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Abstract: As a member of the phenothiazine family, thioridazine (THIO) is a powerful anti-anxiety and anti-psychotic 
drug. In recent years, some research indicated that THIO could suppress the growth of several types of cancer cells. 
However, the effect of THIO on primary ciliogenesis of cancer cells has not been reported so far. In this study, we 
mainly investigated the effect of THIO on primary cilia formation of human lung cancer cells. Our results indicated 
that THIO could promote cell autophagy and further enhance the formation of primary cilia in the cancer cells. Dur-
ing the process, the protein level of BBS4 could be increased in the cancer cells, while the level of OFD1, an inhibitor 
of BBS4, was reduced obviously. In addition, the cancer cells with more primary cilia also showed weaker invasion 
ability than normal ones, and further exploration indicated that THIO treatment might inhibit the EMT process in the 
cancer cells. Therefore, our study indicated that THIO could enhance the primary ciliogenesis of human lung cancer 
cells through the regulation of cell autophagy and further suppress the invasion ability of cancer cells, providing a 
promising strategy for the treatment of human lung cancer as well as other cancers in clinical studies. 
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Introduction 

Thioridazine (THIO), a member of the phenothi-
azine family, was originally used to treat psy-
chotic disorders such as psychosis and schizo-
phrenia [1, 2]. In case of advanced cancer, this 
drug has been used to treat cancer-related 
sweating [3, 4] as well as depression [5]. In 
recent years, some studies demonstrated that 
THIO could inhibit the growth of some cancer 
cell lines [6-8]. It was also indicated to show 
selectivity for cancer stem cells [7, 9]. In addi-
tion, THIO could induce an increase in p53 
expression though neutralizing a crucial regula-
tor of cancer apoptosis, and sensitizes cervical 
and ovarian cancer cells through the PI3K/Akt/
mTOR pathway [6, 10-12]. Thus, THIO is cur-
rently regarded as a potential anti-cancer drug 
administered during chemotherapy [12]. Even 
though THIO-based therapy is considered 
promising for cancer chemotherapy, the detail 
therapy mode and mechanisms still need to be 
investigated intensively. For example, we are 

still unclear which kinds of cancers are most 
sensitive to this drug. Besides, the regulation of 
its cytotoxic effect on cancer cells and healthy 
somatic cells also needs our further explora-
tion. Recently, a study indicated that THIO hold 
an obvious effect to induce autophagy in can-
cer cells [13], and opened a new sight for the 
application of THIO in cancer research.

Autophagy is a destructive cellular process to 
degrade disordered cell organelles as well as 
some protein aggregates, and it can maintain 
cellular homeostasis and holds a dual role in 
cancer development [14-17]. Autophagy was 
initially regarded as a tumor-suppression mech-
anism, as autophagy deficiency in mice promot-
ed the tumor initiation. However, some scien-
tists also found that high level of autophagy 
was required to maintain the high level of 
metabolism in cancer cells. Therefore, autopha-
gy plays different roles in the process of cell 
transformation and transformed cell progres-
sion [17]. Based on the dual roles of autophagy, 
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efforts to inhibit or enhance autophagy to 
improve cancer therapy have thereby attracted 
great interest in recent years [13, 16, 17]. 

The primary cilium is a single, microtubule 
based structure that protrudes from the sur-
face of most mammalian cells, and it functions 
as a cellular antenna that captures signals from 
the environment. Interestingly, loss of primary 
cilium has been observed in kinds of tumors, 
suggesting a potential suppressive role of the 
cilium in cancer development [17, 18]. Scien- 
tists also have demonstrated that the primary 
cilium could regulate multiple signaling path-
ways, such as Shh signaling pathway and Wnt 
signaling pathway, and the dysfunctions of 
such functions are associated with a number of 
cancers [18-21]. More recently, some groups 
began to unveil the bidirectional interaction 
between primary cilium and autophagy [22-25]. 
For example, Tang et al. demonstrated that 
OFD1 could be degraded by autophagy and fur-
ther promote cilia formation under the condi-
tion of serum starvation. In contrast, the inhibi-
tion of autophagy could attenuate satellite 
OFD1 degradation and lead to lower ciliogene-
sis rate and shorter cilia, suggesting a positive 
role of autophagy in ciliogenesis [22]. As the 
presence of cilia can suppress abnormal cell 
vitality, the restoration of the primary cilium in 
cancer cells may be a novel promising approach 
to attenuate tumor growth [17, 26]. Therefore, 
the enhancement of autophagy may hold thera-
peutic action against caner through promoting 
cilia formation. 

