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ABSTRACT
Lithium is a well-established non-competitive inhibitor of glycogen synthase kinase-3b (GSK-3b), a kinase that is involved in several cellular
processes related to cancer progression. GSK-3b is regulated upstream by PI3K/Akt, which is negatively modulated by PTEN. The role that
lithium plays in cancer is controversial because lithium can activate or inhibit survival signaling pathways depending on the cell type. In this
study, we analyzed themechanisms bywhich lithium canmodulate events related to colorectal cancer (CRC) progression and evaluated the role
that survival signaling pathways such as PI3K/Akt and PTEN play in this context. We show that the administration of lithium decreased the
proliferative potential of CRC cells in a GSK-3b-independent manner but induced the accumulation of cells in G2/M phase. Furthermore, high
doses of lithium increased apoptosis, which was accompanied by decreased proteins levels of Akt and PTEN. Then, cells that were induced to
overexpress PTEN were treated with lithium; we observed that low doses of lithium strongly increased apoptosis. Additionally, PTEN
overexpression reduced proliferation, but this effect was minor compared with that in cells treated with lithium alone. Furthermore, we
demonstrated that PTEN overexpression and lithium treatment separately reduced cell migration, colony formation, and invasion, and these
effects were enhanced when lithium treatment and PTEN overexpression were combined. In conclusion, our findings indicate that PTEN
overexpression and lithium treatment cooperate to reduce the malignancy of CRC cells and highlight lithium and PTEN as potential candidates
for studies to identify new therapeutic approaches for CRC treatment. J. Cell. Biochem. 117: 458–469, 2016. © 2015 Wiley Periodicals, Inc.
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Colorectal cancer (CRC) is one of the principal causes of death
worldwide. According to the Instituto Nacional de Câncer, in

Brazil, CRC is the third most common cancer diagnosed among men
and women and the third leading cause of cancer death [Minist�erio

da Sa�ude, 2014]. Many critical molecular alterations involved in the
development and progression of CRC have been identified in the past
two decades. Most of the alterations (either genetic and/or
epigenetic) have been implicated in the adenoma-carcinoma
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sequence, a model that explains the progression of CRC [Fearon,
2011]. However, genes specifically involved in promoting or
suppressing CRC progression are still poorly understood. Thus, the
identification of genes that play important roles during CRC
progression would lead to an understanding of new strategies for
CRC treatment. In this context, the Phosphatase and Tensin Homolog
Deleted on Chromosome 10 (PTEN), a potent tumor-suppressor gene
originally identified through its association with sporadic malig-
nancies (such as prostate, breast, and brain), appears to be a potential
regulator of CRC progression [Tamguney and Stokoe, 2007].

PTEN is a negative regulator of the PI3K/Akt signaling pathway,
which can influence many tumorigenesis-related processes, such as
cell proliferation, survival, migration, and invasion [Chalhoub and
Baker, 2009]. We have previously demonstrated that inhibition of
PI3K/Akt with LY294002 prevents the malignant phenotype of HCT-
116 cells, suggesting that this pathway may represent a potential
therapeutic target to inhibit CRC progression [de Ara�ujo et al., 2010].
Altered PTEN levels have frequently been found in tumors, and
studies focusing on PTEN downregulation or overexpression have
shown the role that PTEN plays in tumor development and
progression. For example, PTEN knockdown increases cell spread-
ing, migration, and invasion and increases tumor size in nude mice
[Langlois et al., 2010]. In contrast, PTEN overexpression in CRC cells
results in the induction of G2/M cell cycle arrest and apoptosis [Saito
et al., 2003]. PTEN overexpression causes cell growth suppression by
upregulating p27 in breast cancer cells [Weng et al., 1999] and
induces cyclin D1 downregulation in an Akt-dependent manner in
glioblastoma cells [Radu et al., 2003]. In CRC patients, down-
regulation of PTEN and/or the presence of mutated PI3K induces
resistance to treatment with cetuximab, an EGFR-targeting anti-
body; similar results have been observed in CRC cell lines [Frattini
et al., 2007; Jhawer et al., 2008]. Together, these findings show the
important role that PTEN plays in the control of multiple cellular
processes related to tumorigenesis; however, the role of PTEN during
disease progression in CRC remains unclear.

Lithium is an FDA-approved drug and an important therapeutic
agent for the treatment of patients suffering from bipolar disorders
[D0Souza et al., 2011]. Lithium is also a specific and non-competitive
inhibitor of GSK-3b in vitro and in vivo and mimics the effects of
Wnt/b-catenin signaling on gene expression [Ryves and Harwood,
2001]. Previous studies have shown that patients with mental
disorders who have been treated with lithium carbonate display a
decreased risk of cancer development compared with untreated
patients [Cohen et al., 1998]. Furthermore, lithium administration to
mice with a mutation in adenomatous polyposis coli (APC) does not
increase the number of colonic tumors [Gould et al., 2003]. In this
context, lithium would be considered an anti-cancer agent, due to
these inhibitory effects on cell proliferation in a variety of tumors.
For instance, lithium has been shown to induce G2/M arrest in R6T2
cells, a transformed rat fibroblast cell line, but this arrest is
independent of b-catenin signaling [Tsui et al., 2012]. In
hepatocellular cancer cells, lithium can inhibit cell growth through
mechanisms involving downregulation of Akt and cyclin E, resulting
in cell cycle arrest [Erdal et al., 2005]. Moreover, lithium inhibits the
increase in cell proliferation and migration caused by epidermal
growth factor (EGF) in colorectal cancer cells [Vidal et al., 2011]. On

the other hand, lithium induces a neuroprotective effect and
increases the activity of anti-apoptotic pathways, including the
PI3K/Akt pathway [Rowe and Chuang, 2004]. In neuronal cells,
lithium protects against glutamate-induced cytotoxicity in vitro by
increasing PI3K/Akt pathway activity and inactivating GSK-3b [Liu
et al., 2011]. Certainly, the response to treatment with lithium is
completely different between neuronal and tumor cells due to
differences in underlying genetic factors. Although the biochemical
mechanisms by which lithium affects cells involve PI3K/Akt-PTEN
signaling, the contribution of these mechanisms in CRC is unclear.

