Forkhead box protein O1 mediates apoptosis
in a cancer cervical cell line treated with the
antitumor agent tumor necrosis factor-o
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ABSTRACT. Tumor necrosis factor-o (TNF-a)) is an important pro-
apoptotic cytokine, which performs a broad range of immune and
inflammatory functions in several vital processes. TNF-a-induced
apoptosis has been confirmed, however, relatively little is known
regarding the role of forkhead box class-O 1 (FOXO1) in mediating
TNF-a-induced apoptosis in cervical cancer. In our study, we used the
well-characterized cervical cancer cell line C-33A to investigate the
role of FOXO1. The results showed that the antitumor agent TNF-a
increased the expression level of FOXO1 (P < 0.05) and enhanced its
transcriptional activity (P < 0.05). Furthermore, knockdown of FOXO1
repressed TNF-a-induced apoptosis and caspase-3, 8, and 9 expressions
(P <0.05). Collectively, these findings suggest that TNF-o upregulated
the transcriptional factor FOXO1, leading to an increased expression of
apoptotic gene, which leads to an increase in apoptosis.
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INTRODUCTION

Tumor necrosis factor-o (TNF-a) is an important pro-apoptotic cytokine, which per-
forms a broad range of immune and inflammatory functions in several vital processes. TNF-a
exerts its broad range of biological activities by activating several different signaling path-
ways that can affect diverse functions such as inflammation, survival, or cell death (Navarro
and Mora, 2005; Navarro and Mora-Fernandez, 2006). TNF-a-induced apoptosis has been
confirmed, however, the potential mechanism through which TNF-o induces apoptosis via the
activation of transcription factors remains unclear.

A class of candidate transcription factors that could mediate pro-apoptotic genes
comprise the forkhead box class-O (FOXO) winged helix transcription factors (Birkenkamp
and Coffer, 2003). The mammalian FOXO family consists of four family members: FOXO1
(FKHR), FOXO3 (FKHRL1), FOX04 (AFX), and FOXO6, which share the highly conserved
forkhead DNA-binding domain (Burgering and Kops, 2002; Accili and Arden, 2004; Furuka-
wa-Hibi et al., 2005). The FOXO factors have been shown to play crucial roles in a variety
of biological processes, including gluconeogenesis, cell cycle arrest, apoptosis, atrophy, and
oxidative and stress response (Calnan and Brunet, 2008).

The transcription factor FOXO1 is essential for regulating cell death, inhibiting cell
cycle progression, and modulating differentiation in various cell types. Accumulating evidence
considers FOXO1 as a tumor suppressor and inducer of the expression of a large number of
pro-apoptotic extracellular and intracellular mediators such as Fas ligand (FasL), TNF-related
apoptosis-inducing ligand (TRAIL), and caspases (Brunet et al., 1999; Alikhani et al., 2005a).
In numerous cell types, the activation of the FOXO family leads to apoptosis, particularly
when its expression or activation is prolonged (Burgering and Medema, 2003; Gilley et al.,
2003). Because of the increased expression of pro-apoptotic factors, caspase activity is also
increased, and apoptosis is induced (Alikhani et al., 2004; Huang and Tindall, 2007).

In the attempt to better understand the mechanistic process of TNF-a-induced apop-
tosis, the goal of the present study was to explore the transcription factor FOXO1-mediated
TNF-a-induced apoptosis in a human cervical cancer C-33A cell line.

MATERIAL AND METHODS
Cell culture and media

The cervical cancer C-33A cells used in the study were obtained from the Shanghai
Institutes for Biological Sciences (Shanghai, China). Cells were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM, Invitrogen, USA) supplemented with 10% fetal bovine serum
(Hyclone, USA), 100 U/mL penicillin, and 100 U/mL streptomycin in a humidified atmo-
sphere containing 5% CO, at 37°C.

Recombinant human TNF-a was purchased from Sigma-Aldrich (USA). TNF-a was
dissolved in sterile phosphate buffered saline (PBS) containing 0.1% endotoxin-free recombi-
nant human serum albumin.

Immunocytochemistry

Cells were seeded on 24-well plates in 500 pl of DMEM and incubated overnight.
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DMEM was removed, and the cells were fixed in 4% formaldehyde for 15 min at room tem-
perature. After washing briefly with cold Tris-buffered saline (TBS), pH 7.4, cells were per-
meabilized with 0.5% Triton X-100 for 10 min. After blocking with 10% normal goat serum,
the cells were incubated with anti-human FOXO1 (1:50, sc-374427, Santa Cruz, CA, USA)
at 4°C overnight. This was followed by incubation with a goat anti-mouse IgG-FITC (1:100,
Bioss, Beijing, China) for 1 h at 37°C. Antibodies were removed from the cells by rinsing with
TBS, following which they were mounted on slides with 90% glycerol. Fluorescence was im-
mediately observed by using an Olympus DP72 microscope (Tokyo, Japan).

