of CRC. We used Caco-2 cells, a well-established model used
to study CRC, and treatments with lithium chloride, as a
modulator of the Wnt/B-catenin pathway, and with EGF as an
inducer of EGFR signaling. We found that both agents altered
the subcellular distribution of claudin-1 and B-catenin, two
important proteins of the apical junctional complex, but not
their abundance in the cell. Nuclear stabilization of f-catenin,
a marker of Wnt pathway activation, was observed after treat-
ment with both compounds. However, lithium, but not EGF,
inhibited GSK3-f, indicating that these agents modulate this
enzyme in a differential fashion. Furthermore, EGF treatment
increased the proliferative and migratory capacity but did not
alter the colony formation potential of these cells. Surprisingly,
lithium, known to activate the Wnt/B-catenin pathway,
inhibited the increased proliferation by arresting cells in the
G,/M phase as well as the cell migration promoted by EGF, as
demonstrated by the combined treatment with these agents.
Lithium treatment alone reduced the cell colony formation.
Thus, our findings suggest that lithium plays an important role
in regulating cellular events related to tumor progression in
CRC.
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Introduction

Adherens junctions (AJs) and tight junctions (TJs) form the
apical junctional complex (AJC) in epithelial cells. This
complex is responsible for cell-cell adhesion and the main-
tenance of epithelial barrier integrity and is involved in cell
signaling events (1,2). In colorectal cancer (CRC), constituent
molecules of the AJC, including B-catenin and claudin
proteins, have been associated with colorectal tumor progres-
sion (3). Certain studies have shown that the free form of
B-catenin, unbound to E-cadherin, accumulates in the
cytoplasm, which potentiates its translocation into the nucleus,
increasing the transcriptional activity of genes related to CRC
progression (4). In addition, nuclear localization of -catenin
is a hallmark of Wnt/B-catenin pathway activity, which is
aberrantly activated in approximately 90% of all CRC cases
(). It should be noted, that the altered expression or subcellular
localization of claudin, the main protein present in TJs, is
frequently observed in a variety of human tumors, including
CRC (6-10). However, the exact roles that B-catenin and
claudin proteins play in cell signaling pathways underlying
malignant transformation in this kind of cancer remain to be
defined. This is of particular interest as CRCs expressing
these proteins are the fourth most common malignant tumor
type worldwide (11).

The epidermal growth factor (EGF) plays many important
roles in normal epithelial cells. For example, it has been
demonstrated that EGF modulates TJs in a very selective way;
while EGF induces the synthesis of claudin-4 through the
ERK1/2 pathway, it inhibits that of claudin-2 (4,12,13). A
number of signaling events induced by EGF have also been
linked to changes in cell morphology, including plasma
membrane ruffling and cell rounding, both of which are
required for cancer progression (14). The aberrant activation
of EGFR can affect cell-cell adhesion by disrupting the
association between E-cadherin and (3-catenin, leading to a
loss of cell differentiation and increased rates of proliferation
and migration, all of which are known hallmarks of cancer
progression (15). A link between growth factor signaling and
AJC disassembly and the subsequent increased cell migration
and invasiveness during tumor progression, has been reported
(16,17). It has been demonstrated that the EGFR and Wnt/-
catenin pathways might interact in the same way to modulate
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these events as EGFR activates various downstream kinases,
which could modulate the phosphorylation status of GSK3-
and, consequently, activate the Wnt/B-catenin pathway (18-20).
However, there are still controversies concerning this issue as
certain authors did not find a relation between these two
pathways in events related to cancer progression (21,22).

Lithium is a specific and non-competitive inhibitor of
GSK3-f in vitro and in vivo, and consequently it is an activator
of the Wnt/B-catenin pathway (23). This drug promotes and/or
inhibits cell cycle progression and proliferation by inhibiting
GSK3- depending on the cell type (24-27). Nevertheless,
whether lithium modulates events related to CRC progression
remains unknown. Thus, as the EGFR and Wnt/f3-catenin
signaling pathways play important roles in CRC development,
we hypothesize that there is a link between these two pathways
in mediating crucial events in this cancer type. To test this
hypothesis, we used Caco-2 cells as a CRC model and different
treatments with EGF and lithium, and the effects of these
agents on cell-cell adhesion, proliferation, cell cycle, migration
and cell colony formation, were monitored.

