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	 The transient receptor potential vanilloid member 4 (TRPV4) is a non-selective calcium 
(Ca2+)-permeable channel which is widely expressed in different types of tissues including 
the lungs, liver, kidneys and salivary gland. TRPV4 has been shown to serve as a cellular 
sensor where it is involved in processes such as osmoregulation, cell volume regulation and 
thermoregulation. Emerging evidence suggests that TRPV4 also plays important roles in several 
aspects of cancer progression. Despite the reported roles of TRPV4 in several forms of cancers, 
the role of TRPV4 in human colorectal cancer remains largely unexplored. In the present study, 
we sought to establish the potential role of TRPV4 in colorectal cancer by assessing TRPV4 
expression levels and investigating whether TRPV4 pharmacological modulation may alter cell 
proliferation, cell cycle and cell death in colorectal cancer cells. Quantitative real-time PCR 
analysis revealed that TRPV4 mRNA levels were significantly lower in HT-29 cells than normal 
colon CCD-18Co cells. However, TRPV4 mRNA was absent in HCT-116 cells. Pharmacological 
activation of TRPV4 with GSK1016790A significantly enhanced the proliferation of HT-
29 cells while TRPV4 inhibition using RN 1734 decreased their proliferation. Increased 
proliferation in GSK1016790A-treated HT-29 cells was attenuated by co-treatment with RN 
1734. Pharmacological modulation of TRPV4 had no effect on the cell cycle progression but 
promoted cell death in HT-29 cells. Taken together, these findings suggest differential TRPV4 
expression levels in human colorectal cancer cells and that pharmacological modulation of 
TRPV4 produces distinct effects on the proliferation and induces cell death in HT-29 cells.
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	 According to the GLOBOCAN 2018 
estimates, colorectal cancer (CRC) remains as one 
of the dominating types of cancer, responsible for 
over 1.8 million new cancer cases and 881,000 
deaths worldwide, ranking in third place for 
cancer incidence and second place for mortality1. 
In addition to the well-established role of genetic 

factors in the pathogenesis of CRC2, it is also 
recognised that several ion channels have been 
implicated in the process of developing CRC3-

5. Indeed, ion channels have been reported to 
serve as potential biomarkers in several types of 
cancer including prostate, breast, lung, pancreas, 
esophageal and colorectal cancer6. Among these 
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ion channels, several members of the transient 
receptor potential (TRP) channels have been 
identified as promising cancer biomarkers6, such as 
TRP canonical 6 (TRPC6) where it is upregulated 
in esophageal cancer and is associated with poor 
prognosis7.
	 The mammalian TRP channel superfamily 
comprises six subfamilies: TRPC (canonical), 
TRPV (vanilloid), TRPM (melastatin), TRPP 
(polycystin), TRPML (mucolipin) and TRPA 
(ankyrin)8. In general, TRP channels function as 
sensors in various types of cells and they are also 
responsible for providing route of Ca2+ entry to 
regulate important Ca2+-sensitive processes such 
as gene transcription and cell death8. Of the six 
members in the TRPV subfamily (TRPV1-6)8, 
TRPV4 has attracted a great interest because of its 
link to several human diseases9 and its therapeutic 
potential in diseases of the digestive system10, 
neuropathic pain11, obesity and type 2 diabetes12. 
TRPV4 is a non-selective Ca2+ permeable cation 
channel found to be widely expressed in many 
types of tissues including the brain, heart, liver 
and lungs13. Previous studies have provided 
evidence for the critical role of TRPV4 in various 
cellular functions such as thermoregulation, 
mechanosensation and osmoregulation14-16.
	 Recent studies have also implicated 
TRPV4 in some types of cancer. A study by Lee et 
al17 implicated TRPV4 in breast cancer metastasis. 
The authors discovered that TRPV4 expression 
is enhanced in basal subtype of breast cancer 
and that inhibition of TRPV4 (either using an 
inhibitor or TRPV4 silencing) in breast cancer cells 
impaired their migration and invasion, indicating 
that TRPV4 is involved in metastasis17. The pro-
migratory and pro-metastatic effects of TRPV4 
in breast cancer appear to be mediated by Ca2+-
dependent activation of AKT and downregulation 
of E-cadherin cell cortex protein18. Another recent 
study by Peters et al19 has provided evidence for 
the role of TRPV4 in promoting breast cancer 
cell death, particularly in those cells with high 
endogenous TRPV4 expression levels. The 
authors observed that TRPV4 activation using 
GSK1016790A decreased the viability of MDA-
MB-468 and HCC1569 basal breast cancer cells 
which expressed high levels of TRPV4. Further 
experiments uncovered that TRPV4 activation 
produces cell death in MDA-MB-468 breast 

