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Abstract. Desipramine (DMI) has been reported to induce
glucocorticoid receptor-mediated signal transduction in recent
studies. It has been suggested that a non-glucocorticoid
receptor signaling pathway might play an important role in
skin squamous carcinoma Ca3/7 cells. The aim of this study
was to investigate the growth inhibitory effects of DMI on
Ca3/7 cells by evaluating the mRNA expression of genes
related to apoptosis and cell cycle progression. Hoechst
nuclear staining and DNA fragmentation assays were used to
detect apoptosis, and the cell cycle was analyzed by flow
cytometry. Apoptotic bodies in the nuclei of cells and DNA
fragmentation were observed when the Ca3/7 cells were
treated with 20 M DMI for 24 h. Quantitative RT-PCR
(reverse transcriptional-polymerase chain reaction) showed
that DMI caused a decrease in Bcl-2 and survivin but not
Bcl-xL gene expression and an increase in the expression of
Bax, Apaf-1, caspase-3 and caspase-7 in a dose- and time-
dependent manner. DMI also caused translocation of the
apoptosis-inducing factor from the cytoplasm to the nucleus
as well as cell cycle arrest in the Ca3/7 cells. Quantitative
RT-PCR revealed that DMI decreased the expression of the
PCNA gene and caused an increase in the expression of the
p21 and p27 genes in the Ca3/7 cells. Our results showed that
DMI inhibited the growth of Ca3/7 cells by inducing both
apoptosis and cell cycle arrest.

Introduction

The tricyclic antidepressant desipramine (DMI) inhibits the
uptake of norepinephrine and is used primarily for the

Correspondence to: Dr Margaret Hanausek, Department of
Pharmacology, University of Texas Health Science Center at San
Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229, USA
E-mail: hanausek @uthscsa.edu

Key words: SENCAR mice, apoptosis, cell cycle arrest,
desipramine

treatment of depression. Recent studies have demonstrated
that antidepressants decrease the risk of breast cancer
development (1-4). On the other hand, several studies have
reported that antidepressants increase the risk of non-
Hodgkin lymphoma and prostate cancer (5,6), and it is still
controversial what effect tricyclic antidepressants have on
lung, breast and colon cancer cells (7-9). Both in vitro and
in vivo studies indicate antidepressants are cytotoxic to most
malignant cells, particularly colon and breast cancer (10-12).
The induction of apoptosis by DMI has been demonstrated to
be significant in colon cancer, glioma and renal tubular cells
(13-19). In these studies, an increase in intracellular calcium
and caspase-3 appear to play a pivotal role in the induction of
DNA fragmentation. The relationship between DMI and
cancer cell survival is still equivocal and not fully understood.
DMI is thought to exert its effects on glucocorticoid receptor
(GR) function by modulating membrane steroid transporters
and to exert an inhibitory effect on cell growth (20-22). Anti-
depressants induce translocation of GR from the cytoplasm
into the nucleus (23). Moreover, DMI was found to induce an
increase in GR-mediated transcription in a mouse fibroblast
cell line (22). A chief action of DMI on growth inhibition
might directly modulate GR by facilitating GR translocation
to the nucleus.

Our previous study found that both the papilloma cell line
MT1/2 and the squamous cell carcinoma cell line Ca3/7, but
not the non-tumorigenic cell line 3PC, were resistant to growth
inhibition by glucocorticoids (24). It was shown that MT1/2
and Ca3/7 cells were resistant to glucocorticoids due to an
alteration of GR function, but not due to a reduction in GR
expression or gene mutation. In our previous study (25), the
ATP-bioluminescence assay was used to estimate the cell
viability of the three murine keratinocyte cell lines, non-
tumorigenic 3PC, papilloma-derived MT1/2 and squamous
cell carcinoma-derived Ca3/7, treated with DMI. We
hypothesized that DMI causes a growth inhibitory effect,
particularly on Ca3/7 cells by inducing GR translocation from
the cytoplasm to the nucleus. However, we found that DMI
caused a decrease in the cell viability in 3PC, MT1/2 and
Ca3/7 cells, but this was not due to any significant effect on
GR-mediated signal transduction. It was also suggested that a
non-glucocorticoid receptor signaling pathway might play a
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Table I. Primer sequences used for genes expression quantification.
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Gene Forward primer (5'-3") Reverse primer (5'-3")