In this study, we present evidence that EGF and lithium
treatments induce the internalization of claudin-1 and B-catenin
from cell-cell contacts to the cytoplasm, as well as a marked
localization of (-catenin in the nucleus. Furthermore, we
observed that lithium, but not EGF, inhibited GSK3-p, as
determined by increased levels of phospho-GSK3-f (Ser9).
Surprisingly, although this later event suggests Wnt/p-catenin
pathway activation, reduced proliferation, migration and colony
formation were observed. Additionally, lithium inhibited the
increase in cell proliferation and migration caused by EGF.
Finally, cell cycle distribution analysis demonstrated that cells
treated with lithium clearly showed an arrest in the G,/M
phase. Therefore, our results suggest that lithium plays an
important role in regulating cellular events related to tumor
progression in CRC and may represent a novel therapeutic
agent in the treatment of this disease.

Materials and methods

Materials. Rabbit polyclonal anti-claudin-1, rabbit polyclonal
anti-f3-catenin (clone CAT-5H10) and mouse monoclonal anti-
a-tubulin (clone Z022) antibodies were purchased from
Zymed Laboratories, Inc. (San Francisco, CA, USA). Rabbit
monoclonal anti-GSK3-f (clone 27C10) and rabbit polyclonal
anti-phospho-GSK3-f3 (Ser9) were purchased from Cell
Signaling Technology (Danvers, MA, USA). Mouse mono-
clonal anti-human lamin B (clone 101-B7) was purchased
from Calbiochem (Darmstadt, Germany). The secondary
antibodies, peroxidase-conjugated goat anti-rabbit IgG and
goat anti-mouse IgG, were obtained from Zymed. Alexa
488-conjugated goat anti-rabbit IgG and Alexa 546-conjugated
goat anti-mouse IgG were purchased from Molecular Probes
(Eugene, OR, USA). EGF was purchased from Invitrogen
(Carlsbad, CA, USA) and lithium chloride (LiCl) from Sigma
Chemical Co. (St. Louis, MO, USA).

Cell culture and treatments. Caco-2 cells (ATCC, no. HTB-37,
Rockville, MD, USA), a human colon adenocarcinoma cell
line, were grown in Dulbecco's Modified Eagle's medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine
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serum, penicillin G (60 mg/l) and streptomycin (100 mg/l) at
37°C in a humidified atmosphere of 5% CO,/air.

Before treatments, cells were grown in serum-free DMEM
for 24 h, then, EGF and/or LiCl at a final concentration of
100 ng/ml and 50 mM, respectively, were added to the culture
medium for 24, 48, or 72 h. The used drug concentrations
were based on previous studies (6,28) and as they did not alter
the cell viability of Caco-2 cells, they were used in this study.

Differential extraction in TX-100 and total cell lysates. For
differential cell extraction in Triton X-100, samples were
rinsed three times in phosphate-buffered saline (PBS) and
incubated for 20 min at 4°C in cytoskeletal extraction buffer
[50 mM NaCl, 10 mM Pipes (pH 6.8), 3 mM MgCl,, 0.5%
Triton X-100, 300 mM sucrose, 1 mM orthovanadate, 20 mM
NaF, and protease inhibitors]. Cells were scraped from plates,
homogenized, and centrifuged at 10,000 x g for 10 min at 4°C.
The supernatant corresponding to the Triton X-100-soluble
fraction (actin cytoskeleton-unlinked proteins) was removed
and stored at -20°C. The pellet was resuspended in SDS buffer
[20 mM Tris-HCI (pH 7.5),5 mM EDTA, and 2.5 mM EGTA,
1% SDS] and boiled at 100°C for 10 min. After centrifugation
for 10 min at 10,000 x g, the supernatant corresponding to the
Triton X-100 insoluble fraction (actin cytoskeleton-linked
proteins), was gently removed and stored at -20°C.

Total cell lysates were obtained by incubating the cells in
lysis buffer [1% Triton X-100, 0.5% sodium deoxycholate, 0.2%
SDS, 150 mM NaCl, 2 mM EDTA, 10 mM Hepes (pH 7.4),
20 mM NaF, 1 mM orthovanadate and a protease inhibitor
cocktail (1:100 dilution)], for 30 min at 4°C. After centrifugation
at 10,000 x g for 10 min at 4°C, the supernatant was removed
and stored at -20°C for subsequent analysis.

