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Introduction

Esophageal cancer is a common malignant solid tumor, now 

ranking as the sixth leading cause of cancer-related death 

worldwide and the fourth cause death in China. It affects 
more than 450,000 people worldwide and the incidence is 
increasing rapidly (1-4). The overall 5-year survival ranges 
from 15% to 25%, and the best outcomes are associated 
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Background: To study the effect of transient receptor potential C6 (TRPC6) channels on esophageal 
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calipers two times every week. Six weeks after seeding, mice were sacrificed by neck-break. The tumor size 
was measured in volume with caliper and in weigh with scale.
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SKF96365 treatment were arrested in the G2/M phase. CCK-8 test showed that Eca109 ESCC cells received 
both SKF96365 and radiation showed the worst ability of cell proliferation. The same result was obtained in 
vivo. Nude mice received combined radio-SKF96365 showed the smallest tumor size and volume.
Conclusions: TRPC6 plays an important role in development of esophageal cancer, and SKF96365 may 
increase the sensitivity of radiotherapy. TRPC6 may become a new radiotherapy target in esophageal cancer.
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with disease diagnosed in the early stages (5). There are two 
major types of esophageal cancers, squamous cell carcinoma 
and adenocarcinoma, and the esophageal squamous cell 
carcinoma (ESCC) has especially high morbidity and 
mortality in China (6). The high recurrence rate after 
surgery is a main problem. It has reported that adjuvant 
chemo-radiotherapy after surgery can raise the survival 
rate, and the radiotherapy dosage is one of the main reasons 
positively correlation to the treatment effectiveness (7). We 
usually choose lower radiotherapy dosage because of the 
main organs nearby the esophagus. So, the radiosensitivity 
is the important issue we have to research. Ca2+, as a 
ubiquitous second messenger, was reported to be a key 
role in control of gene expression, cell cycle progression, 
apoptosis, proliferation and differentiation in many cancers 
(8,9). Meanwhile, expression and activation of the channels 
in the transient receptor potential (TRP) superfamily were 
found in different cancers (10). 

In our previous study (11), we have reported that expression 
of transient receptor potential C6 (TRPC6) in ESCC 
specimens was markedly enhanced than in normal tissue and 
that inhibition of TRPC6 suppressed ESCC cell growth, 
cell cycle arrest in G2/M phase in culture and in nude mice. 
We used cytosolic Ca2+ imaging to examine whether the 
TRPC6 channels in Eca109 cells were Ca2+ permeable, and 
we have found that TRPC6 channel was Ca2+ permeable and 
Ca2+ influx through TRPC6 channels was critical for G2/M 
phase transition in ESCC cells. So, we suggest that TRPC6 
channel was an important role in the development of human 
esophageal cancer via regulation of cell cycle progression. 

In this study, we have explained the mechanisms how 
TRPC6 regulated cell proliferation and cell cycle. Because 
of its function of G2/M cell cycle blocking, we have studied 
that TRPC6 channel inhibitor enhanced the effect of 
radiotherapy in vivo and in vitro, and TRPC6 may be a new 
target of gene therapy and radiosensitivity of ESCC. 

Methods

Ethics statement

This study was approved by Ethics Committee of 
Zhongshan Hospital, Fudan University for research 
involving animals (No. 2016-155). 

Cell growth assay

Cell growth was estimated by determination of the cell 

number and the colony formation. The cells were seeded 
at an initial density of 6×105 per 60 mm dish. After culture 
for 24 h the cells were treated with 5 μM SKF96365 from 
Calbiochem (Gibbstown, New Jersey, USA) for 0, 6, 12 
and 24 h. The cells were then harvested at the indicated 
time and the numbers were counted using the COULTER 
(Beckman, Fullerton, California, USA).

Cell cycle analysis

Briefly, the cells harvested and fixed were incubated with 
0.2 mg/mL RNase and 10 μg/mL propidium iodide 
(PI). They were then assayed on FACSCalibur (Becton-
Dickinson, Franklin Lakes, New Jersey, USA) and cell 
cycle distributions were analysed by the CellQuest Pro 
software (Becton-Dickinson). All analyses were performed 
in triplicate.