In the present study, we analyzed the mechanisms by which
lithium canmodulate events related to CRC progression, focusing on
the role that survival signaling pathways (such as PI3K/Akt and
PTEN) play in this context. We demonstrate that PTEN over-
expression and lithium cooperate to reduce the malignancy of CRC
cells. Therefore, our findings suggest that lithium and PTEN can be
potential candidates for studies to identify new therapeutic
approaches for CRC treatment.

MATERIALS AND METHODS

MATERIALS
Rabbit polyclonal anti-PTEN, rabbit polyclonal anti-a tubulin,
rabbit monoclonal, anti-GSK-3b, anti-phospho-GSK-3b (pSer9),
anti-Akt, and anti-phospho-Akt (ser473) were purchased from Cell
Signaling Technology (Danvers, MA). Mouse anti-GAPDH (6C5) was
purchased from Santa Cruz Biotechnology (Dallas, TX). The
secondary antibodies peroxidase-conjugated goat anti-rabbit IgG
and goat anti-mouse IgG were obtained from Invitrogen Co. Lithium
chloride (LiCl) and SB216763 (3 - (2,4-Dichlorophenyl) -4 (1-
methyl-1H-indol-3-yl)-1H-spiro-2,5-dione) were purchased from
Sigma–Aldrich Co. (St. Louis, MO).

CELL CULTURE AND TREATMENTS
The human colon cancer cell lines HT-29 and HCT-116, which were
obtained from ATCC (Rockville, MD), were used in this study. HT-29
cells (ATCC, HTB-38) are moderately differentiated and contain
mutant forms of P53 and APC [Flatmark et al., 2004]. HCT-116 cells
(CCL-247) grow inmultiple layers, are incapable of polarization, and
contain mutant forms of K-Ras and b-catenin [Ahmed et al., 2013].
The cells were grown in Dulbecco0s Modified Eagle0s medium
(DMEM) (Invitrogen Co.) supplementedwith 10% fetal bovine serum,
penicillin G (60mg/l) and streptomycin (100mg/l) at 37°C in a
humidified atmosphere of 5% CO2/air. The cells were treated with
lithium chloride at concentrations of 20mM or 50mM and,
depending on the assay performed, were incubated for 24, 48 or
72 h. For pharmacological inhibition of GSK-3b, the inhibitor
SB216763 was administered at final concentrations of 5mM or
10mM for 24, 48, or 72 h in the proliferation assay.

CELL LYSATES AND WESTERN BLOT ANALYSIS
Total cell lysates were obtained by incubating the cells in lysis
buffer: 1% Triton X-100, 0.5% sodium deoxycholate, 0.2% SDS,
150mMNaCl, 2mMEDTA, 10mMHepes (pH 7.4), 20mMNaF, 1mM
orthovanadate and a protease inhibitor cocktail (Sigma–Aldrich Co.)
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(1:100 dilution) for 30min at 4°C. After centrifugation at 10,000g for
10min at 4°C, the supernatant was removed and stored at�20°C for
subsequent analysis. Equal amounts of cell protein (30–40mg/lane),
quantified by the BCA protein assay kit (BioRad, Hercules, CA), were
electrophoretically separated by SDS-PAGE in 10% gels and
transferred to nitrocellulose membranes with a semi-dry transfer
cell (BioRad) at 10V for 60min. The membranes were blocked for 1 h
with TBS-T (20mM Tris-HCl, pH 7.6; 137mM NaCl; and 0.1%
Tween-20) containing 5% low-fat dried milk or with 1% BSA
(Sigma–Aldrich Co.) and incubated overnight with primary anti-
bodies. After washing, the membranes were incubated for 1 h with
the appropriate peroxidase-conjugated secondary antibodies. The
proteins were visualized using an enhanced chemiluminescence kit
(GE Healthcare). The optical densities of the band images from three
independent experiments were quantified using Lab-Works 4.6
software (BioRad).

CELL PROLIFERATION ASSAY
HT-29 (103 cells/mL) and HCT-116 (2� 104 cells/mL) were cultured
in 96-well plates in the presence or absence of LiCl for 24, 48, or 72 h.
After these culture periods, the cells were fixed with ethanol for
10min and incubated with a crystal violet solution (0.05% crystal
violet and 20% methanol) for an additional 10min. The cells were
washed twice with water and then solubilized with methanol. Then,
the absorbance at 595 nm was measured with a SpectraMax 190
spectrophotometer (Molecular Devices, Sunnyvale, CA).

WOUND-HEALING ASSAY
Cell monolayers were manually wounded by scraping with a pipette
tip. For each plate, 3–5 wounds were generated, and three sites of
regular wounds, verified under the microscope, were selected and
marked. After treatment, the cells were permitted to migrate into the
denuded area immediately after wounding (0 h) and at the end of the
experiment (24 h). The wounds were photographed with an Axio
Observer Z1 microscope (Carl Zeiss Inc., Jena, Germany). The
distance of cell migration into thewounded areawas quantified from
three independent experiments and is represented as percentages in a
graph of cell migration.