Subcellular fractionation. After the different treatments,
subcellular fractions were obtained using a classic cell fraction-
ation methodology. Briefly, cells were homogenized with
30-60 strokes using a Potter-type homogenizer in lysis buffer
(10 mM Tris-HCI, pH 7.5, 250 mM sucrose, | mM MgCl,
containing 1 mM orthovanadate, 20 mM NaF, and protease
inhibitor cocktail). The homogenate was centrifuged at 3,000
x g for 10 min, and the resulting pellet represented the nuclear
fraction. The supernatant was centrifuged at 30,000 x g for
1 h, and the supernatant corresponding to the cytoplasmic
fraction was collected. The nuclear fraction was further
treated with hypertonic buffer (20 mM Hepes-KOH, pH 7.9,
25% glycerol, 420 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA,
0.5 mM DTT containing 1 mM orthovanadate, 20 mM NaF,
and protease inhibitor cocktail) for 20 min with constant
vortexing at 4°C and was then centrifuged at 30,000 x g for
1 h. The supernatant containing nuclear proteins was collected
and stored at -20°C for later analysis. All cellular fractionation
steps were carried out at 4°C. Nuclear and cytoplasmic fractions
were confirmed by Western blot analysis using anti-lamin B
and anti-IxB antibodies, respectively.

Western blot analysis. Equal amounts of cell protein (30-40 pg/
lane), quantified by the BCA protein assay kit (BioRad, Hercules,
CA, USA), were electrophoretically separated by SDS-PAGE
in 10-12% gels and transferred to nitrocellulose membranes
using a semi-dry transfer cell (BioRad) at 10 V for 60 min.



INTERNATIONAL JOURNAL OF ONCOLOGY 38: 1365-1373, 2011

Membranes were blocked for 1 h with TBS-T (20 mM
Tris-HCl pH 7.6, 137 mM NaCl and 0.1% Tween-20) containing
5% low-fat dried milk or with 1% BSA (Sigma) and incubated
overnight with primary antibodies: Anti-claudin-1, anti-f3-
catenin, anti-GSK3-f and anti-phospho-GSK3-f (Ser9). After
washing, membranes were incubated for 1 h with peroxidase-
conjugated goat anti-rabbit IgG or peroxidase-conjugated goat
anti-mouse IgG. Proteins were visualized using an enhanced
chemiluminescence kit (GE Healthcare). Band images of
three independent experiments were quantified by optical
density using the Lab-Works 4.6 software (BioRad). a-tubulin
was used as the loading control for each protein.

Immunofluorescence. Cells were plated on coverslips that had
been placed into 24-well plates in advance. After treatment,
they were washed in PBS supplemented with 100 mM CaCl,
and 100 mM MgCl, (PBS/CM) and fixed in 4% paraformal-
dehyde for 5 min. Samples were permeabilized with 0.5%
TX-100 in PBS for 10 min. Later, cells were incubated in
50 mM NHCl, in PBS for 10 min and blocked in 3% BSA for
1 h. Cells were incubated at 37°C with the primary antibodies,
anti-f-catenin and anti-claudin-1, for 1 h, followed by a further
1 h with secondary Alexa 488-conjugated anti-rabbit, or Alexa
546-conjugated anti-mouse antibodies. The coverslips were
washed in PBS and mounted with n-propyl-gallate, and cell
staining was detected using an Axio Observer Z1 immuno-
fluorescence microscope equipped with an Axiocam HRc
Rev. 3 camera and Axiovision Release 4.8.1 image analyzer
program (Carl Zeiss Inc., Germany).

Cell proliferation assay. The crystal violet method was used
to measure cell proliferation. Cells (2x10* cell/ml) were
cultured in 96-well plates in the presence or absence of EGF
and/or lithium for 24, 48 and 72 h before being fixed with
ethanol for 10 min. A crystal violet solution (0.05% crystal
violet and 20% methanol) was added for 10 min. Cells were
washed twice with water and then solubilized with methanol.
The absorbance at 595 nm was measured with a Spectra Max
190 spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA).

Flow cytometry. Cells (4x10° cell/ml) were cultured in six-well
microtiter plates and treated for 24 h with EGF and/or lithium
After this period cells were harvested by trypsinization and
washed once with ice-cold PBS. The cells were then stained
in the dark with 75 yM propidium iodide (Sigma) for at least
30 min in the presence of NP-40. Analysis of the DNA content
was carried out by collecting 10,000 events for cell cycle and
sub-G, analysis using a FACScalibur flow cytometer and
CellQuest software (BD Biosciences, San Jose, CA, USA).