Scientists have indicated that THIO hold an 
obvious effect to induce autophagy in cancer 
cells and showed therapy effect [13]. However, 
whether THIO still hold an effect on the forma-
tion of primary cilium is unclear. In this study, 
we mainly explored the role of THIO on the for-
mation of primary cilium in human lung cancer 
cells.

Material and methods 

This study was approved by the Committee on 
the Ethics of Animal Experiments and Human 
Subject Research of Southern Medical Uni- 
versity, and the Ethics Committees of Southern 
Medical University have approved this consent 
procedure.

Cell culture 

Human lung cancer cell line (A549) was 
obtained from the Cell Bank of the Shanghai 
Institutes for Biological Sciences, Chinese 
Academy of Sciences (Shanghai, China). A549 
cells were maintained in F-12K medium (Gibco) 
supplemented with 10% fetal bovine serum 
(FBS; Gibco), and penicillin-streptomycin mixed 
solution. The media were changed every other 
day. The cells were incubated in a humidified 
incubator with 5% CO2 at 37°C, and were pas-
saged by a dilution of 1:4 once every 4 days or 
5 days.

Effect of THIO on cell proliferation

The A549 cells were plated in 96-well plates at 
a concentration of 1.0×105 cells/well, and were 
treated with THIO (Sigma) at different concen-
trations (0 μM, 10 μM, 20 μM, 50 μM and 100 
μM) for 24 h, 48 h, 72 h and 96 h respectively. 
The medium without any cells was used as the 
background group. The proliferation index of 
each group was determined using the CCK-8 
method (Dojindo) according to the manufactur-
er’s instructions [27, 28]. The Proliferation 
index = the absorbance of experimental group 
- the absorbance of blank group, was used to 
measure cell proliferation in our study. 

Cell invasion assay

For cell invasion assay, a trans-well system 
(pore size: 8 μm; Euroclone SPA) was used fol-
lowing the manufacturer’s procedures. The 
A549 cells were seeded into the upper insert 
covered with matrigel at the concentration of 
1×105 cells per insert in serum-free medium. 
Outer wells were filled with F-12K medium con-
taining 10% FBS as a chemoattractant. Then, 
the cells were incubated for 24 hours at 37°C. 
Non-invading cells were removed by swabbing 
the top layer, and cells able to migrate through 
the gel and insert to the lower surface of the 
membrane were stained with crystal violet. The 
number of cells in six random fields was count-
ed for each filter.

Immunofluorescence 

The cells were fixed in 4% formaldehyde for 20 
minutes at 4°C firstly, and further incubated 
with 0.3% Triton X-100 for 20 minutes at room 



Effect of THIO on primary ciliogenesis of lung cancer cells

13962 Int J Clin Exp Med 2017;10(9):13960-13969



Effect of THIO on primary ciliogenesis of lung cancer cells

13963 Int J Clin Exp Med 2017;10(9):13960-13969

temperature. To reduce nonspecific back-
ground staining, the cells were pre-incubated 
with PBS containing 5% BSA for 30 minutes at 
room temperature before staining. For immuno-
fluorescence, the primary antibodies used were 
Mouse anti-human acetylated tubulin (AC-Tub) 
monoclonal antibody (1:1000, Sigma). After 
12-14 hours of incubation at 4°C, the samples 
were washed three times with PBS and pro-
cessed using Goat anti-Mouse IgG Alexa Fluor® 
488 secondary antibody (1:2000, Abcam). The 
mounting medium contained DAPI to highlight 
the cell nucleus. Finally, the sections were 
observed with Axio Fluorescence Microscopy 
(Zeiss, Germany) with AxioCAM MRc5 (Zeiss). 
The number of positive staining cells in six ran-
dom fields was counted for each group. The 
positive staining rate = the number of AC-Tub 
positive staining cells/the number of DAPI posi-
tive staining cells.