cancer cells via oncosis and apoptosis. Using an 
orthotopic mouse model, they also showed that 
TRPV4 activation decreased tumour growth in 
vivo, further highlighting the potential utility of 
TRPV4 as a therapeutic target for breast cancers 
which overexpress TRPV4 channel19. 
	 Unlike breast cancer, studies assessing 
TRPV4 in the context of colorectal cancer 
have not been extensive. Previous studies have 
suggested a role for TRPV4 in the proliferation of 
colorectal cancer cells. Wasilewski et al20 found 
that the viability of human colon adenocarcinoma 
Colo-205 cells was markedly reduced in response 
to co-incubation of fatty acid amide hydrolase 
inhibitor PF-3845 with the TRPV4 antagonist RN 
173420, indicating that TRPV4 may be involved 
in regulating the proliferation of Colo-205 cells. 
However, additional investigations are required 
to further corroborate this finding given that their 
studies did not include the assessment of TRPV4 
expression levels in Colo-205 cells. Another study 
by Sozucan et al21 has identified that TRPV4 is 
expressed at a low level in the CRC patients tissue 
samples compared with the normal tissues. Their 
studies however, did not explore the possible 
mechanism to explain the observed downregulation 
of TRPV4 in colorectal cancer, although they did 
postulate that epigenetic factors may contribute to 
the suppression of TRPV4 expression21.  
	 Owing to the lack of studies assessing 
the role of TRPV4 particularly in colorectal 
cancer22, the present study investigated the possible 
involvement of TRPV4 in regulating cancer-related 
events. In the present study, we aimed to determine 
TRPV4 expression in two human colorectal cancer 
cell lines and assess its role in regulating the 
proliferation, cell cycle and cell death in these cells.

Material and Methods

Cell Culture
	 The human colorectal cancer cell lines 
HT-29 (ATCC HTB-38) and HCT-116 (ATCC 
CCL-247) were maintained in RPMI-1640 
(Gibco) culture medium supplemented with 10% 
foetal bovine serum (FBS) (Gibco), penicillin 
100 U/mL and streptomycin 100 µg/mL (Gibco). 
Fibroblasts from normal colon (CCD-18Co, ATCC 
CRL-1459) were cultured in Eagle’s Minimum 
Essential Medium (EMEM) (ATCC) supplemented 
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with 10% FBS (Gibco), penicillin 100 U/mL and 
streptomycin 100 µg/mL (Gibco). All cells were 
cultured in a humidified incubator (37°C, 5% CO2) 
and routinely observed for any morphological 
changes or contamination.
RNA Isolation and Quantitative real-time PCR
	 RNA was isolated from HT-29, HCT-116 
and CCD-18Co cells (from three different biological 
replicates) using RNeasy Plus Mini Kit (Qiagen) by 
following the manufacturer’s protocol. Total RNA 
from each sample was reverse-transcribed by using 
Omniscript Reverse Transcriptase kit (Qiagen) with 
random primers and RNase inhibitor (Promega) 
according to the manufacturer’s instructions. 
Samples were incubated for 60 minutes at 37°C in 
a T100™ Thermal Cycler (BioRad). Subsequent 
quantitative real-time PCR was performed by using 
Assays-on-Demand primer/probe sets and TaqMan 
Universal PCR Master Mix (Applied Biosystems). 
Assays included TRPV4 (Hs01099348_m1, FAM-
MGB primer/probe) and the reference gene 18S 
ribosomal RNA (4319413E, VIC-MGB primer/
probe). All amplifications were done using the 
following thermal cycling conditions: 10 minutes 
at 95°C (holding stage), followed by 40 cycles of 
denaturation for 15 seconds at 95°C and combined 
annealing and extension steps for 1 minute at 
60°C in a StepOnePlus™ Real-Time PCR System 
Thermal Cycling Block (Applied Biosystems). 
Gene expression data were normalised to 18S 
ribosomal RNA (4319413E, Applied Biosystems) 
and calculated using the comparative Cq method 
as previously described23.
MTT Cell Proliferation Assay
	 HT-29 cells (1 x 104 cells per well) were 
seeded in 96-well plates. At 24 hour post-seeding, 
the cells were treated with DMSO (vehicle), 
GSK1016790A (Sigma-Aldrich) (1-100 nM) 
or RN 1734 (Tocris Bioscience) (1-100 µM). 
For combination drugs treatment, 100 nM of 
GSK1016790A and 10 µM of RN 1734 were 
used. The final DMSO concentration in each well 
for all treatment groups was maintained between 
0.1% and 0.11% throughout the experiments. At 
72 hour post-treatment, an MTT cell proliferation 
assay (Sigma-Aldrich) was carried out by adding 
20 µL of MTT stock solution (5 mg/mL) into each 
well. The plates were incubated for 4 hours at 
37ºC. Following incubation, the MTT-containing 
medium was discarded and 150 µL of DMSO 