Wound-healing assay. Caco-2 cells were seeded into six-well
plates until confluence. Cell monolayers were manually
wounded by scraping with a pipette tip to perform a wound-
healing assay. For each plate, 3-5 wounds were made and
three sites of regular wounds, verified under a microscope,
were selected and marked. After washing with PBS, cells
were incubated at 37°C in SFB-free DMEM containing EGF
and/or lithium. Cells were permitted to migrate into the
denuded area for 24 h. Immediately after wounding and at the
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end of the experiment, wounds were photographed and the
cell migration of untreated and treated cells into the wounds
was evaluated. The distance of cell migration into the wounded
area from three independent experiments was quantified.

Colony formation assay. Caco-2 cells (5x10° cells/ml) were
plated on a 12-well plate and incubated for 4 h under culture
conditions to allow cell adherence. Cultures were treated with
EGF and/or lithium for 10 days to assess the clonogenic
potential at low seeding density. The culture medium was
changed every two days and the formation of cell colonies
was visualized by staining with 0.05% violet crystal and
quantified at 595 nm using the Spectra Max 190 spectro-
photometer.

Statistical analysis. The data from Western blot analysis,
wound-healing and colony formation assays were analyzed
statistically by one-way analysis of variance (ANOVA),
followed by Dunnett's post tests. Proliferation assay statistics
were performed by two-way analysis of variance (ANOVA)
followed by Bonferroni post tests. Both analyses were
performed using GraphPad Prism version 4.0 for Windows
(GraphPad Software, San Diego, CA). The data were obtained
from at least three independent experiments and expressed as
the means + SD. Differences were considered to be significant
for values of p<0.05.

Results

EGF and lithium induce [3-catenin and claudin-1 redistribution.
Initially, we analyzed the effects of EGF and lithium on the
subcellular localization of f-catenin and claudin-1 after 24 h
of treatment. We observed that the drugs caused the redistri-
bution of both proteins, as observed by immunofluorescence
(Fig. 1A-B). In the control cells, a typical honeycomb AJC
protein staining pattern was observed. An apparent [3-catenin
localization in the nucleus and the internalization of claudin-1
from the cell membrane to the cytoplasm was observed in the
cells treated with EGF, but a small amount still remained at
the cell-cell contacts. Lithium treatment caused a stronger
effect than EGF on [-catenin redistribution with some cells
presenting absence of this protein in the cell-cell contacts.
The effect of lithium treatment on claudin-1 distribution was
less than on -catenin. Additionally, an elongation of the cells
was observed when the cells were treated with lithium. In the
cells treated with EGF plus lithium an apparent recovery at
the cell-cell contacts of B-catenin was observed, but the
protein still remained in the nuclei, and claudin-1 was mostly
localized in the cytoplasm. It is known that the functionality
of AJC components is dependent on their association with the
actin cytoskeleton, which can be assessed by analyzing the
localization of AJC proteins in TX-100 insoluble and soluble
fractions by Western blot analysis (29,30). Western blot analysis
of TX-100 soluble and insoluble fractions showed that lithium
but not EGF caused a significant increase in [3-catenin in the
TX-100 soluble fraction compared to the untreated cells.
Co-treatment with EGF and lithium synergistically induced a
shift of B-catenin from the TX-100 insoluble to the TX-100
soluble fraction as was observed when comparing cells treated
with lithium only. In addition, all the treatments caused
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Figure 1. EGF and lithium induce f3-catenin and claudin-1 redistribution. Caco-2 cell monolayers were treated with 100 ng/ml EGF and/or 50 mM LiCl for
24 h and were then prepared for immunofluorescence and Western blot analysis, as described in the Materials and methods section. (A and B) Immuno-
fluorescence analysis showing the labeling profiles of $-catenin and claudin-1, respectively after the respective treatments. (C) Western blot and densitometry
analyses showing that both proteins were significantly increased in the TX-100 soluble fractions after treatment with the drugs. Co-treatment had a synergistic
effect on the altered localization of the proteins. In each case, the score was calculated using the following equation: Arbitrary score = (amount of the protein in
the soluble fraction)/(amount of the protein in the insoluble fraction). The score for control cells was normalized to 1 in each case. The results are expressed as

the means + SD of three independent experiments. “p<0.05, *p<0.01.

claudin protein distribution in the TX-100 soluble fractions
(Fig. 1C).