FLOW CYTOMETRY
For cell cycle analyses, HT-29 and HCT-116 cells (104–106 cells/
mL) were cultured in 6-well microtiter plates. After the different
treatments, the cells were harvested by trypsinization and washed
once with ice-cold PBS. The cells were then stained in the dark
with 75mM propidium iodide (Sigma–Aldrich Co.) for at least
30min in the presence of 1% Triton X-100. The DNA content was
evaluated by collecting 10,000 events for the cell cycle and sub-G1
analysis using a FACSCalibur flow cytometer and CellQuest
software (BD Bioscience, San Jose, CA). For determination of
apoptosis, the colon cancer cell lines were resuspended in 100mL
of Annexin V binding buffer (0.1M Hepes/NaOH (pH 7.4), 1.4M
NaCl, 25mM CaCl2) containing Annexin V-FITC and PI (1mg/mL)
for 15min. FACS analysis was performed using a FACSCalibur
flow cytometer and CellQuest software (BD Biosciences, San Jose,
CA); the cells negative for both annexin V and PI were considered
viable (survival).

ANCHORAGE-DEPENDENT AND -INDEPENDENT COLONY
FORMATION ASSAYS
For anchorage-dependent colony formation assays, the cells were
seeded at a low density (500 cells/well) for 4 h in 12-well plates. After
the different treatments, the ability of a single cell to form a colony
was monitored for 10 days. Treatment with 20mM lithium or
doxycycline (to induce PTEN overexpression) was continuous
during the 10 days. At the end of the experiment, the cells were
fixed with 100% ethanol for 10min and subsequently incubated
with a solution containing 0.05% crystal violet in 20% ethanol for
10min. After the cells were washed with distilled water, the crystal
violet was eluted with 100% methanol and then spectrophotometri-
cally (595 nm) quantified using a SpectraMax 190 spectrophotom-
eter (Molecular Devices, Sunnyvale, CA). For anchorage-
independent colony formation assays, the cells (500 cells/well)
were seeded into a 12-well plate previously coated with 1mL of a
semi-solid medium containing 0.3% agarose. After 10 days of
treatment, the colonies formed were observed and counted with an
Axio Observer Z1 microscope.

INVASION ASSAY
To analyze cell invasion, a transwell with a 6.5mm polycarbonate
filter and 8mm pore size (Costar, NY) was coated with 20ml
Matrigel

1

(BD Biosciences) diluted with DMEM to a proportion of
1:10 and incubated at 37°C for 30min. The transfected cells
(3� 104), in 200ml of serum-free medium, were seeded in the upper
chamber of the transwell, and 10% FBS was added as a chemo-
attractant in the lower chamber. After 24 h of incubation, the upper
surface of the membrane was scrubbed with a cotton swab. The
invading cells on the lower membrane were fixed with ethanol and
stained with crystal violet. The number of invading cells was
expressed as the average of four random fields observed under the
microscope. Cells transfected to overexpress PTEN were treated with
doxycycline for 5 days before the experiment and throughout the
course of the assay.

ZYMOGRAPHY ASSAY
Equal numbers of transfected cells were seeded and left untreated or
treated with doxycycline for 24 h in the presence of serum. After
24 h, the supernatants were collected, normalized for total protein
concentration using the BCA protein assay kit (BioRad) and
subjected to SDS-PAGE with 10% (v/v) gels containing 0.2% gelatin
(Sigma–Aldrich Co.). After electrophoresis, the gels were washed
twice (30min each at room temperature) in 10mM Tris/HCl, pH 8.8
containing 2.5% Triton X-100, then incubated in activation buffer
(5mM CaCl2, 0.02% NaN3, and 50mM Tris/HCl, pH 8.0) at
37°C overnight. The next day, the gels were stained with Coomassie
Brilliant Blue R-250 and distained in 10% (v/v) acetic acid and 40%
(v/v) methanol. The gelatinolytic activity of MMPs was detected as
transparent bands on the blue background. The gels were scanned for
quantification by optical density with the Lab-Works 4.6 software.

PLASMID CONSTRUCTIONS, PRODUCTION OF RECOMBINANT
LENTIVIRUS AND INFECTION OF HT-29 AND HCT-116 CELLS
To create the plasmid pLENTI-CMV/TO-PTEN, we first obtained the
construct containing human PTEN cDNA from Addgene (plasmid
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#10787, pBabe-puroLFlagHA-PTEN; Cambridge. MA 02139, USA).
BamHI and EcoRI were used to subclone this construct into the
pENTR4 plasmid (plasmid #17424, Addgene), which was later
recombined using Gateway technology (Invitrogen) into the
lentiviral tetracycline-responsive vector pLENTI-CMV/TO (plasmid
#17293, Addgene), thus generating the construct pLENTI-CMV/TO-
PTEN. The tetracycline repressor-expressing vector pLENTI-CMV-
TetR-Blast (Plasmid #17492, Addgene) was used to repress PTEN
expression from the pLENT-CMV/TO vector. HEK-293 cells were
used as viral packaging cells by co-transfection with the packaging
vectors pMDLg-RRE, pRSV-REV, and pMD2-G with pLENTI-CMV-
TetR-Blast or pLENTI-CMV/TO-PTEN for lentiviral transduction by
calcium phosphate precipitation for 24 h. The cell-free virus-
containing supernatant was collected 48 h after transfection, mixed
1:1 with fresh medium, supplemented with 8mg/mL polybrene
(FLUKA Chemie, Buchs, Switzerland), and immediately used for
spin-infection (2� 45min at 400 g, room temperature) of 5� 104

HT-29 or HCT-116 cells. The infected cells were incubated at 37°C for
an additional 24 h, trypsinized, and used in subsequent experiments.