f3-actin CATCCTGGCCTCGCTGTC CTCGTCGTACTCCTGCTTGGT

p21 CTCAGACACCAGAGTGC GACAGTGAGCAGTTGCG

p27 TCAAACGTGAGAGTGTCTAACGG AGGGGCTTATGATTCTGAAAGTCG
PCNA GATGTGGAGCAACTTGGAAT AGCTCTCCACTTGCAGAAAA

Bcl-2 CTCGTCGCTACCGTCGTGACTTCG CAGATGCCGGTTCAGGTACTCAGTC
Bcl-xL TGGAGTAAACTGGGGGTCGCATCG AGCCACCGTCATGCCCGTCAGG
Bax TGAAGACAGGGGCCTTTTTG AATTCGCCGGAGACACTCG

Apaf-1 AGTAATGGGTCCTAAGCATGTTG GCGATTGGGAAAATCACGTAAAA
Survivin ATCCACTGCCCTACCGAGAA CTTGGCTCTCTGTCTGTCCAGTT
Caspase-3 TCTGACTGGAAAGCCGAAACT AGGGACTGGATGAACCACGAC
Caspase-7 CTGAGGAGGACCACAGCAACT ACCGTGGAGTAAGCAAAGAGG

more important role in the growth inhibition by DMI. It is
presently not known why apoptosis and/or arrest of cell cycle
progression are associated with the growth inhibitory effects of
DMI. Therefore in the present study, we studied the effect of
DMI on apoptosis and arrest of cell cycle progression in Ca3/7
cells using DNA fragmentation and apoptotic body analyses
and flow cytometry, respectively.

Materials and methods

Chemicals and cell culture. The Ca3/7 cell line was obtained
from squamous cell carcinomas induced in SENCAR mice
by the standard two-stage DMBA/TPA protocol as
previously described (25). Ca3/7 cells were cultured in
Eagle's minimal essential medium with 0.05 mM of Ca*
supplemented with 4% charcoal-extracted, heat-inactivated
fetal bovine serum, insulin (5 pg/ml), epidermal growth
factor (5 ng/ml), transferrin (10 xg/ml) O-phosphoethano-
lamine (10 xM), ethanolamine (10 xM), glutamine (2 uM),
penicillin (50 U/ml) and streptomycin (50 ng/ml). Cells were
treated with DMI purchased from Sigma Aldrich Co. (St.
Louis, MO) and cultured in an incubator with humidified air
with 5% CO, at 37°C. As an untreated solvent control, cells
were treated with ethanol at a final concentration <0.1%.

Immunocytochemistry. A key mediator of apoptosis,
mitochondrial function and cell survival is the apoptosis-
inducing factor AIF. In the present study, we investigated the
effect of DMI on AIF translocation in murine skin cancer
cells using an anti-AIF antibody. To improve AIF antibody
penetration, cells were permeabilized with 0.2% Triton X-100
before exposure to the anti-AIF antibody (Santa Cruz
Biotechnology, Santa Cruz, CA). Slides were incubated with
the anti-AIF antibody and treated with Cy2-conjugated
secondary antibody (Jackson ImmunoResearch, West Grove,
PA). The cells were mounted with DAPI containing anti-fade
mounting medium (Vectashield; Vector Laboratories, Inc.,
Burlingame, CA) and viewed with an epi-fluorescence
microscope (Olympus Optical Co., Ltd., Melville, NY). For
negative controls, the slides were incubated with 10% normal

goat serum containing 0.6% Triton X-100 instead of the
primary antibody showing a lack of specific immuno-
reactivity. To examine the relation between the growth
inhibition of Ca3/7 cells and the induction of apoptosis, we
carried out Hoechst staining in addition to DNA fragmentation
analysis (described below). Apoptotic bodies were observed
in the nuclei of the cells treated with 10 and 20 uM of DMI
for 24 h. For a fluorescence cytochemical study, the cells
were plated on poly-D-lysine-coated wells at a density of
2x10° cells/well and exposed to DMI for 24 h. The cells were
rinsed with PBS and fixed with methanol for 40 min
followed by 75% ethanol for 1 h at room temperature. The
fixed cells were stained with propidium iodide (Sigma
Aldrich) in PBS for 10 min at room temperature and
examined using a fluorescence microscope.