Real-time qPCR

For real-time qPCR analysis, 3.0×106 cells were 
homogenized in 1 mL of Trizol reagent 
(Invitrogen), and total RNA was extracted. For 
each sample, RNA (2 mg) was reverse-tran-
scribed using an RT-PCR kit (Takara, Japan), 
and qPCR was performed with a Thermal Cycler 
DiceTM Real-Time System and SYBR Green 
Premix EX TaqTM (Takara). In our study, GAPDH 
was used for qPCR normalization and all items 
were measured in triplicate. All primer sequenc-
es (5’→3’) are as follows: E-Cad Forward (F) 
5’-CGAGAGCTACACGTTCACGG-3’; Reverse (R) 
5’-GGGTGTCGAGGGAAAAATAGG-3’; Cldn3 For- 
ward (F) 5’-AACACCATTATCCGGGACTTCT-3’; Re- 
verse (R) 5’-GCGGAGTAGACGACCTTGG-3’; Ocln 
Forward (F) 5’-ACAAGCGGTTTTATCCAGAGTC-3’; 
Reverse (R) 5’-GTCATCCACAGGCGAAGTTAAT-3’; 
Epcam Forward (F) 5’-AATCGTCAATGCCAGTG- 
TACTT-3’; Reverse (R) 5’-TCTCATCGCAGTCAGG- 
ATCATAA-3’; N-Cad Forward (F) 5’-GGCAAGTT- 
GATTGGAGGGATG-3’; Reverse (R) 5’-TAATGTG- 
CAGGTGCCGGTTCAG-3’; Snail Forward (F) 5’- 
ACTGCAACAAGGAATACCTCAG-3’; Reverse (R) 
5’-GCACTGGTACTTCTTGACATCTG-3’; Slug For- 

ward (F) 5’-TGTGACAAGGAATATGTGAGCC-3’; 
Reverse (R) 5’-TGAGCCCTCAGATTTGACCTG-3’; 
Zeb1 Forward (F) 5’-TTACACCTTTGCATACAGA- 
ACCC-3’; Reverse (R) 5’-TTTACGATTACACCCA- 
GACTGC-3’; IFT20 Forward (F) 5’-GCAGCAACT- 
TCAAGCCCTAAT-3’; Reverse (R) 5’-ACGCCACC- 
TCTTGTGACATAG-3’; IFT88 Forward (F) 5’-GC- 
CGAAGCACTTAACACTTAT-3’; Reverse (R) 5’-GT- 
CTAATGCCATTCGGTAGAA-3’; KIF3a Forward (F) 
5’-GAGGAGAGTCTGCGTCAGTCT-3’; Reverse (R) 
5’-CAGGCTTTGCAGAACGCTTTC-3’; GAPDH For- 
ward (F) 5’-ACCACAGTCCATGCCATCAC-3’; Re- 
verse (R) 5’-TCCACCACCCTGTTGCTGTA-3’.

Western blot

The cell samples were harvested with RIPA lysis 
buffer and the protein content of cell lysates in 
each group was further determined using BCA 
protein estimation kit (Pierce, USA). Equal 
amounts (20 mg) of protein were loaded per 
lane and electrophoresed in a 10% acrylamide 
gel (120 V for 1 h). The protein transfer was fur-
ther performed using nitrocellulose for 1 h at 
100 V. The primary antibodies used were anti-
LC3 (1:500; Santa), anti-p62 (1:500; Santa), 
anti-BBS4 (1:300; Santa), anti-OFD1 (1:400; 
Santa), and anti-GAPDH (1:1000; Santa). Anti-
mouse, rabbit or goat HRP and an Amersham 
ECL kit (GE Healthcare) were further used to 
detect protein. 