CONSTRUCTION OF HT-29CMV/TO-PTEN AND HCT-116CMV/TO-PTEN

CELLS
HT-29CMV/TO-PTEN and HCT-116CMV/TO-PTEN cells were generated by
transducing HCT-116 and HT-29 wild-type cells with pLENT-CMV-
TetR-Blast and selecting for blasticidin (5mg/mL; Sigma-Aldrich
Co.) resistance for at least 5 days. These cells were then transduced
with pLENT-CMV/TO-PTEN and selected for puromycin (7.5mg/mL;
Sigma–Aldrich Co.) resistance for at least 5 days. Clones were
isolated, and PTEN overexpression was confirmed by immunoblot-
ting of the cultured cells in the presence of 2mg/mL doxycycline
(Sigma–Aldrich Co.).

STATISTICAL ANALYSIS
Statistical analysis of three independent experiments was performed
with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA) using
a one-way ANOVA followed by the Bonferroni post-test for
comparisons between groups. The data were expressed as the
mean� SEM, and differences were considered significant at
P< 0.05.

RESULTS

LITHIUM DECREASES CELL PROLIFERATION THROUGH A GSK-3b-
INDEPENDENT MECHANISM
Glycogen synthase kinase-3b (GSK-3b), a multifunctional serine/
threonine kinase that controls various cellular events including cell
survival and proliferation, can be inhibited by lithium. To determine
the role of GSK-3b in lithium-mediated cell proliferation in CRC, we
initially treated two types of colorectal cancer cells (HT-29 and HCT-
116) with lithium at concentrations of 20 and 50mM for 24, 48, and
72 h. We observed that 20mM lithium reduced cell proliferation in
HT-29 and HCT-116 cells after 72 h of treatment, while 50mM
lithium completely inhibited cell growth. To determine whether the
effects of lithium on cell proliferation were mediated by GSK-3b, we
used another pharmacological inhibitor of this kinase, SB-216763.

Treatment with this inhibitor did not alter HT-29 or HCT-116 cell
proliferation (Fig. 1A). To confirm inhibition of GSK-3b by lithium,
we analyzed the phosphorylation status of GSK-3b by Western blot
using a phospho-ser9 GSK-3b antibody and observed that lithium
induced the phosphorylation of GSK-3b in HT-29 and HCT-116
cells; this effect was more evident upon treatment of the cells with
50mM lithium (Fig. 1B). Because lithium decreased cell proliferation
and the GSK-3b inhibitor SB-216763 had no effect, the possibility
exists that the effects of lithium are mediated by cell cycle
alterations. To test this possibility, we analyzed cell cycle profiles
by flow cytometric analysis of DNA content. As shown in Table I,
after 24 h, 20mM and 50mM lithium treatment led to an
accumulation of HT-29 cells in the G2/M phases of the cell cycle,
with greater sensitivity observed upon treatment with the lower dose
of lithium. In contrast, HCT-116 cells showed G2/M phase arrest only
upon treatment with 50mM lithium (Table II). Our finding that
50mM lithium inhibits cell growth may suggest that high
concentrations of lithium might induce apoptosis in these cell lines.
To address this hypothesis, we analyzed the apoptotic response by
annexin V/PI-based flow cytometric analysis. We found that only
treatment with 50mM lithium significantly increased apoptosis in
both cell lines after 48 h and 72 h of treatment, whereas 20mM
lithium did not induce apoptosis (Fig. 2). Overall, these findings
indicate that a low dose of lithium can reduce cell proliferation by
arresting the cells in G2/M phase, while a high dose of lithium
(50mM) can induce cell death by apoptosis. Furthermore, the results
suggest that these events are independent of GSK-3b inhibition.

TREATMENT WITH LITHIUM RESULTS IN DECREASED LEVELS OF
TOTAL AND PHOSPHORYLATED Akt
The PI3K/Akt pathway is frequently activated in human cancer to
induce cell survival. Because lithium induced apoptosis in the
colorectal cancer cells, we investigated whether this cell death
correlated with the Akt status. As shown in Figure 3A-B, both HT-29
and HCT-116 cells displayed elevated levels of total and phosphory-
lated Akt, and treatment with lithium for 24 h caused a depletion of
total Akt protein levels that was accompanied by decreased Akt
phosphorylation in a dose-dependent manner. Considering that
lithium induced apoptosis and decreased the total protein levels of
Akt, the endogenous levels of PTENmay differ between the cells lines
examined. This difference could explain the higher sensitivity of HT-
29 cells to lithium. Therefore, we analyzed the levels of endogenous
PTEN in HT-29 and HCT-116 cells lines by immunoblotting before
and after lithium treatment. Our results demonstrate that HT-29 cells
express higher levels of PTEN than HCT-116 cells and that lithium
could induce a gradual decrease in PTEN levels after 24 h; this effect
was more evident in HCT-116 cells (Fig. 3C). Taken together, these
observations provide evidence that a reduction in Akt levels is
implicated in lithium-induced growth control of colorectal cancer
cells.