DNA fragmentation analysis. For DNA fragmentation
analysis, the cells were plated on a 10-mm culture dish at a
density of 2x10¢ cells/dish and exposed to different
concentrations of DMI for 24 h. The cells which attached to
the bottom of the dish were scraped off and collected
together with unattached cells by centrifuging at 800 x g for
5 min at 4°C. The DNA was prepared from the pelleted cells
and applied to a 2% agarose gel containing 0.5 mg/ml of
ethidium bromide for electrophoretic analysis.

Flow cytometry. Cells were plated on a 10-mm culture dish at
a density of 1x10° cells/dish and maintained for 24 h. After
exposing the cells to DMI for the next 24 h, the cells were
harvested by trypsinization, rinsed with PBS, and then fixed
with 70% ethanol for 10 min. The fixed cells were incubated
with propidium iodide (10 yg/ml) and RNase A (10 pg/ml)
in PBS at room temperature for 30 min in the dark, and the
DNA contents of the cells were analyzed using flow
cytometry.

RNA extraction and cDNA synthesis. Total RNA was
extracted from Ca3/7 cells treated with DMI using Trizol
reagent (Invitrogen, Carlsbad, CA) following DNase 1
(Sigma Aldrich) treatment and reverse-transcribed with the
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Figure 1. Induction of apoptosis by DMI in mouse squamous carcinoma
Ca3/7 cells. (A) Hoechst staining was carried out after exposing Ca3/7 cells
to 10 and 20 xM DMI for 24 h. (B) DNA fragmentation was noted after
exposing cells to 20 xM of DMI for 24 h. (C) Translocation of AIF after
treatment with DMI. Ca3/7 cells were treated with vehicle or 20 xM DMI
for 24 h. AIF was visualized by immunostaining using the anti-AIF mono-
clonal antibody. Images of the DAPI and AIF fluorescence patterns were
merged to visualize the nuclear localization.

Control

20 uM DMI

Masterscript™ Kit (5Prime, Inc., Gaithersburg, MD) using
an oligo-dT primer. RNA isolated from vehicle-treated Ca3/7
cells served as controls.

Quantitative RT-PCR. Specific primers for apoptosis- and
cell cycle arrest-related genes were used for real-time PCR as
shown in Table I. Standard quantitative RT-PCR was
performed in triplicate using SYBR Green RealMaster Mix
(Eppendorf North America, Westbury, NY) on the Realplex
MasterCycler (Eppendorf). RT-PCR cycle thresholds (Ct) of
the candidate genes were normalized to B-actin. The formula
2Ct (candidate)/2Ct (control) was used to calculate the
normalized ratios.

Statistical analysis. Data are presented as the mean +
standard deviation (SD). For comparison of the differences
between the groups, ANOVA analysis followed by the
Dunnett's test was used. Differences were considered
statistically significant at a P-value <0.05.

Results

DMI induces apoptosis in Ca3/7 cells. DMI has been shown
to induce apoptosis in several cancer cell lines (13-19). In our
previous study, we also examined the effect of DMI on the
growth of three murine skin cell lines (3PC, MT1/2 and Ca3/7)
representing different stages of skin carcinogenesis. All of
the cell lines were treated with various concentrations of
DMI for 12, 24, 48, 72, and 96 h which resulted in the
suppression of cell growth in a dose- and time-dependent
manner (25). In the present study we focused on the carcinoma-
producing cell line Ca3/7 treated with 1, 10 or 20 M DMI.
After a 24-h incubation with the chosen DMI concentrations
we noted almost no effect at 1 yM, cell viability ~80% at
10 uM and 40% cell viability at 20 yM. To examine the
relation between DMI growth inhibition of Ca3/7 cells and
induction of apoptosis, we carried out Hoechst staining and
DNA fragmentation analysis. Apoptotic bodies were observed
in the nuclei of the cells treated with 20 uM DMI for 24 h
(Fig. 1A). DNA fragmentation was also observed after
exposing the cells to various concentrations of DMI for 24 h
(Fig. 1B). These results revealed that DMI obviously caused
apoptotic damage to Ca3/7 cells, resulting in a decrease in
cell viability as previously described (25).