was added to dissolve the formazan crystals. The 
absorbance (Abs) in each well was measured at 570 
nm by using a microplate reader (Tecan Infinite 
M200 Pro). The cell proliferation (viability) was 
determined by using the following formula: 

Cell Cycle Analysis
	 Assessment of the cellular DNA content 
was performed by cell cycle analysis using flow 
cytometry. HT-29 cells were seeded in 6-well 
plates at 5 x 105 cells per well24. At 24 hour post-
seeding, the cells were treated with 0.11% DMSO 
(vehicle), GSK1016790A (Sigma-Aldrich) (100 
nM), RN 1734 (Tocris Bioscience) (10 µM) or 
co-treatment with GSK1016790A and RN 1734 
(100 nM and 10 µM, respectively). Cell cycle 
analysis was performed at the time points stated 
in the results by using BD Cycletest™ Plus DNA 
Kit (BD Biosciences). Briefly, cells were harvested 
after trypsinisation and centrifugation at 1780 rpm 
for 5 minutes. The cell pellet obtained were fixed 
in 70% cold ethanol and stored at 4°C. The fixed 
cells were then stained with 200 µL propidium 
iodide (PI) stain solution (BD Biosciences) prior to 
analysis with CytoFLEX flow cytometer (Beckman 
Coulter). An amount of 10 000 cells was analysed 
for each sample.
Annexin V/PI double-staining Assay 
	 HT-29 cells were plated at 5 x 105 cells 
per well in 6-well plates and incubated overnight24. 
At 24 hour post-plating, the cells were treated with 
0.11% DMSO (vehicle), GSK1016790A (Sigma-
Aldrich) (100 nM), RN 1734 (Tocris Bioscience) 
(10 µM) or co-treatment with GSK1016790A 
and RN 1734 (100 nM and 10 µM, respectively). 
Heat-induced cells (i.e. 2 minutes incubation at 
60°C) were included as a positive control for this 
assay. Assessment of cell death was performed at 
the time points indicated in the results by using 
BD Pharmingen™ FITC Annexin V Apoptosis 
Detection Kit I (BD Biosciences) in accordance 
with the manufacturer’s guidelines. In brief, the 
cells were washed with cold phosphate buffered 
saline and detached by enzymatic trypsinisation25 
using TrypLE (Gibco). The cells were centrifuged 
at 1780 rpm for 5 minutes and the cell pellet was 
then resuspended in 1 x binding buffer. An amount 
of 5 µL of FITC-Annexin V and 5 µL of PI was 
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added to 100 µL of the cell suspension containing 
105 cells. After gently vortexing, the cell suspension 
was incubated at room temperature for 15 minutes 
in the dark. Following incubation, 400 µL of 1 
x binding buffer was added and assessment of 
cell death was performed using CytoFLEX flow 
cytometer (Beckman Coulter). An amount of 10 
000 cells was analysed for each sample.
Statistical analysis
	 All statistical analyses were done using 
IBM SPSS Statistics or GraphPad Prism. The 
statistical tests used are indicated in each figure 
legend. Results are expressed as mean ± standard 
deviation (SD). P < 0.05 was considered as 
statistically significant.