INDUCED EXPRESSION OF PTEN AND LITHIUM TREATMENT
INCREASED APOPTOSIS
A series of studies have suggested that PTEN inactivation plays an
important role in various cancer types. Accordingly, PTEN over-
expression could be able to enhance the anti-tumor effect of
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chemotherapy drugs. Here, we observed that 20mM lithium does not
induce apoptosis and that a reduction in PTEN levels can represent a
mechanism for cell survival in our study. Therefore, to gain further
mechanistic insights into the effects of lithium on cell death by

apoptosis, we generated a tetracycline-inducible lentiviral system to
overexpress PTEN in HT-29 and HCT-116 cells. Figure 4A shows that
PTEN protein levels increased in the presence of doxycycline in both
cell lines and that this increase appears to be time-dependent. To
confirm that the increased expression level of PTEN obtained in the
inducible system is functional, we verified the phosphorylation
status of Akt, a downstream target of PI3K that is inactivated by
PTEN activity. As shown in Figure 4B, a decrease in the level of p-Akt
was observed when PTEN overexpression was induced with
doxycycline for 72 h in both cell lines.

Next, we further investigated the relative importance of PTEN
expression upon treatment with a low dose of lithium (20mM). First,
we observed that induced overexpression of PTEN alone decreased
HT-29 and HCT-116 proliferation after 72 h. Transfected cells that
were not exposed to doxycycline and treated with 20mM lithium
displayed decreased cell proliferation, and transfected cells that were
treated with both doxycycline and lithium demonstrated a greater
reduction in cell growth, which was more pronounced in HT-29 cells
(Fig. 5A). We further investigated whether the decreased prolifer-
ation after treatment with low doses of lithium in cells over-
expressing PTEN was due to the induction of cell death. By

TABLE I. Cell-Cycle Distribution Analysis in HT-29 Cell After
Treatment With Lithium

Time point

Treatment Phase 24 h 48 h 72 h

Control G1 47.4� 1.9 40.5� 4.3 53.4� 7.6
S 27.0� 3.1 26.5� 1.5 23.4� 2.5

G2-M 30.0� 0.2 33.0� 2.5 27.5� 1.2
20mM G1 42.8� 4.8 46.5� 7.7 46.0� 4.6

S 20.0� 1.7
��

22.1� 3.4� 10.3� 2.5�
G2-M 42.8� 4.1� 48.7� 3.6

��
40.9� 0.6�

50mM G1 26.5� 8.6
���

25.3� 6.2
��

35.5� 2.0
��

S 44.8� 3.6
��

23.3� 4.0 40.5� 2.7
��

G2-M 37.3� 0,1� 48.8� 2.4
��

43.6� 6.8
��

Results represent the average of a minimum of 3 replications (� SD).
�
P< 0.05.

��
P< 0.01.

���
P< 0.001.

Fig. 1. Lithium inhibits proliferation in cancer colon cells. (A) Cell proliferation assay using the crystal violet technique. HT-29 and HCT-116 cells were untreated or treated with
20mM or 50mM of lithium and the GSK-3b inhibitor SB-216763 for 24, 48 and 72 h. Lithium treatment decreased cell proliferation in both cell lines after 72 h (P< 0.05), but
SB-216763 treatment did not affect cell proliferation compared with the control. (B) Representative Western blotting and densitometric analyses of phospho-GSK-3b (ser9) in
HT-29 and HCT-116 cells untreated or treated with lithium for 24 h. The results represent the mean� SEM of three independent experiments performed in triplicate, ANOVA
(�P< 0.05, ��P< 0.01).
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performing annexin V/PI-based flow cytometric analysis, we
observed that HT-29 transfected cells that were not exposed to
doxycycline and treated with 20mM lithium demonstrated an
increase in apoptosis, but this increase was not significant.
Conversely, transfected HT-29 cells cultured in the presence of
doxycycline and treated with lithium displayed increased apoptosis
during the 72 h of treatment (Fig. 5B). Importantly, apoptosis was
evident in HCT-116 cells that overexpress PTEN only after 72 h of
treatment with lithium (Fig. 5B). Collectively, these results suggest
that a low dose of lithium induces apoptosis in cells that overexpress
PTEN.

INDUCED OVEREXPRESSION OF PTEN AND LITHIUM TREATMENT
INHIBITS ANCHORAGE-DEPENDENT AND ANCHORAGE-
INDEPENDENT COLONY FORMATION
Because the ability of tumor cells to form anchorage-dependent and
anchorage-independent colonies constitutes an important param-
eter to measure tumorigenic potential in vitro, we evaluated the
effects of induced PTEN overexpression and lithium treatment in HT-

29 and HCT-116 cells on colony formation. Figure 6A shows that
induced PTEN overexpression significantly reduced anchorage-
dependent colony formation and that colony formation was
abolished in both types of transfected cells in the absence or
presence of doxycycline plus treatment with lithium. We next
assessed the effect of induced PTEN overexpression on anchorage-
independent growth using a soft agar colony formations assay.
Doxycycline-induced PTEN overexpression significantly inhibited
the colony growth of HT-29 and HCT-116 cells, and lithium
treatment in cells that had not been exposed to doxycycline also
reduced the number and size of the colonies. Additionally, the
reduced colony number was more evident when the cells were
treated with lithium in the presence of doxycycline (Fig. 6B). These
results suggest that the combination of induced PTEN over-
expression and treatment with lithium leads to a reduction in the
tumorigenic potential of colorectal cancer cells.