Cell proliferation assay

The cells were seeded at an initial density of 6×105 per  
60 mm dish, and then divided into four groups. After 
culture for 24 h, groups 1 and 2 were treated with 5 μM 
SKF96365 for 8 h. Then groups 1 and 3 were performed 
with radiotherapy with the dosage of 2 Gy per day 
continuously for 5 days. Group 4 received nothing. Briefly, 
experiments were grouped as follows:
 Group 1: SKF96365 + radiotherapy; 
 Group 2: SKF96365 only; 
 Group 3: radiotherapy only; 
 Group 4: control.
Al l  cel l s  were harvested and analyzed the cel l 

proliferation using WST-8 dye (Beyotime Inst Biotech, 
Haimen, Zhejiang, China) according to manufacturer’s 
instruction. Briefly, 5×103 cells/well was seeded in a 96-well 
flat-bottomed plate, grown at 37 ℃ for 24 h, and then dyed 
with 10 μL WST-8. All cells were incubated at 37 ℃ for 2 h 
and the absorbance was finally determined at 450 nm using 
a microplate reader.

Flow cytometry

The cells trypsinized and fixed were then resuspended in 
PBS containing 30 μg/mL PI and 100 μg/mL RNase. After 
incubation at 37 ℃ for 30 min, cells were subjected to cell 
cycle analysis in FACSCalibur (Becton-Dickinson) and data 
were analyzed by WinMDI software.
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Animal
 

Forty-four-week-old male BALB/c nu/nu nude mice were 
housed in a specific pathogen-free environment. The 
Eca109 ESCC cells infected were harvested, washed, and 
suspended in PBS. Then, 7.5×105 cells in 200 μL were 
injected subcutaneously into the right flank regions. Mice 
were checked every 3 days for tumor appearance, and 
tumor sizes were determined by measuring 2 diameters 
with a caliper. Tumor volume (V) was estimated using the 
equation V = ab2/2, where “a” is the maximum length, and 
“b” is the maximum width. Ten mice were included in each 
group. Four days after tumor cells injected, 0.1 mL 5 μM 
SKF96365 was performed by intraperitoneal injection with 
the doze of 20 mg/Kg per day continuously for 7 days. 
Radiotherapy was performed after SKF96365 injected  
2 days later with the dosage of 2 Gy per day continuously 
for 5 days.  One group were performed only with 
radiotherapy as the same dosage, another group were 
performed only SKF96365 as the same. As control, the last 
group received only 0.1 mL normal saline by intraperitoneal 
injection. Briefly, animals were grouped as follows:
 Group 1: SKF96365 + radiotherapy;
 Group 2: SKF96265 only;
 Group 3: radiotherapy only;
 Group 4: control.
Animal s  were  k i l l ed  42  days  a f ter  tumor-ce l l 

implantation. All animal procedures were approved by local 
animal care and use committee.

Statistical analysis

All the experiments were performed at least 3 times, 
and all the values were represented as mean ± standard 
deviation (SD). The results were presented as the means 
with the 95% confidence intervals (CIs) and analyzed by 
the Student t-test. Differences were considered statistically 
significant at P<0.05. 

Results

Blocking TRPC6 channels inhibited ESCC cell growth and 
arrested at G2/M phase

As shown in our previous study, SKF96365, a reagent 
known to inhibit TRPC channels (12), substantially 
increased the percentage of Eca109 cells in G2/M phase 
and reduce that in G0/G1 phase in a time-dependent 
manner. Most of the cells (85.26%), 24 h after the 

treatment, arrest in G2/M phase. In these experiments 
the cell population at subG0 phase was not changed, 
indicating that inhibiting TRPC6 did not induce 
apoptosis in these cells. These results suggested that 
Ca2+ TRP6 was critical for G2/M phase transition of the 
ESCC cells. 