Results 

TRPV4 is downregulated in human colorectal 
cancer cell lines
	 We examined the relative expression 
of TRPV4 mRNA levels in two different human 
colorectal cancer cell lines; HT-29 and HCT-116, 
and compared with the non-transformed normal 
colon, CCD-18Co cells. We observed that TRPV4 
mRNA levels were significantly lower in HT-29 
cells than the normal colon, CCD-18Co cells 
(Figure 1). In HCT-116 cells however, TRPV4 
mRNA expression was undetected (Figure 1).
Pharmacological modulation of TRPV4 
produces opposing effects on the proliferation 
of HT-29 colorectal cancer cell lines
	 To assess the possible role of remaining 
TRPV4 in CRC and its potential for therapeutic 

targeting, the effect of TRPV4 pharmacological 
modulation on the proliferation of HT-29 cells 
was investigated. Using an MTT cell proliferation 
assay, we found that treatment with a selective 
TRPV4 activator GSK1016790A (i.e. 10 nM and 
100 nM) increased the proliferation of HT-29 
cells (Figure 2A). By contrast, pharmacological 
inhibition of TRPV4 using RN 1734 (i.e. 10 µM 
and 100 µM) reduced the proliferation of this 
cell line (Figure 2B). GSK1016790A-mediated 
increases in proliferation of HT-29 cells was 
prevented by co-treatment with RN 1734 (Figure 
2C). 

Fig. 1. TRPV4 mRNA levels in human colorectal cancer 
cell lines and normal colon cells expressed as fold 
change. Data are presented as mean ± standard deviation 
(n=3) from three independent cell passages. Statistical 
analysis was performed using an unpaired t-test, **** 
P < 0.0001.

Fig. 2. Viability of HT-29 cells (expressed as percentage) exposed to (A) GSK1016790A (0 nM – 100 nM), (B) RN 
1734 (0 µM – 100 µM) or (C) GSK1016790A (0.1 µM) and RN 1734 (10 µM) for 72 hours. Data are presented as 
mean ± standard deviation (n=3-4). Statistical analysis was performed using one-way analysis of variance (ANOVA) 
with Dunnett’s multiple comparisons test for (A) and (B) or Tukey’s multiple comparisons test for (C), *P < 0.05, 
**P < 0.01, *** P < 0.001, **** P < 0.0001.  	
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Fig. 3. Cell cycle analysis of DNA contents in HT-29 cells. Representative DNA histogram showing the cell cycle 
phase distribution of control and treated cells at 24 hours (A) and 48 hours (C). Bar graphs indicate the quantified 
percentage of HT-29 cells in each cell cycle phase at 24 hours (B) and 48 hours (D). Data are presented as mean 
± standard deviation (n=3). Statistical analysis was performed using two-way ANOVA with Bonferroni multiple 
comparisons test

Pharmacological modulation of TRPV4 does 
not alter the cell cycle progression of HT-29 
colorectal cancer cell lines
	 To further explore the potential role of 
TRPV4 in colorectal cancer cells, we assessed the 
effect of TRPV4 pharmacological modulators on 
the cell cycle progression of HT-29 cells, both at 
24 and 48 hours (Figure 3). The FACS analysis 

demonstrated that the highest percentage of cells 
were in G0/G1-phase for all treatment groups, 
which was not significantly different from the 
DMSO control (Figure 3B and 3D). Similarly, no 
difference was observed in both S- and G2/M-
phases for all treatment groups compared with the 
DMSO control. Taken together, this observation 
suggests that pharmacological modulation of 
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Fig. 4. Apoptosis assay using Annexin-V/PI double staining in HT-29 cells. Representative images and quantitative 
analysis of apoptotic cells (expressed as percentage) at 24 hours (A and B) and 48 hours (C and D). Heat-induced 
cells were used as a positive control for the assay. Data are presented as mean ± standard deviation (n=3). Statistical 
analysis was performed using one-way ANOVA with Dunnett’s multiple comparisons test, **P < 0.01, *** P < 
0.001, **** P < 0.0001