INDUCED OVEREXPRESSION OF PTEN AND LITHIUM TREATMENT
INHIBIT CELL MIGRATION AND INVASIVENESS
Cell migration and invasion are well-known critical steps of cancer
progression that facilitate metastasis. To further explore the roles
that doxycycline-induced PTEN overexpression and lithium play in
these events, we first assessed the migratory potential of the HT-29
and HCT-116 cells using a wound-healing assay. Cells treated with
doxycycline (to overexpress PTEN) exhibited decreased cell migra-
tion compared to cells that had not been treated with doxycycline.
Both transfected cells with no induced PTEN overexpression plus
lithium and cells with induced PTEN overexpression plus lithium
showed decreased cell migration in HT-29 and HCT-116 cells,
indicating that the effect on cell migration was due to lithium
treatment in this case (Fig. 7). Next, the effects of induced PTEN
overexpression and lithium treatment on invasiveness were
determined using invasion chambers coated with Matrigel. HT-29
and HCT-116 cells overexpressing PTEN clearly exhibited decreased
invasive capacities compared to cells that did not overexpress PTEN.
Furthermore, the reduction of invasiveness was greater in cells with

TABLE II. Cell-Cycle Distribution Analysis in HCT-116 Cell After
Treatment With Lithium

Time point

Treatment Phase 24 h 48 h 72 h

Control G1 56.0� 6.8 59.8� 7.3 61.9� 5.6
S 30.9� 3.3 25.7� 1.2 17.1� 3.3

G2-M 19.9� 2.5 21.8� 1.5 19.6� 3.8
20mM G1 54.0� 4.5 58.9� 5.9 51.6� 3.8�

S 25.2� 2.9 15.9� 3.1 18.7� 3.1
G2-M 22.6� 2.2 27.4� 8.1 28.7� 3.2�

50mM G1 49.4� 10.9 37.7� 12.6
��

33.4� 5.0
���

S 20.0� 4.8 20.6� 6.4 23.5� 1.0
G2-M 30.4� 6.2� 41.5� 8.3

��
43.0� 4.0

���

Results represent the average of a minimum of 3 replications (� SD).
�
P< 0.05.

��
P< 0.01.

���
P< 0.001.

Fig. 2. Lithium induces apoptosis in colorectal cancer cells. HT-29 and HCT-116 cells were treated with 20 and 50mM lithium for 24, 48, and 72 h. After treatment, apoptosis
was detected by flow cytometry using Annexin V/PI staining. The number of apoptotic cells was expressed as a percentage. Lithium significantly induced apoptosis at a
concentration of 50mM in HT-29 and HCT-116 cells. The results represent the mean� SEM of three independent experiments performed in triplicate, ANOVA (�P< 0.05,
��P< 0.01).
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PTEN overexpression and treated with lithium compared to cells
without PTEN overexpression and treated with lithium (Fig. 8A).
Invasion is a consequence of not only the breakdown of cell-cell
junctions and increased migration of tumor cells but also focal

proteolysis of the extracellular matrix. Because induced PTEN
overexpression decreased the invasive potential of the cells, we next
analyzed whether PTEN overexpression could also regulate MMP
activity. We performed a zymography assay and observed that the

Fig. 3. Lithium decreases the protein levels of Akt and PTEN. HT-29 and HCT-116 cells were incubated with 20 and 50mM lithium for 24 h. Cell lysates were prepared to
Western blott with total anti-Akt (A), anti-p-Akt (ser473) (B), and anti-PTEN (C) antibodies. Lithium caused a decrease in the total levels of Akt, inhibited the activity of Akt, and
decreased the PTEN levels in the cells. The graphic represents the densitometry of the levels of total Akt, p-Akt and PTEN as a percentage of the control values. The results
represent the mean� SEM of three independent experiments performed in triplicate, ANOVA (�P< 0.05, ��P< 0.01, ���P< 0.001). GAPDH anda-tubulin proteins were used as
loading controls.

Fig. 4. PTEN overexpression in HT-29 and HCT-116 cells and effect on Akt phosphorylation. (A) HT-29 and HCT-116 cells were co-transfected with lentivirus containing the
tetracycline-dependent repressor of the tetracycline operator (pLENT-CMV-TetR-Balst) and lentivirus containing wild-type PTEN (pLENT-CMV/TO-PTEN). The cells were grown
in medium with or without doxycycline for 24, 48 or 72 h, and PTEN expression was analyzed by Western blot. (B) Representative Western blot analysis showing that PTEN
overexpression induced a decrease in phospho-Akt. The a-tubulin protein was used as a loading control.
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Fig. 5. Lithium in combination with PTEN overexpression inhibits proliferation and potentiates cell death. (A) Cells were treated as indicated, and cell proliferation was
determined by the crystal violet assay. PTEN overexpression and lithium treatment alone decreased proliferation, and this effect was most pronounced with both treatments after
72 h (P< 0.05). The results represent three independent experiments performed in triplicate. (B) Quantification of apoptosis in HT-29 and HCT-116 cells. Cells were treated as
indicated, and apoptosis was assessed by flow cytometry. Note that induced expression of PTEN increased apoptosis in cells treated with 20mM lithium. The number of apoptotic
cells was expressed as a % of the total apoptotic cells. The results represent the mean� SEM of three independent experiments performed in triplicate, ANOVA (�P< 0.05,
��P< 0.01).