Statistical analysis

The results are expressed as means ± SEM, 
and statistical analysis was performed with 
SPSS 17.0. The differences among groups  
were analyzed by one-way ANOVA followed by 
t-tests. P < 0.05 was considered statistically 
significant. 

Results

THIO inhibited A549 cell vitality and primary 
cilia formation

THIO has been demonstrated to hold toxicity to 
cancer cells. Our result also confirmed such 

Figure 1. Effect of THIO on cell vitality and primary cilia formation. A. Effect of THIO on the proliferation ability of 
A549 cells; B. Effect of THIO on the invasion ability of A549 cells; C. qPCR detection of key genes expression dur-
ing MET; D. Evaluation of primary ciliogenesis via immunofluorescence staining of AC-Tub; E. qPCR detection of key 
ciliogenesis genes expression. Similar results were obtained in three independent experiments and all of results are 
expressed as mean ± SEM. For qPCR detection, the gene expression level of the normal cell group was regarded as 
“1.0”, and the relative expression level of the other groups was evaluated. One-way ANOVA followed by a t-test was 
used to compare the various groups, and P < 0.05 was considered statistically significant. *P < 0.05 compared with 
normal A549 cell group.
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conclusion and indicated that the proliferation 
ability of A549 cells could be inhibited with the 
treatment of THIO at the concentration of 50 
μM and 100 μM compared with normal cells 
obviously (P < 0.05). However, THIO at the con-
centration of 10 μM and 20 μM couldn’t influ-
ence cell proliferation (Figure 1A). To avoid the 
influence of THIO cytotoxicity at high concen-
tration on cell proliferation and cell cycle, low 
concentration was chosen for our further study. 
Cell invasion assay indicated that THIO at the 
concentration of 20 μM could inhibit cell inva-
sion ability, even though the concentration 
could not affect cell proliferation. However, 
THIO at the concentration of 10 μM showed no 
obvious effect on the invasion of A549 cells 
(Figure 1B). As epithelial mesenchymal transi-
tion (EMT) was always regarded as the key pro-
cess for cancer cell invasion, we detected 
some key genes expression about EMT herein, 
and found that the expression of epithelial 
genes (E-cad, Cldn3, Ocln and Epcam) could be 

up-regulated with the treatment of THIO at the 
concentration of 20 μM, while the expression 
of mesenchymal genes (N-cad, Snail, Slug and 
Zeb1) were reduced obviously (P < 0.05). 
However, the expression of either epithelial 
genes or mesenchymal genes was not influ-
enced by THIO at the concentration of 10 μM 
(Figure 1C), suggesting that 20 μM might be 
the best concentration for our further research. 
Then, we analyzed the formation of primary cil-
iausing immunofluorescence and qPCR. AC-Tub 
was used to label primary cilia on A549 cells, 
and the staining results indicated that the posi-
tive rate of AC-Tub was increased significantly 
with the treatment of THIO (20 μM) compared 
with the control group (P < 0.05), even though 
the positive staining could be found in all 
groups. Besides, the treatment of THIO also 
could up-regulated the expression of key cilio-
genesis genes, IFT-20, IFT-88 and KIF3a in 
A549 cells at the concentration of 20 μM. 
However, the group of THIO at 10 μM didn’t hold 

Figure 2. Evaluation of autophagy in cells treated with THIO and BAF. A. Western blot detection of autophagy pro-
tein (p62 and LC-3) in cancer cells; B. Analysis of the BBS4-OFD1 pathway in cancer cells. Human A549 cells were 
treated with THIO (20 μM) and BAF (50 nM) for 24 hours. The relative intensity level of the normal cell group was 
regarded as “1.0”, and the relative level of the other groups was evaluated. Similar results were obtained in three 
independent experiments and all of results are expressed as mean ± SEM. One-way ANOVA followed by a t-test was 
used to compare the various groups, and P < 0.05 was considered statistically significant. *P < 0.05 compared with 
normal A549 cell group. #P < 0.05 compared with THIO group.
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obvious effect on primary cilia formation (Figure 
1D, 1E).