TRPV4 had no profound effects on the cell cycle 
profile in HT-29 cells.
Pharmacological modulation of TRPV4 
promotes cell death in HT-29 colorectal cancer 
cell lines
	 Next, we examined whether or not 
pharmacological modulation of TRPV4 could 

induce apoptosis in HT-29 cells. Using Annexin-V/
PI double-staining assay (Figure 4), we observed 
that treatment with GSK1016790A alone induced 
apoptosis in HT-29 cells in a time-dependent 
manner, as depicted by the highest percentage of 
apoptotic cells compared with the DMSO control 
(Figure 4B and 4D). Single treatment with RN 
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1734 also increased the percentage of apoptotic 
cells in comparison to the control (Figure 4B and 
4D). This finding appears to be consistent with 
the MTT cell proliferation assay where RN 1734 
significantly decreased the proliferation of HT-29 
cells (Figure 2B and 2C). However, the induction 
of apoptosis in this cell line was more pronounced 
with GSK1016790A than that of RN 1734 (Figure 
4B and 4D). GSK1016790A-induced apoptosis 
in HT-29 cells was modestly attenuated by co-
treatment with RN 1734, as illustrated by a slight 
decrease in the percentage of apoptotic cells at 
both time points tested (Figure 4B and 4D), further 
confirming the inhibitory action of RN 1734 on 
GSK1016790A-induced cell death. Altogether, 
these findings imply that both TRPV4 channel 
activation and inhibition could induce cell death 
in HT-29 cells, albeit at different degrees of cell 
death induction.

Discussion

	 The present in vitro study identified 
differential expression of TRPV4 in two human 
colorectal cancer cell lines, HT-29 and HCT-116 
cells, compared with the non-transformed normal 
colon, CCD-18Co cells. Low expression of TRPV4 
mRNA levels was observed in HT-29 cells while 
in HCT-116 cells, the TRPV4 mRNA level was 
undetectable by quantitative real-time PCR. A 
previous work by Sozucan et al21 has reported 
reduced expression of TRPV4 mRNA in the tissue 
samples derived from CRC patients compared with 
their normal tissues. The results obtained from 
the present study further extend this finding since 
TRPV4 was downregulated in HT-29 and HCT-
116 cells in comparison to the normal colon cells. 
Indeed, altered expression of TRP channels has 
previously been described in a variety of cancer 
types26, 27, whereby their expression levels could 
change in response to hormones, as exemplified by 
TRPV6 in T47D breast cancer cell lines28 or cancer 
stage-dependent as in the case of TRPM1 where 
its expression is higher in early stage melanomas 
but is lost as the disease progresses into a more 
aggressive phenotype29. However, it remains to 
be determined if such changes in TRP expression 
levels are the primary steps in cancer progression 
or are secondary to other changes27. 
	 Having shown that HT-29 cells expressed 