Fig. 6. The impact of PTEN overexpression and lithium treatment on anchorage-dependent and anchorage-independent colony formation. (A) Representative images and
quantification of anchorage-dependent colonies from cells overexpressing PTEN and treated with lithium that were stained with crystal violet. The bar graphs show the means of
the relative cell numbers as determined by the resultant absorbance at 595 nm. (B) Anchorage-independent colony formation from a soft agar colony assay. The bar graphs
corresponding to cells overexpressing PTEN and treated with lithium show the means of the numbers of colonies that were quantified in the selected fields by optical microscopy.
The error bars indicate the mean� SEM (n¼ 3); �P< 0.05, ��P< 0.01, ���P< 0.001, as determined by an ANOVA test.
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induced overexpression of PTEN decreased the levels of secreted
MMP-2 and MMP-9 (Fig. 8B). These results indicate that induced
PTEN overexpression inhibits cell migration and invasion of
colorectal cancer cells and suggests that the loss of PTEN could be
involved in metastasis.

DISCUSSION

In cancer, lithium acts as an anti-cancer agent alone [Matsebatlela
et al., 2012] or auxiliary to chemotherapy and radiotherapy [Gupta
et al., 2014]. Lithium is a reversible inhibitor of GSK-3bwith an IC50
of 2mM and acts by both directly competing with Mg2þ to reduce
the Mg2þ ATP-dependent kinase activity of GSK-3b and indirectly

reducing phosphatase activity to increase the inactive form of GSK-
3-b [Gupta et al., 2012]. GSK-3b is a pluripotent serine-threonine
kinase with numerous target molecules and has been implicated in
the regulation of metabolism, proliferation, and gene transcription
[Beurel et al., 2015]. In this context, the inactivation of GSK-3b and
the subsequent deregulation of b-catenin have been implicated in
CRC tumorigenesis, but the molecular mechanisms underlying the
effects of lithium during CRC progression have not been defined.

Our results demonstrate that lithium inhibits cell proliferation in
HT-29 and HCT-116 at a low dose (20mM) but completely blocks cell
growth at a high dose (50mM). The observed changes in cell cycle
profiles (accumulation of cells in G2/M phase) when the cells were
exposed to lithium are likely the primary reason for the decreased cell
proliferation. Similar results have been observed in other cancer cell

Fig. 7. PTEN and lithium decreased cell migration in colorectal cancer cells. Cell migration was evaluated using the wound healing assay. HT-29 and HCT-116 cells
overexpressing or not overexpressing PTEN and treated with lithium were grown until they were confluent. Then, the cells were scratched, and the migration of cells into the
scratched regions was monitored after 24 h. PTEN overexpression decreased migration, and the same effect was observed when these cells were treated with lithium.
Bar¼ 100mm. The results represent the mean� SEM of three independent experiments performed in triplicate (���P< 0.01).
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models, such as hepatocellular carcinoma [Erdal et al., 2005] and
esophageal cancer [Wang, 2008], where 20mM lithium inducedG2/M
phase arrest. A recent studyusing the colon cancer cell line SW480has
shown that the inhibition of proliferation caused by lithium induces
the accumulation of reactive oxygen species and reduced expression
of NF-kB [Li et al., 2014]. Lithium also inhibits cell proliferation
caused by EGF treatment by arresting cells in G2/M phase in Caco-2
colorectal cancer cells [Vidal et al., 2011]. However, lithium has been
shown to stimulate cell proliferation of human breast cancer cells, but
a low therapeutic concentration of lithium (1-5mM) was used in that
study [Suganthi et al., 2012]. Indeed, differences in the genetic factors
underlying the different cell lines and the tested concentrations of the
drug could explain the contradictory effects on cell proliferation after
lithium treatment. Lithium is well-known to induce GSK-3b
inactivation and subsequent stabilization of nuclearb-catenin, which
can regulate the cyclin-dependent kinase Cdc2/cyclin B1 complex
that controls passage through the G2/M transition. Thus, our result
demonstrating that the inhibitor of GSK-3b, SB216763, does not
affect cell proliferation (Fig. 1A) strongly suggests that the effect on
cell cycle arrest observedhere is specific to lithiumand independent of
GSK-3b.

Although low dose of lithium reduced cell proliferation in both cell
lines, our results show that HT-29 cells are more sensitive to lithium

than HCT-116 cells (Fig. 1A). One possible explanation for the
differential effect of lithium is differences in the genetic features of
these two cell lines, such as altered cell signaling pathways or
mutations inP53,APC,andK-Ras. Lithiumtreatmenthasbeen shown
to induce apoptosis in various human malignant tumors, but the
mechanism by which this occurs has not been resolved. Similarly,
other studies have shown that high doses of lithium (50 and 100mM)
increasesapoptosis throughactivationof caspase-2 and-7 in caspase-
3-deficient MCF-7 cells [Suganthi et al., 2012]. Furthermore, lithium
has been shown to inhibit cellular proliferation in combination with
the regulation of the expression of genes involved not only with the
apoptosis signaling pathway [Zhang et al., 2005] but also with the
production of inflammatory cytokines [Matsebatlela et al., 2012]. In
CRC, lithium induced apoptosis through a mechanism that is
independent of p53 activity with increased production of TNF-a
and FasL, two death-receptor ligands that activate the extrinsic
apoptosis pathway [Kaufmann et al., 2011]. Whether this mechanism
occurs in our models remains to be elucidated.