Small interfering RNA (siRNA) knockdown experiments

Experiments were carried out in C-33A cells seeded on 6-well plates that were at 70%
confluence and then transfected with the siRNA or appropriate scramble controls by using
the Lipofectamine 2000 transfection reagent following manufacturer instructions. The siRNA
duplexes and Lipofectamine 2000 were obtained from Invitrogen (Carlsbad, CA, USA). Three
different siRNAs for the human FOXO1 (siRNA-1325, siRNA-1461, and siRNA-1731) were
designed based on standard criteria. They were named based on the position of the first base
pair in FOXO1 mRNA. Control siRNA duplexes did not have any silencing effect.

Cell apoptosis

Cell apoptosis was measured by flow cytometry. The harvested cells (1 x 10°) were
washed with cold PBS and fixed in cold 70% ethanol overnight. For flow cytometric analysis,
the cells were incubated with 40 pg/mL propidium iodide and 100 pg/mL DNase-free RNase
A'in PBS at 37°C for 30 min. Cells were analyzed by fluorescence-activated cell sorting on an
FACSCalibur flow cytometer (San Francisco, CA, USA).

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

Total RNA was extracted from 1 x 10° cells by using Trizol reagent (Invitrogen)
according to manufacturer instructions and used for qRT-PCR analysis. Next, 1 g total
RNA was reverse transcribed into complementary DNA by using the Prime Script RT
reagent kit (Takara, Shiga, Japan). The qPCRs were performed in an 1Q5 detection system
(Bio-Rad, Hercules, CA, USA) by using the SYBR Premix Ex TagTM (TaKaRa). Relative
gene expression was determined by using the CT method. Primers used for amplifications
were as follows: P-actin-sense (5'-gacgtggacatccgcaaag-3') and [-actin-antisense
(5'-ctggaaggtggacagegagg-3'); caspase-8-sense (5'-gggtaatgacaatctcggactct-3') and caspase-
8-antisense (5'-ttcaaaggtcgtggtcaaage-3"); caspase-9-sense (5'-tctggaggatttggtgatgtc-3') and
caspase-9-antisense (5'-cattttcttggcagtcaggtc); caspase-3-sense (5'-atcacagcaaaaggagcagttt-3')
and caspase-3-antisense (5'-acaccactgtctgtctcaatge-3'). Beta actin, a non-regulated
housekeeping gene was used as an internal control to normalize the input of cDNA. Experiments
were performed in triplicate and repeated at least three times.

Western blotting

Total protein was quantified by using the BCA Reagent Kit (Pierce, Rockford, IL,
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USA), with bovine serum albumin as a standard. Equal amounts of protein (20 ng) from each
sample were size-fractionated by 8-12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride membrane by using a
Bio-Rad wet blot transfer apparatus. The membranes were blocked in 5% skim milk in PBS
containing 0.01% Tween 20 at room temperature for 1 h. The membranes were probed with
primary antibodies specific for FOXO1, Caspase-3 (25546-1-AP, San Ying, Wu Han), Cas-
pase-8 (13423-1-AP, San Ying, Wu Han), and Caspase-9 (10380-1-AP, San Ying, Wu Han) at
4°C overnight. They were then incubated with goat anti-mouse (bs-0296G-HRP, Bio-Synthe-
sis, Beijing, China) or anti-rabbit secondary antibodies (bs-0295G-HRP, Bio-Synthesis, Bei-
jing, China) for 1 h and visualized by enhanced chemiluminescence. Western blotting quanti-
fication was performed by using the Photoshop software (Berkeley, CA, USA). We evaluated
the gene expression as an optical densitometric (OD) ratio, which was scored as the density of
the gene fluorescent reactivity relative to that of f-actin.

Statistical analysis

All statistical analyses were carried out by using the Statistical Package for the Social
Sciences version 17.0 software (SPSS, Inc., Chicago, IL, USA). Analysis was performed with
the one-way analysis of variance (ANOVA). Data are reported as means = SD for experiments
performed at least three times. Results were considered to be statistically significant with P
value <0.05.

RESULTS
TNF-o increases the expression of FOXO1

The C-33A cells were stimulated with TNF-a, and its effect on the expression of
FOXOI1 was examined by immunocytochemistry (Figure 1A), and mRNA levels were de-
termined by qRT-PCR (Figure 1B and C). In the absence of TNF-a, the expression level of
FOXO1 was markedly decreased as compared with TNF-a treatment (P < 0.05). Moreover,
the TNF-a stimulated the expression of FOXO1 in a dose- (Figure 1B) and time-dependent
manner (Figure 1C) as compared to the unstimulated cells (P < 0.05). The optimal TNF-o. con-
centration and time for stimulating FOXO1 expression were 20 ng/mL and 24 h, respectively.
These results showed that TNF-a induced FOXO!1 expression and enhanced the transcrip-
tional activity of FOXOI1.