EGF and lithium did not alter the cell content of 3-catenin and
claudin-1 proteins but lead to nuclear f3-catenin stabilization.
As shown in Fig. 1, the drugs caused an alteration of protein
localization, which led us to analyze the cell protein content
after the respective treatments. We observed by Western blot
analysis that treatment with each drug alone or in combination
did not affect the cell content of f-catenin and claudin-1

(Fig. 2A). To confirm B-catenin labeling in the nucleus after
treatment with EGF and/or lithium, subcellular fractionation
was used to obtain representative nuclear and cytoplasmic cell
fractions. Using these fractions and Western blot analysis, we
observed the major localization of B-catenin in the nuclear
fraction of cells treated with both agents separately. However,
no synergistic effect was observed when cells were treated
with EGF and lithium. In addition, a major localization of
[-catenin at the cytoplasmic fraction was observed when the
cells were treated with lithium or EGF plus lithium. Additionally,
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Figure 2. EGF and lithium did not alter the cell content of -catenin and claudin-1 proteins but led to nuclear 3-catenin stabilization. (A) Western blot and
densitometry analyses showing that treatment with the drugs did not alter the cell content of the analyzed proteins. (B) Subcellular fractions of Caco-2 cells
were prepared and cytoplasmic and nuclear proteins were analyzed using an antibody against -catenin. The drugs led to nuclear 3-catenin stabilization and
cytoplasmic localization of the protein, and this was observed only for cells treated with LiCl or EGF + LiCl. The results represent the means + SD of three
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Figure 3. LiCl and EGF induce differential modulation of GSK3-f activity.
Western blot and densitometry analyses showed that p-GSK3-f levels
increased after LiCl or EGF + LiCl treatments, but not with EGF. Results
represent the means + SD of three independent experiments. “p<0.05.

the effect of EGF plus lithium on the cytoplasmic localization
of B-catenin was less effective than the lithium treatment alone
(Fig. 2B).

Nuclear B-catenin stabilization caused by lithium and EGF
is mediated differentially by GSK3-f. Our results showing
that EGF treatment caused the translocation of [3-catenin to
the nucleus, prompted us to investigate whether the trans-

location of this protein was due to GSK3-f inhibition as has
been observed by others. Fig. 3 shows that treatment with
lithium is associated with an increased level of GSK3-f
phosphorylation (Ser9 residue), suggesting the activation of
the Wnt/B-catenin pathway. Increased phospho-GSK3-f3
(Ser9) levels were also observed in the cells treated with EGF
and lithium but not after EGF treatment alone. Therefore,
even though EGF caused nuclear B-catenin translocation,
these results indicate that it occurs through a GSK3-f indepen-
dent mechanism.

Lithium treatment inhibits proliferation concomitantly with
G,/M cell cycle arrest. Epithelial tumor cells with metastatic
potential require changes of the cell phenotype, such as an
increase in cell proliferation, migration and tumorigenic
potential rates (31). In this context, genes such as c-myc and
cyclin DI can be upregulated through the Wnt pathway (5). As
lithium is known to activate the Wnt pathway, an increase in
Caco-2 cell proliferation could be expected when cells are
treated with this agent. Therefore, in order to analyze whether
lithium affects the growth capacity of Caco-2 cells, we
performed a proliferation assay and measured crystal violet
incorporation, which correlates with total cell number. We
observed that EGF increased the cell number after 48 and
72 h of treatment, compared to the untreated cells. Surprisingly,
lithium treatment inhibited cell growth at 24,48 and 72 h, and
the same effect was observed in the cells treated with EGF
plus lithium. For instance, cells treated with EGF and lithium
for 24 h presented a strong decrease in cell number compared
to the cells treated with EGF alone. This result suggests an
inhibitory effect of lithium on the increased cell number
caused by EGF (Fig. 4A).
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results are representative of three independent experiments.

In order to determine whether the lithium-induced inhibition
of Caco-2 cell growth was due to an alteration of cell cycle
regulation, cells were then treated with the drugs for 24 h, and
cell cycle profiles were monitored by flow cytometric analysis
of DNA content. As shown in Fig. 4B, the distribution in the
phases of cell cycle indicated that lithium can promote Caco-2
cell progression to S phase and then G,/M, in which the
population increased when compared to the untreated cells
and 24 h-EGF-treated cells. Furthermore, we observed that
the percentage of cells in the Sub-G, phase was very similar
to the control group and to all the treatments. Also, in the
cells incubated with NaCl, used as the salt control, the
percentage of cells was not altered in the different cell cycle
phases analyzed (data not shown). Taken together, these
results suggest that the growth-inhibitory effect of lithium on
Caco-2 cells could be partly due to its ability to induce G,/M
cell cycle arrest rather than leading cells to apoptosis-mediated
death.