DMI causes an increase in pro-apoptotic and a decrease in
anti-apoptotic gene expression. We evaluated the expression
of anti-apoptotic and pro-apoptotic genes in Ca3/7 cells at
24,48, and 72 h after treatment with different concentrations
of DMI using quantitative RT-PCR. DMI induced a reduction
in Bcl-2 in a dose-dependent manner following a 24-, 48- and
72-h incubation except for a 72-h incubation with 20 uM
DMI (Fig. 2A). Survivin gene expression was also reduced by
DMI in a dose-dependent manner after 72 h, and a decrease in
mRNA level was also observed in cells treated with 20 uM
DMI after 24 and 48 h (Fig. 2C). In addition, DMI obviously
increased the expression of the Bcl-xL gene in a dose- and
time-dependent manner (Fig. 2B). In contrast, regarding genes
related to the induction of apoptosis, DMI caused an increase
in the expression of Bax (Fig. 2D), Apaf-1 (Fig. 2E), caspase-3
(Fig. 2F) and caspase-7 (Fig. 2G) in a dose- and time-
dependent manner.

DMI induces the translocation of AIF from the cytoplasm to
the nucleus in Ca3/7 cells. To assess the induction of apoptosis
by DMI, we examined the translocation of AIF in Ca3/7 cells
treated with DMI. To evaluate the effect of DMI on the
translocation of AIF, we used an immunofluorescence staining
procedure with an anti-AIF monoclonal antibody (Fig. 1C).
Ca3/7 cells were treated with vehicle or 20 M DMI for 24 h
and then stained for the AIF. After treatment with DMI, the
pattern of staining was diffuse in both the cytoplasm and the
nucleus. DMI is suggested to induce apoptosis in Ca3/7 cells
by the induction of both caspases and AIF. It seems
conceivable that the induction of apoptosis in the Ca3/7 cells
treated with DMI was associated with a reduction in the
expression of the Bcl-2 gene.

DMI causes cell cycle arrest in Ca3/7 cells. To further
characterize the effect of DMI on the growth inhibition of


https://www.spandidos-publications.com/10.3892/ijmm_00000415
https://www.spandidos-publications.com/10.3892/ijmm_00000415

864
A 120
100 -
s 80 -
=
§ 60 :
£ 40 4
i "RIN N
S| E|IE|E|B|IE EIZE|B|E|EE
EDQDEDQDEQOQ
3|E|%|5|8|5|%|5|8|8|%8|%
lE T gl ~lels
24 h 48 h 72h
C 140
120 |
— 100 -
[
£ 80 1
S 60 |
E T . . i
: | IR B N
CIEIE| E|P|IE SIE|P|EIE|E
%OQO‘EQQOEQQQ
§lzz/3(8|2(%|2/8|2|%|2
- o | o - 0| & - | o
- | N - N - N
24 h 48 h 72h
Ezsoo:
2000
£ 1500
=
S 1000
®
500 - ii
slbh L 1 & L X I &
P IEIS I E| P IS S|IE|IPIEIE|=
%nnnzaao%nan
3|5|=5|5|8|%5|%5|5/8|5 /2|2
- o 9 - o - o o
- | N - | ™ - | ™
24h 48h 72h
Gmuu-
900 -
800 -
5 700 ¢
2 600
§500-
400
® 300 |