THIO regulated primary ciliogenesis and cell 
invasion through cell autophagy

We further evaluated cell autophagy in our 
study, and our results showed that the content 
of p62 in A549 cells could be reduced with the 
treatment of THIO, and the level of LC3-II could 
be increased, accompanied with the decreased 

LC3-I (Figure 2A). Therefore, the ratio of LC3-II/
LC3-I in THIO group was much higher than con-
trol group (P < 0.05). Thus, similar to the previ-
ous research, our study also indicated that 
THIO hold the function to induce autophagy in 
human cancer cells. Scientists have demon-
strated that OFD1 at centriolar satellites func-
tions as a suppressor of primary ciliogenesis 
through sequestering BBS4, and autophagy 
can remove OFD1 from the pericentrosomal 

Figure 3. The rescue effect of BAF on primary ciliogenesis and cell invasion. A. Evaluation of primary ciliogenesis 
via immunofluorescence staining of AC-Tub; B. qPCR detection of key ciliogenesis genes expression; C. Evaluation 
of the invasion ability of A549 cells treated with ThIO and BAF; D. qPCR detection of key genes expression during 
MET. For qPCR detection, the gene expression level of the normal cell group was regarded as “1.0”, and the relative 
expression level of the other groups was evaluated. One-way ANOVA followed by a t-test was used to compare the 
various groups, and P < 0.05 was considered statistically significant. *P < 0.05 compared with normal A549 cell 
group. #P < 0.05 compared with THIO group.
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compartment via the interaction with LC3, and 
further allows BBS4 translocation and cilia 
induction [22, 25]. To further confirm the func-
tion of THIO on primary ciliogenesis in A549 
cells, we detected OFD1 and BBS4 in protein 
level herein. The results indicated that the pro-
tein level of BBS4 was increased with the treat-
ment of THIO, while the level of OFD1 was 
reduced obviously (P < 0.05), indicating that 
THIO could enhance primary ciliogenesis in 
A549 cells via autophagy and BBS4-OFD1 
pathway (Figure 2B).

To further confirm that the function of THIO on 
primary ciliogenesis was mainly through 
autophagy, we used Bafilomycin A1 (BAF) to 
inhibit autophagy in cancer cells. Our results 
showed that BAF could up-regulated the pro-
tein level of p62 and inhibit the transformation 
from LC3-I to LC3-II in THIO treated cells. In 
addition, the regulation of THIO on BBS4 and 
OFD1 was also inhibited by BAF obviously (P < 
0.05) (Figure 2A, 2B). We further detected the 
primary ciliogenesis ability of A549 cells with IF 
staining and qPCR, and we found that the posi-
tive rate of AC-Tub was decreased significantly 
with the treatment of BAF and THIO (20 μM) 
compared with the cells treated with THIO only, 
even though the positive rate in double treat-
ments group was still higher than control group 
(P < 0.05) (Figure 3A). Similar to the staining 
results, the expression of key ciliogenesis 
genes, IFT-20, IFT-88 and KIF3a, was also 
down-regulated in the cells treated with BAF 
and THIO than that treated with THIO only 
(Figure 3B). We further analyzed the cell inva-
sion ability in different groups, and the results 
of cell invasion assay indicated the treatment 
of BAF could rescue the inhibition of THIO on 
A549 cancer cells in some degree, no signifi-
cant difference could be found between the 
double treatment group and the control group 
(Figure 3C). The qPCR result also showed that 
the expression of epithelial genes (E-cad, 
Cldn3, Ocln and Epcam) could be down-regulat-
ed in the double treatment group, while the 
expression of mesenchymal genes (N-cad, 
Snail, Slug and Zeb1) were increased the dou-
ble treatment group obviously, compared with 
the THIO group (P < 0.05) (Figure 3D). Therefore, 
those result indicated that the function of THIO 
on primary ciliogenesis and cell invasion could 
be inhibited in autophagy deficiency cells. 