Lithium treatment impairs increased cell motility and clono-
genic growth caused by EGF. Cell migration plays a central
role in the cancer metastasis process as it regulates tumor
progression (21). As the lithium treatment caused the inhibition
of EGF-induced cell proliferation, we compared the motility
rate of cells treated with EGF and lithium or lithium and EGF
in relation to the untreated cells. The rate of wound closure
was used to measure cell motility in the wound-healing assay.
We observed that 24 h after EGF treatment, cells presented a
higher migratory capacity compared to the control cells. Cells
treated with lithium alone had similar cell migration behavior

compared to the control cells, and EGF and lithium treatment
yielded a decreased migration rate, suggesting that lithium
impairs the EGF effect on cell migration (Fig. 5A). The
unaltered relative viable cell numbers at 24 h after EGF treat-
ment in Fig. 4A indicates that cells were effectively migrating
and not proliferating. Colony formation assays were used to
compare the ability of cells treated and untreated with EGF
and lithium to form colonies when plated at sparse densities.
We observed that lithium treatment decreased the number of
cell colonies induced by EGF after 10 days of treatment.
Lithium-inhibited clones had fewer, smaller colonies than
EGF-treated cells and control cells. The ability of lithium to
inhibit clones from forming colonies was ~57% compared to
the EGF-treated cells. In addition, treatment of cells with EGF
plus lithium caused the same effect observed in the cells
treated with lithium only, which confirms the inhibitory effect
of lithium on EGF (Fig. 5B).

Discussion

Despite the important roles that growth factor signaling and
the Wnt/B-catenin pathway play in CRC, the existence of a
relationship between them to mediate events related to the
progression of this type of cancer remains to be clarified. To
address this issue, we treated Caco-2 cells, a well-defined
CRC model, with EGF and with lithium, a GSK3-f inhibitor,
and analyzed the cell response to these drugs. Initially, we
found that both agents and the combination of them induced a
significant redistribution of two important AJC proteins,
claudin-1 and pB-catenin, but did not alter their cellular content.
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These results indicate that the treatment of Caco-2 cells with
these drugs causes a loss of AJC functionality, which is a
prerequisite to cell migration. The effects of EGF on cell
content and localization of f-catenin have previously been
described in different cell lines. For example, it was demon-
strated that EGF treatment of a human epidermoid cell line
resulted in cell-cell contact disassembly and increased
transcriptional activity of B-catenin (17). For ovarian cancer
cell lines treated with EGF, the nuclear translocation of
B-catenin and increased migration capacity have also been
reported in a recent study (32). The nuclear translocation of
[-catenin was also observed in two colorectal adenocarcinoma
cell lines treated with EGF (22). Various studies have
described that growth factors can regulate the cell content and

localization of different types of claudins, but the machinery
of this regulation remains unknown. Using MDCK cells, it
was shown that 24 h of EGF treatment provokes increased
transepithelial electrical resistance associated with the synthesis
and localization of claudin-4 at TJs and the simultaneous
inhibition of claudin-2 synthesis (6,12). Claudin-1 overexpression
provoked migration in human melanoma cells, suggesting a
role other than transport (33). Additionally, in human colon
cancer tissue samples, increased expression and internalization
of claudin-1 from the cell-cell contacts to the cytoplasm and
nucleus was observed, suggesting that claudin-1 mislocalization
in aggressive tumors correlates with increased migratory
capacity (7,34). In the present study, it is possible that 24 h of
EGF treatment have, in fact, produced an important change of
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claudin-1 that is related to increased cell migration but that
remained undetected because of the time chosen to measure
cellular claudin-1 content. Thus, our results showing the
redistribution of claudin-1 after EGF treatment could explain
the more aggressive tumor behavior of Caco-2 cells.