Identification of siRNA for the knockdown of FOXO1 expression

These experiments were carried out to silence FOXO1. Three siRNAs, specific for
knocking down human FOXO1 were designed and designated as siRNA-1325, siRNA-1461,
and siRNA-1731. The sequence of siRNAs is summarized in Table 1. Cells were seeded on
6-well plates and transfected with different siRNAs for 6 h. After total RNA isolation, the level
of FOXO1 expression was examined by qRT-PCR. The mRNA level of FOXO1 was decreased
significantly by siRNA-1461 but not siRNA-1461 and 1731 (P <0.05). The siRNA-1461 was
the most effective and therefore used in further experiments. The effects of each siRNA on
silencing FOXO1 are shown in Figure 2.
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Figure 1. A. Tumor necrosis factor (TNF)-a increases the level of Forkhead box protein O1 (FOXO1) expression.
The effect of TNF-ao on FOXO1 expression and activation was measured by quantitative reverse transcription
polymerase chain reaction. B. C-33A cells were incubated with increasing concentration of TNF-a for 12 h. Total
RNA was extracted from cells treated with TNF-a at 0, 10, 20, 40, or 60 ng/mL. TNF-a (20 ng/mL) was the optimal
concentration (P < 0.05). C. Cells were incubated with 20 ng/mL TNF-a for increasing length of time. Total RNA
was extracted from cells treated with 20 ng/mL TNF-a for 0, 6, 12, and 24 h. Treatment with TNF-a at the 6-h time
point showed the highest expression of FOXO1 (P < 0.05). Results are reported as means + SD for three separate
experiments. **P < (0.05. The experiments were performed three times with similar results.

Table 1. Sequence of several different siRNA used in silencing FOXO1.

siRNA Sequence

siRNA-1325 Sense: 5’CCCUCGAACUAGCUCAAAUTT 3'
Antisense: SSUUUGAGCUAGUUCGAGGGTT3'

siRNA-1461 Sense: 5’CCCAGUCUGUCUGAGAUAATT3'
Antisense: SSUUAUCUCAGACAGACUGGGTT3'

siRNA-1731 Sense: S'GAGGUAUGAGUCAGUAUATT3'

Antisense: SUAUACUGACUCAUACCUCCTT3'

Inhibition of FOXO1 blocks TNF-a-induced apoptosis

After FOXO1 had been knocked down, its role in the TNF-a-induced apoptosis was
investigated by flow cytometry. The C-33 A cells were transfected with siRNA-1461 for 6 h and
then treated with 20 ng/mL TNF-a for 24 h. Control cells were seeded similarly but not treated
with TNF-a. As expected, siRNA-1461 alone and siRNA-1461 plus TNF-a had very little ef-
fect on apoptosis (P < 0.05). However, treatment with TNF-o without siRNA-1461 caused a
significant increase in apoptosis as compared with the other groups (P < 0.05). Collectively,
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these results indicate that the silencing of FOXO1 significantly repressed TNF-a-induced apop-
tosis in cervical cancer C-33A cells. The results are shown in Table 2 and Figure 3.
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Figure 2. Silencing effect of different siRNA on forkhead box protein O1 (FOXO1) expression. Human C-33A
cells were transfected with different siRNAs (siRNA-1325, siRNA-1461, or siRNA-1731) for 6 h. FOXO1 gene
expression was measured by quantitative polymerase chain reaction. Results showed that control siRNA did not
affect the mRNA level of FOXO1. Transfection with siRNA-1461 significantly decreased the expression of FOXO1
as compared with siRNA-1325 or siRNA-1731 (P < 0.05). Results are reported as means + SD of three separate
experiments. **P < 0.05. The experiment was performed three times with similar results.

Table 2. TNF-o-induced apoptosis via FOXO1.