200
100 -~

c

Control [H
=
-
—
=
-
==
—
=

= E E ®? E E|E ¢ = = =
R EHBEEHEE
= = | o = o =
T 3/5 8% 3338333
“lglw| |21 |~|e|=
24h 48 h 72h

mouse skin carcinoma cells, Ca3/7 cells were exposed to
different concentrations of DMI and then subjected to flow-
cytometric analysis of the cell cycle. As shown in Fig. 3, a low
concentration of DMI (1 yM) increased the number of cells
in the GO/G1 phase with a concomitant decrease in cells in the
S phase, while a high concentration of the drug (20 pM)
significantly decreased the number of GO/G1-phase cells
with a marked increase in the number of cells in the G2/M
phase. A moderate concentration of DMI (10 M) increased
the cell numbers in the GO/G1 and G2/M phases with a
significant decrease in the number of cells in the S phase.
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Figure 2. Expression of anti-apoptotic and pro-apoptotic genes in Ca3/7
cells after treatment with DMI. The gene expression was analyzed at 24, 48,
and 72 h after treatment with 10 and 20 uM of DMI by quantitative RT-
PCR. Expression levels were normalized against 3-actin and were represented
as the percentage of the vehicle-treated control. The following genes were
analyzed for DMI reduction of expression: Bcl-2 (A), Bel-xL (B) and
survivin (C). Genes related to apoptosis induction by DMI: Bax (D), Apaf-1
(E), caspase-3 (F) and caspase-7 (G) were also analyzed. Results are shown
as the mean + SD from triplicate assays. A significant difference (P<0.05)
was measured using ANOVA followed by the Dunnett's test.

Thus, exposure of Ca3/7 cells to DMI caused apoptotic cell
death, which might be largely attributed to the arrest of cell
cycle progression (Fig. 3).

DMI increases the expression of genes involved in the arrest
of cell cycle progression. Cell cycle-related gene expression
in Ca3/7 cells was analyzed at 24, 48 and 72 h after treatment
with 1, 10 and 20 uM of DMI using quantitative RT-PCR.
DMI decreased the expression of PCNA (Fig. 4A) and
concomitantly increased the expression of the p21 (Fig. 4B)
and p27 (Fig. 4C) genes. These results suggest that DMI-
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Figure 3. Flow cytometric analysis of the cell cycle distribution of Ca3/7 cells treated with DMI. Ca3/7 cells were exposed to 1, 10 and 20 xM DMI for 24 h,
and the cell cycle distribution was analyzed. The proportion of cells in the G1 phase increased in a dose-dependent manner after exposure to DMI from 0 to10 M
(A, B and C, respectively), while 20 uM DMI increased the proportion of cells in the G1 phase with a marked increase in cells in the G2/M phase and a

concomitant decrease in cells in the S phase (D). The percent distribution is shown in E.
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induced apoptotic cell death is largely associated with the
arrest of cell cycle progression.

Discussion

The present study demonstrated that DMI induces growth
inhibition through the induction of apoptosis and arrest of cell
cycle progression in mouse skin squamous cell carcinoma
cells. These findings are in agreement with previous studies
which found that DMI inhibited cell proliferation and
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Figure 4. Expression of cell cycle-related genes in Ca3/7 cells after
treatment with DMI. Gene expression of cell cycle-related genes in Ca3/7
cells was analyzed at 24, 48 and 72 h after treatment with 1, 10 and 20 xM
of DMI by quantitative RT-PCR. Expression levels were normalized against
B-actin and were represented as the percentage of the vehicle-treated control.
DMI induced a reduction in the expression of the PCNA gene (A) while
increasing the expression of the p21 (B) and p27 (C) genes. Results are
shown as the mean + SD from triplicate assays. A significant difference
(P<0.05) was measured using ANOVA followed by the Dunnett's test.