As shown in Figure 1, Eca109 ESCC cells performed 
with SKF96365 were mostly arrest at G2/M phase 8 h 
after SKF96365 treated. Taken together, these results 
suggested that inhibition of TRPC6 caused ESCC cells 
arrested in G2/M phase and subsequently suppressed their 
proliferation.

Blocking TRPC6 channels increased the sensitivity of 
radiotherapy of ESCC in vitro

Based on the flow cytometry result, 8 h after SKF96365 
treated, Eca109 cells were arrested mostly at G2/M phase 
without any apoptosis. As shown in Figure 2, Eca109 cells 
exposed to both radiotherapy and SKF96365 showed 
lowest ability of proliferation compared to those exposed to 
radiotherapy or to SKF96365 alone.

Blocking TRPC6 channels increased the sensitivity of 
radiotherapy of ESCC in nude mice

To provide direct evidence that cells arrested at G2/M 
phase are more sensitive to radiotherapy, we subcutaneously 
injected Eca109 cells into the flank of nude mice. A week 
after implantation, xenografted tumors could be seen. We 
then measured tumor sizes every 4 days within 1 month 
after implantation. When tumor sizes reached 1 cm3,  
the nude mice were received radiotherapy with the dosage 
of 2 Gy per day continuously for 5 days. Tumors formed 
by the cells transfected with SKF96365 grew much 
slower than those formed by the cells transfected with 
nothing. After 6 weeks, all nude mice were killed and the 
tumors were removed and weighed. At the macroscopic 
observation showed in Figure 3, the differences in tumor 
size and volume among the four groups were indicated. 
Statistical analysis showed the tumor mass in SKF96365 + 
radiotherapy, SKF96365, radiotherapy, or control group in 
Figure 4 (P<0.05, SKF96365 + radiotherapy vs. SKF96365 
or radiotherapy). These results suggested that TRPC6 plays 
an important role in development of esophageal cancer, 
and SKF96365 may increase the sensitivity of radiotherapy. 
TRPC6 may become a new radiotherapy target in 
esophageal cancer.
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Discussion

Esophageal cancer is the most rapidly increasing tumor 
type in the world. Globally, esophageal cancer is the sixth 
most common malignancy and fourth most fatal, with 
approximately 500,000 new diagnoses and more than 40, 
000 deaths annually (1). In China, squamous cell carcinoma 
is the predominant histological type, which cost more than 
90% cases. The high recurrence rate post-operation, the 
lower radio- and chemo-sensitivity are the main reason for 
the high mortality. It has reported that the radiotherapy 
dosage is one of the main reason positively correlation to 
the treatment effectiveness (13). We usually choose lower 
radiotherapy dosage because of the main organs nearby the 

esophagus. So, the radiosensitivity is the important issue we 
should face.

Ca2+ channel is the most compressive channel located 
on cell membrane (14). The abnormal expression of Ca2+ 
channel was found in more tumor tissues and cells (15-17).  
The high expression of Ca2+ channel in tumor may 
induce cellular proliferation, apoptosis dysfunction or cell 
migration, while lower expression or none was found in 
normal cells (18-21). TRPC6 is one of the most important 
Ca2+ channel protein, the abnormal change of TRPC6 may 
participate in tumorigenesis (22-24). This is the focus of the 
current research. In our previous study (11), the abnormal 
expression of TRPC6 was involved in ESCC growth, and 
its overexpression may induce tumor cell proliferation, and 

Figure 1 Eca109 cell cycle analyzed by flow cytometry different time after 5 μM SKF96365 treated. The result showed that Eca109 cells 
performed with SKF96365 were mostly arrest at G2/M phase 8 h after SKF96365 treated.
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Figure 2 Eca109 cells exposed to combined SKF96365-radiation showed poorest ability of proliferation compared to others (*, P<0.05).