Group Apoptosis (%)
Control 17.4
siRNA-1461 2.4
siRNA-1461 + TNF-a 3.0
TNF-o 34.0

Inhibition of FOXO1 represses TNF-a-induced caspase activity

Western blot analysis and qRT-PCR methods were used to assess the effect of FOXO1
on apoptosis involving TNF-a-induced caspase activity. To study the effects of deficiency
on the expression of FOXO1, this transcription factor was knocked down by using specific
siRNA. As expected, siRNA-1461 significantly reduced the mRNA (Figure 4A) and protein
(Figure 4B) expressions of the pro-apoptotic genes, caspase-3, 8, and 9 (P < 0.05). However,
TNF-a significantly increased the levels of these genes as compared with the control group (P
< 0.05). In contrast, the control group showed no effects on TNF-a-induced caspase activity.
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Figure 3. Forkhead box protein O1 (FOXO1) mediates tumor necrosis factor (TNF)-a-induced apoptosis. C-33A
cells were transfected with different sSiRNA for 6 h and then treated with 20 ng/mL TNF for 24 h. The extent of
apoptotic activity was tested by flow cytometry, which showed a significant difference among different groups. The
results indicated that siRNA-1461 and siRNA-1461 + TNF-a groups showed significantly decrease apoptotic activity
compared with control group (P < 0.05). Apoptosis was significantly increased in TNF-a-treated group as compared
with control group (P < 0.05). Data are reported as means + SD of three independent experiments (**P < 0.05).
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Figure 4. Silencing of forkhead box protein Ol (FOXO1) reduces tumor necrosis factor (TNF)-a-induced caspase
activity. Cells were transfected with siRNA-1469 for 6 h and stimulated with TNF-o (20 ng/mL) for 24 h. A. Real-time
reverse transcriptase polymerase analysis of caspase-3, -8, and -9 expression. B. Western blot analysis of caspase-3,
-8, and -9 of the same samples. Beta actin staining was included as a loading control. Statistical analysis of caspase-3,
-8, and -9 expression after western blot quantification by using the Photoshop software. TNF-a significantly increased
levels of caspase-3, -8, and -9 as compared with the control group (P < 0.05). Results are reported as means = SD of
three separate experiments (**P < 0.05). The experiment was performed three times with similar results.
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DISCUSSION

TNF-a is a pleiotropic cytokine, which performs various cellular activities, including
apoptosis in several normal and disease-related processes. Previous reports demonstrate that
TNF-a acts in multiple ways to enhance the expression of genes that promote apoptosis and
diminish the expression of those that inhibit apoptosis (Alikhani et al., 2003).

Recent reports demonstrate that one of the crucial intracellular signaling events in
TNF-o-induced apoptosis is the sequential activation of caspases, a family of cysteine prote-
ases (Chun et al., 2013). Two categories of caspases that are important for apoptosis have been
recognized, including the initiators and executioner caspases. The initiator caspases such as
caspase-8 and -9, are activated in the earlier phase of apoptosis, while the executioner caspases
such as caspase-3, are activated by initiator caspases and are responsible for dismantling cells
(Ravindran, 2009). Caspase-8 participates in the extrinsic (cytoplasmic) pathway of apopto-
sis whereas the intrinsic (mitochondrial) pathway is modulated by caspase-9 (Mcllwain et
al., 2013). TNF-a induces apoptosis through activation of caspase-3 by both caspase-8- and
caspase-9-dependent pathways (Alikhani et al., 2004, 2005b).

Many studies have showed that the transcriptional regulator FOXO1 is involved in
TNF-o-induced apoptosis and mediates pro-apoptotic gene expression (Furukawa-Hibi et al.,
2005; Alikhani et al., 2007) in fibroblasts, osteoblasts, and diabetes (Alikhani et al., 2005a;
Alblowi et al., 2009; Behl et al., 2008). However, relatively little is known regarding its in-
volvement in cervical cancer. We first examined the expression level of the transcriptional fac-
tor, FOXO1, in four different cervical cancer cell lines (HeLa, Caski, SiHa, and C-33A). Our
results confirmed that two well-characterized cell lines, C-33A and Siha expressed FOXO1 at
the highest and lowest levels, respectively (Zhang et al., 2015).

We therefore selected the C-33 A cell line for further studies. We functionally silenced
FOXOL1 in the C-33A cell line by using a specific siRNA, and the central importance of
FOXO1 was established through our experiments.

Our results suggest that silencing FOXO1 not only significantly reduced TNF-
a-induced apoptosis but also decreased TNF-a-induced caspase-3, -8, and -9 activities
in cervical cancer cells. These results are similar to previous findings with other cancers
(Alikhani et al., 2004, 2005b). Collectively, the presented data provide the first evidence
that FOXO1 activation plays a vital role in TNF-a-induced apoptosis. Furthermore, we
provide the first evidence that FOXO1 is involved in mediating the extrinsic (cytoplas-
mic) and intrinsic (mitochondrial) apoptosis signaling pathways in cervical cancer cells.
Taken together, we identified a novel apoptotic pathway involving a TNF-a-FOXO1 tran-
scriptional cascade, although the specific mechanism by which these actions are mediated
remains to be clarified.
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