The translocation of B-catenin from the cell-cell contacts
to the cytoplasm and nuclei after lithium treatment has been
observed in some tumor cell lines (35) but not in CRC cell
lines. Our results using subcellular fractions and Western blot
analysis have shown that EGF and lithium promote a higher
labeling of B-catenin in the nuclear fraction, but that the
co-treatment with these agents does not increase the nuclear
[-catenin content. This result can be explained by the differ-
ential effect of these compounds on the GSK3-f activity.
Unlike lithium, EGF did not affect GSK3-f activity, and this
finding is in conflict with findings observed in other cell lines
in which the stimulation of EGFR with EGF promoted
GSK3-p inhibition (36,37). Thus, based on our finding, it is
possible that lithium inactivates GSK3-f; [3-catenin is not
phosphorylated, and therefore accumulates at the cytoplasm
for the posterior translocation into the nucleus. In contrast, it
is possible that after EGF treatment, GSK3-3 remains active,
then (-catenin is phosphorylated and degraded. However, a
pool of B-catenin is translocated into the nucleus by an
unknown mechanism that is independent of GSK3-f3. Consistent
with our results, a study using human epidermoid carcinoma
cells showed that treatment with EGF induced nuclear
[-catenin localization, upregulation of -catenin-TCF/LEF-1
transcriptional activity, and no significant change in the
phosphorylation level of GSK3-f (S9) (17). Taken together,
our results suggest that EGF could activate the Wnt/f3-catenin
pathway through a GSK3-f-indepedent mechanism. However,
the exact mechanism by which EGF sends f3-catenin to the
nucleus remains to be defined. There are no studies showing
the effects of lithium on the expression and localization of the
TJ protein, claudin-1. In this study, we show for the first time
that lithium not only alters f-catenin localization but also
causes the mislocalization of the important TJ protein,
claudin-1. The implications of the lithium-mediated effects on
this protein in CRC remain to be elucidated.

It is known that EGF binds to EGFR, activating many
downstream signaling networks that regulate a multitude of
cellular responses, including cell proliferation (38,39). Here,
we showed that EGF increased Caco-2 proliferation, but
surprisingly, lithium inhibited it, as seen in the case of co-
treatment with these two agents. This result was not expected
as lithium is known to activate Wnt/B-catenin signaling,
which in turn activates many target genes responsible for
increasing cell proliferation (35). To further investigate this
result, we analyzed cell progression through the cell cycle
using flow cytometry after the respective treatments. We
showed an increase of cells in the G,/M phase and a decrease
in the G/G1 phase, indicating that lithium could lead to G,/M
cell cycle arrest. The inhibitory effect on cell proliferation
induced by lithium has been observed in different cell lines,
but not in CRC cell lines. Inhibited proliferation caused by
lithium was observed in a prostate cancer cell line by
decreasing the expression of different factors related to DNA
replication (26). Additionally, in an esophageal cancer cell
line, reduced proliferation induced by lithium occurred through
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the induction of G,/M cell cycle arrest and reduction of cyclin
B1 expression (27). Additionally, the fact that LiCl did not
reduce cell viability is in agreement with previous studies
(25,26).

Aberrant Wnt activation has been observed in various
types of cancer, including CRC (40); and GSK3-f inhibitors,
such as lithium, may either promote or prevent cancer
progression. In this study, colony formation and cell motility
assays were used to measure the tumorigenic potential after
the different treatments. The colony growth assay showed that
EGF did not have any effect on the capacity of Caco-2 cells to
form colonies compared to untreated cells, whereas lithium
reduced colony formation after 10 days of treatment. However,
EGF increased cell migration at 24 h, and lithium inhibited
this effect. EGF has been shown to be able to induce cell
migration in a hamster ovary cell line (CHO), mouse embryonic
stem cells, and in cultures of human lens epithelial cells
(41-44). Our results indicating that lithium inhibits cell
migration after 48 h of treatment are in agreement with those
of other studies using cell lines other than tumor cancer cells
(45). Taken together, these results support the idea that lithium
has tumor suppressor activity.

In conclusion, our findings show that EGF and lithium
causes the internalization of f-catenin and claudin-1 from the
cell-cell contacts to the cytoplasm and nucleus. Although EGF
caused [-catenin nuclear localization, it did not inhibit the
enzyme GSK3-f. Furthermore, lithium treatment blocked the
increase in cell proliferation by G,/M cell cycle arrest as well
as the cell migration that was induced by EGF treatment.
Thus, our results suggest that lithium, by inhibiting the tumori-
genic effects of EGF, may have tumor suppressor activity in
CRC.
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