induced apoptosis in osteosarcoma cells, prostate cancer, colon
cancer, renal tubular and glioma cells (14,15,26-29) and
caused cell cycle arrest in colon cancer cells (13). In this study,
we found a decrease in mRNA expression of Bcl-2 and
survivin. We also found that mRNA expression of caspase-3
and -7 was increased after DMI treatment in a time- and dose-
dependent manner. The involvement of caspase-3 was also
demonstrated by Qi et al (14). It is conceivable that DMI
induces apoptosis via the mitochondrial pathway, which
causes release of cytochrome ¢ from the mitochondria to the
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cytoplasm which subsequently activates caspases to induce
DNA fragmentation. A previous study found that DMI may
cause non-oxidative apoptotic damage to different types of
carcinoma cells through either a non-mitochondrial or a
mitochondrial pathway, which may be related to different
sensitivities of these cancer cells to this drug (13,28).
Moreover, DMI caused arrest of cell cycle progression in
either the GO/G1 or G2/M phase, which might be dependent
upon the concentration of DMI. Furthermore, DMI was
found to increase the intracellular calcium concentration and
mRNA expression of caspase-3 in renal tubular and glioma
cells (14,15). An increase in intracellular calcium also induced
apoptosis in skin squamous carcinoma cells (30). We also
found that the growth inhibition of Ca3/7 cells by DMI seems
to be dependent on the extracellular calcium concentration
(data not shown). In conclusion, the mRNA level of caspases,
translocation of AIF to the nucleus and induction of apoptosis
as well as the mRNA level of Bcl-xL from the anti-apoptotic
Bcl-2 gene family were increased by DMI in our study.
Gascoyne et al demonstrated that the GR binding site present
in the promoter region of Bcl-xL was observed in dexa-
methasone-treated fibrosarcoma by transcriptionally activating
GR which then regulated the expression of Bcl-xL (31).
Spiegelman et al previously reported that Ca3/7 cells were
resistant to glucocorticoids without alteration of GR
expression and gene structure when compared to 3PC and
MT1/2 cells (24). These findings suggest that Bcl-xL may
play a pivotal role in mediating the anti-apoptotic effects of
glucocorticoid in Ca3/7 cells. Huang et al reported that an
increase in mRNA expression of Bcl-2, inhibition of caspases
and apoptosis were induced by a low concentration of DMI
(19). It is possible that the Bcl-2 family may be a key target
in DMI-induced cell viability. Furthermore, the expression
balance of the Bcl-2 family may suggest that DMI causes the
induction of apoptosis at different concentrations in different
cell lines. This idea is conceivable since several studies
reported findings both for and against the association of anti-
depressant use with cancer risk in clinical studies (32-35).
Cell cycle progression is well controlled by the activation
and inactivation of cyclin-dependent kinase (CDK) (9). G1 to
S phase transition is one of the most important steps in the
cell cycle which brings cells to DNA replication followed
by G2 phase and subsequent mitosis. Many types of cancer
cells demonstrate G1 checkpoint abrogation, a common
phenomenon in carcinogenesis. p21 and p27 have been
reported to regulate cell cycle progression by direct inhibition
of CDKs (36) resulting in G2 arrest (37,38). We found that
growth inhibition induced by DMI was associated with
accumulation of the cell cycle in the G1 and G2/M phases.
Cultivation with 20 yM DMI for 24 h increased the
proportion of cells in both the G1 and G2 phases, with a
marked increase in mRNA expression of the CDK inhibitors
p21 and p27. As reported by Arimachi and Morita, DMI
induced cell cycle arrest in the G2/M phase in colon cancer
cells (13). An increase in the expression of p21 was found to
be associated with arrest in the G2/M phase (39,40). DMI
seemed to cause arrest in the G2/M phase at higher doses.
However, the present study as well as previous studies suggest
that DMI may have a different effect on the induction of
apoptosis and the arrest of cell cycle progression at different

KINJO et al: DESIPRAMINE, APOPTOSIS AND CELL CYCLE IN SKIN CANCER CELLS

concentrations. Therefore, the effects of different doses of
DMI on the expression of the anti-apoptotic gene Bcl-xL and
cell cycle progression-related genes CDKs and p53 require
further study.

In conclusion, we showed that DMI inhibits cell viability
by the induction of apoptosis and the arrest of cell cycle
progression in mouse skin squamous cell carcinoma cells. We
suggest that the mitochondrial pathway may be associated
with the induction of apoptosis in Ca3/7 skin cancer cells and
that Bcl-xL may play a pivotal role in mediating the anti-
apoptotic effects. We also suggest that the growth inhibition
induced by DMI may be associated with cell cycle arrest at
the G1 and G2/M points and with increased expression of p21
and p27. Apoptosis has been recently identified as a useful
target in anticancer therapies. Caspase-mediated apoptosis is
a major focus in the field of cancer growth inhibition, as
activation of the proteolytic caspase cascade is a critical
component in the execution of programmed cell death. It is
clear that a better understanding of the mechanism of DMI-
induced apoptosis requires further investigation.
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