Discussion

In recent years, THIO has been reported to hold 
the potential to suppress cell proliferation and 
induce cell apoptosis in various types of can-
cers [2, 10, 12, 29, 30]. It also showed thera-
peutic action against lung cancer [9, 31]. 
However, the detailed mechanisms of THIO 
against human cancers still need to be investi-
gated intensively. Therefore, the present study 
mainly revealed that THIO could enhance the 
formation of primary cilia through promoting 
autophagy. Scientists have demonstrated that 
the loss of primary cilia existed during the 
development of tumor, and the restoration of 
the primary cilia in cancer cells have been 
regarded as a novel promising approach to 
attenuate tumor growth as the inhibiting effect 
of primary cilium on cancer cell vitality [17, 25]. 
For example, some studies suggested the dis-
turbed tumor ciliogenesis could promote cell 
invasion ability [17, 32-34]. Our research also 
confirmed the conclusion and indicated that 
THIO treatment could enhance the primary cil-
iogenesis and inhibit cell invasion. Besides, the 
inhibition of autophagy with BAF could sup-
press the primary ciliogenesis and increase cell 
invasion ability of cancer cells. We also found 
that EMT could be inhibited in A549 cells treat-
ed with THIO, and BAF treatment also could res-
cue the inhibition obviously. However, whether 
THIO could affect EMT in lung cancer cells 
directly and lead to the inhibition of cell inva-
sion is still unclear for us and need further 
exploration.

Ciliogenesis is linked to cell-cycle progression 
tightly. The primary cilium starts to develop dur-
ing early G1 phase, and further matures by 
mid/late G1. It starts to disassemble during G2 
phase, and is absent gradually in M phase [35-
37]. Therefore, the delay of cell cycle can 
enhance the formation of primary cilia in theo-
ry. THIO has been demonstrated to hold toxicity 
for kinds of cancer cells [2, 10, 12, 29, 30]. 
While inhibiting cell proliferation and inducing 
cell apoptosis, the treatment of THIO still can 
lead to the delay of cell cycle, and such effect 
should enhance the primary ciliogenesis, and 
disturb our analysis of the relationship between 
autophagy and primary cilia. Therefore, the 
THIO at low concentration (20 μM), which could 
enhance primary ciliogenesis and couldn’t influ-
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ence cell proliferation, was chose for our most 
tests in our research. 

In recent years, few clinical trials about THIO 
were carried out on human cancer patients 
[38], although the anti-cancer effect of THIO 
has been demonstrated in vivo using kinds of 
mouse models [29, 39, 40]. In the clinical stud-
ies of cancer, THIO is mainly applied in cancer 
patients for managing depression and psycho-
sis [38], and there has been only one case 
report of successful treatment with high-dose 
THIO in a cervical cancer patient so far. Because 
the complex mechanisms of the THIO anti-can-
cer effect have not been clarified clearly. 
Besides understanding the therapy mecha-
nisms, we also should pay more attention to 
the concentration of THIO used in human, 
because of its side effects, such as movement 
disorder, cardiac toxicity, and central nervous 
system effect. Some scientists have indicated 
that the concentration of THIO needed to effec-
tively inhibit cancer cell apoptosis may be much 
higher for cancer patients, compared with the 
usual dose that was used in clinic for manage-
ment of psychosis or depression [10, 11, 40]. 
Thus, the toxicity of high-dose THIO used in the 
treatment of cancer should be evaluated care-
fully. In our study, the THIO at low concentration 
was chose and showed the therapy effect 
against cell invasion obviously, indicating that 
low-dose THIO might still hold therapeutic 
action against cancer through promoting auto- 
phagy and primary ciliogenesis. Therefore, our 
study may develop a new therapeutic strategy 
for the treatment of cancers.

Conclusion

In conclusion, our research mainly showed that 
THIO could enhance the formation of primary 
cilia in human lung cancer cells through pro-
moting cell autophagy and BBS4-OFD1 path-
way, and further suppress cell invasion via 
inhibiting EMT process.
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