Survival signaling pathways, such as PI3K/Akt, are also targets of
lithium. Here, we observed that lithium decreased Akt protein levels,
which was accompanied by decreased levels of phosphorylation of
Ser473 (Fig. 3). Decreased Akt levels after lithium treatment has also
been described in hepatocellular carcinoma cells, but the mechanism

Fig. 8. Effects of PTEN overexpression and lithium on the invasiveness of colorectal cancer cells. (A) HT-29 and HCT-116 cells overexpressing PTEN were seeded on a Matrigel
invasion chamber. After 24 h, the invading cells were quantified as described in the Material and Methods section. The results represent the mean� SEM of three independent
experiments performed in triplicate, ANOVA test (�P< 0.05, ���P< 0.01). (B) The supernatants were collected from HT-29 and HCT-116 cells overexpressing PTEN, andMMP-2
and MMP-9 activity was evaluated by a zymography assay.
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by which the protein is degraded was not addressed in that study
[Erdal et al., 2005]. Additionally, treatment with other drugs, such as
Hsp90 inhibitors [Basso et al., 2002], a VEGF receptor inhibitor
[Riesterer et al., 2004], and TNF-a [Medina et al., 2005], has also been
shown to induce apoptosis by depletion of Akt.

We observed that GSK-3b undergoes inhibition of site-specific
phosphorylation at the serine 9 residue in response to lithium
treatment (Fig. 1B). GSK-3b is known to be an Akt substrate and can
be inhibited by phosphorylation. Surprisingly, in our study, we
observed increased phosphorylation of GSK-3b at ser9 despite
decreased protein levels and Akt phosphorylation. We speculate that
the observed increase in GSK-3b phosphorylation probably results
from inhibition of a phosphatase protein that normally actives GSK-
3b by removing a phosphate from the regulatory serine, as reported
by Mora et al., 2002. Additionally, lithium treatment of neuronal
cells has been shown to induce Akt activation, which is essential for
cell survival. However, the differential and tissue-specific expression
of the three Akt isoform (Akt1, Akt2, and Akt3) are important to note
and may be factors that are responsible for different responses
[Hers et al., 2011]. For example, Akt1 displays a wide tissue
distribution and is implicated in cell growth and survival [Dummler
and Hemmings, 2007], whereas Akt3 is more tissue-restricted (with
expression primarily in the brain) and can exert protective functions
[Easton et al., 2005].

Here, the inducible overexpression of PTEN decreases the levels of
Akt phosphorylation and inhibits cell growth in colorectal cancer
cells. Surprisingly, the anti-proliferative effect of lithium on cells
that overexpress or do not overexpress PTEN was high compared
with those that overexpress PTEN alone. PTEN overexpression by
adenovirus has been shown to result in the induction of G2 cell cycle
arrest and apoptosis in colorectal cancer cells but not in normal
colon fibroblast cells [Saito et al., 2003]. In addition, the mechanism
by which PTEN suppresses cell growth has been shown to depend on
phosphatase activity to downregulate signaling through the Akt
[Fang et al., 2007]. Therefore, because PTEN overexpression
decreases Akt phosphorylation, the inhibition of cell growth
observed in our study may occur via PTEN phosphatase activity.
PTEN downregulation after lithium treatment has also been observed
in ovarian cancer cells and involves the activation of b-catenin to
regulate the transcription factor of PTEN, Erg1 [Lau et al., 2011].
Further studies are necessary to address whether this transcription
factor is involved in the results observed in the present study.

We further showed that induced PTEN overexpression inhibited
colony formation and displayed a synergetic inhibitory effect in
combination with lithium on the formation and number of colonies,
strongly suggesting a reduced tumorigenic capacity of HT-29 and
HCT-116 cells. Recently, a study has shown that PTEN over-
expression leads to the inhibition of anchorage-independent growth
in lung cancer cells, in which reduced transcriptional activity of NF-
kB was observed [Akca et al., 2011]. We also showed that induced
PTEN overexpression combinedwith lithium inhibited cell migration
and invasion of HT-29 and HCT-116 cells. A previous study has
shown that lithium inhibits the motility and invasion of glioma cells
[Fu et al., 2014]. Additionally, lithium drastically inhibits cell
motility and compromises the invasive phenotype of v-Src-trans-
formed cells independent of v-Src tyrosine kinase inhibition or Wnt

signaling [N�eel et al., 2009]. The mechanism by which lithium in
combination with PTEN overexpression exerts these effects in
colorectal cancer cells requires further elucidation.

Invasion is a critical step in the metastatic process, and PTEN may
control this eventbecausePTENknockdownhasbeenshown to increase
the invasion of human colorectal cancer cells [Danielsen et al., 2015].
We demonstrated that inducible PTEN overexpression decreased the
invasion of HT-29 and HCT-116 cells, which may be a consequence of
the low MMP-2 and MMP-9 activity in cells overexpressing PTEN, as
showed infigure 8. Recent studies have suggested that the loss of PTEN
expression (83%) ismore prevalent in advanced stage colorectal cancer,
particularly inmetastatic disease [Rychahou et al., 2008]. Although this
relationship remains to be elucidated, the loss of PTEN expression may
correlate with poor prognosis in colorectal cancer patients due to the
increased potential for metastases.

In conclusion, we have shown that lithium has important effects
on events related to the progression of colorectal cancer cells. Our
study suggests that lithium treatment induces cell death at high
doses but requires PTEN overexpression at low doses. Lithium also
downregulated and inactivated the pro-survival Akt signaling
pathway, whichmay be one possible cause of the increased apoptosis
in colon cancer cells. Finally, we demonstrate that induced PTEN
overexpression is an important contributor to controlling the
migration and invasion of cancer cells and that the combination of
PTEN overexpression with lithium treatment has cooperative effects.
Taken together, our results suggest that lithium and PTEN may be
strong candidates for further studies of anti-invasive and anti-
proliferative agents for new therapeutic approaches in CRC.
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