Figure 3 Forty nude mice were divided into four groups as shown above. The differences in tumor size and volume among the four groups 
were obvious.
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then break the balance between proliferation and apoptosis. 
If TRPC6 gene expression blockaded, human ESCC 
cells arrest mostly at G2/M phase, meanwhile, tumor 
cell proliferation decreased by 26%. It has been proved 
both in vivo and in vitro. Based on the theory, we used 
SKF96365, a reagent known to inhibit TRPC channels, 
to arrest human ESCC cell Eca109 to G2/M phase. To 
study the relationship between TRPC6 and radiotherapy 
sensitization, these arrested Eca109 cells were performed 
by radiotherapy. SKF96365 was injected before and after 
radiotherapy performed in order to synchronize cell cycle, 
so the curative effect may be raised. We have designed 
different concentration and different time of SKF96365 
administrated in vitro, and we chose 5 μM and 8 h after 
SKF96365 treated. At this concentration and time, Eca109 
cells were mostly arrest at G2/M phase, which was the best 
condition for radiotherapy (25).

It is important to understand the biological reaction of 
the cells to radiation to improve radiotherapy for malignant 
tumors. The reasons of failure for radiation treatment were 
that less dosage was given, or radiation was not properly 
fractionated (26). In addition, radioresistance and radiation-
induced development of neoplasia contribute significantly 
to treatment failure (27,28). Cells exposed to radiation 
showed a temporary, reversible cell cycle arrest and then 
continued to proliferate at a slower rate. Checkpoints in 
the cell cycle regulate the progression or arrest of the cell 
cycle in the response to DNA damage and allow time for 
DNA repair. These occur either in late G1, which prevents 
entry to the S phase, or in late G2, which prevents entry 
to mitosis (29). Our study showed that, ESCC Eca109 cell 

treated with SKF96365 arrested mostly in the G2/M phase, 
which indicates entry into mitosis had been delayed. Thus, 
given that the G2/M checkpoint serves as a mandatory 
requirement for survival of ESCC, this delay in cell division, 
in combination with more efficient DNA damage repair, 
is necessary for maintenance of genome integrity in these 
cells. Both the extent and the length of this G2/M delay 
were reported be highly variable based on the cell line, 
radiation dose and the dose rate (30).

It is crucial to enhance tumor radiosensitivity for the 
purpose of both lowering the dose of ionizing radiation 
and achieving higher antitumor efficacy. We identified 
SKF96365 as a radiosensitizer to enhance ESCC cell 
response to radiotherapy in vitro and further investigated 
the mechanism mediating this effect. We treated ESCC 
Eca109 cell line with SKF96365, radiation and combined 
radio-SKF96365. Cell viability and cell cycle distribution 
were determined to ascertain the radiosensitization effect 
of SKF96365. Treatment with combined radio-SKF96365 
led to decreased viability of Eca109 and had a profound 
radiosensitization effect. Pre-treatment with 5 μM 
SKF96365 increased radio-induced G2/M arrest in the cell 
cycle. This offers great potential for SKF96365 to be used 
in conjunction with radiotherapy for ESCC in order to 
increase the efficiency of the treatment.

Based on the study about TRPC6, we have found 
that inhibition of TRPC6 could arrest the ESCC cells 
at G2/M phase, which may influence cell proliferation. 
Meanwhile, the G2/M phase was the important checkpoint 
of radiosensitivity. We will use the tool of gene transfection 
for radiosensitivity research in vivo in the future, which 
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Figure 4 Statistical analysis showed the tumor mass in four groups. The tumor size was measured in volume with caliper and in weigh 
with scale. Mice received combined radio-SKF96365 (group S+R) showed the smallest tumor volume (mm3), 166.67±21.35 mm3 (group 
SKF96365 + radiation) vs. 288.63±32.42 mm3 (group radiation), 316.56±23.31 mm3 (group SKF96365), 307.01±17.35 mm3 (group control)  
(*, P<0.05).
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may be a new therapeutic target for esophageal carcinoma 
radiation.
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