markedly low levels of TRPV4 mRNA, the 
potential role of remaining TRPV4 and its utility 
as a therapeutic target was explored by assessing 
the effect of TRPV4 pharmacological modulation 
on the proliferation of HT-29 cells. Previous studies 
have provided evidence to support a role for TRPV4 
in regulating the proliferation of several types of 
cancer cells including the tumour endothelial 
cells30 and gastric cancer cells31. The results of 
the present study showed that pharmacological 
activation of TRPV4 with a selective activator 
GSK1016790A augmented the proliferation of 
HT-29 cells. On the contrary, the proliferation 
of HT-29 cells was reduced in the presence of 
a TRPV4 inhibitor RN 1734. Co-treatment of 
GSK1016790A with RN 1734 appeared to hamper 
GSK1016790A-mediated increases in proliferation 
of HT-29 cells. The findings obtained from the 
present study are consistent with the results of 
a previous study by Ohashi and co-researchers32 
who investigated the functional activity of TRPV4 
in oligodendrocyte precursor cells (OPCs). The 
authors showed that TRPV4 is functionally 
expressed in OPCs, as evidenced by a sustained 
increase in intracellular Ca2+ upon stimulation with 
GSK1016790A. They also found that treatment 
with GSK1016790A promotes OPC proliferation 
in a concentration-dependent manner, which is 
inhibited by co-treatment with a TRPV4 antagonist 
HC067047. Further experiments uncovered that 
GSK1016790A-induced increases in proliferation 
of OPCs requires TRPV4-mediated Ca2+ influx and 
occurs via protein kinase C pathway32.
	 To determine the other functional roles 
of TRPV4 in colorectal cancer, we conducted 
a cell cycle analysis of DNA contents in HT-
29 cells at 24 and 48 hours time points. No 
significant alteration in the cell cycle profile was 
observed when HT-29 cells were treated with 
GSK1016790A alone, RN 1734 alone or co-treated 
with GSK1016790A and RN 1734 in comparison 
to control. This observation implies that TRPV4 
channels do not play a major role in cell cycle, at 
least in HT-29 cells. Our findings appear to be in 
line with previous work by Olivan-Viguera et al33 
who reported that pharmacological activation of 
TRPV4 has no profound effects on the cell cycle 
progression of human melanoma A375 cells and 
human keratinocytes HaCaT cells, both of which 
functionally express TRPV4 channels.
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	 Given reports on the role of TRPV4 
activation-related cell death in several types 
of cancer cells19, 33, 34, we then attempted to 
ascertain the functional consequences of TRPV4 
pharmacological modulation on cell death in 
HT-29 cells. Our analysis from the Annexin-V/PI 
double-staining assay revealed that single treatment 
with GSK1016790A time-dependently induced 
cell death in HT-29 cells. Apoptotic cells have 
been shown to induce compensatory proliferation 
of neighbouring cells via the release of CrkI-
containing microvesicles35. This could explain why 
we observed increases in both proliferation and 
apoptosis in GSK1016790A-treated HT-29 cells. 
Similar induction of cell death was also observed 
in response to single treatment with the TRPV4 
inhibitor RN 1734, which appears to be consistent 
with our observation in the proliferation of RN 
1734-treated HT-29 cells. However, the induction 
of cell death as a consequence of TRPV4 inhibition 
in HT-29 cells was less pronounced than that of 
TRPV4 activation. Moreover, GSK1016790A-
induced cell death was slightly decreased when 
RN 1734 was co-administered in HT-29 cells. 
The present data highlighted that pharmacological 
modulation of TRPV4 using either the activator 
or inhibitor could potentially induce cell death at 
varying degrees in HT-29 cells.
	 As far as the TRPV4 expression level 
is concerned, it is intriguing to note that, from 
our study, pharmacological activation of TRPV4 
was capable of producing cell death in HT-29 
cells with endogenously low TRPV4 levels. This 
is because TRPV4 activation has been shown to 
produce cell death in TRPV4 overexpressing basal 
breast cancer cells19 as well as in human melanoma 
A375 cells and human keratinocytes HaCaT 
cells with high endogenous levels of TRPV433, 34, 
consistent with the fact that high Ca2+ influx will 
lead to Ca2+ overload which eventually initiate 
cell death pathways 36. Considering that TRPV4 
pharmacological activation, and to a lesser extent 
TRPV4 pharmacological inhibition, promoted 
cell death in HT-29 cells (which exhibited low 
endogenous levels of TRPV4), further studies 
are warranted to define the precise mechanism 
responsible for the induction of cell death in this 
cell line. Such studies would also be valuable in 
providing mechanistic insights into the downstream 

signalling pathways linking TRPV4 channels and 
cell death in colorectal cancer.  

Conclusion
	
	 In conclusion, our work demonstrates that 
TRPV4 mRNA level is downregulated in HT-29 
and HCT-116 colorectal cancer cells compared 
to normal colon cells. Moreover, modulation 
of TRPV4 channel by activation and inhibition 
using specific pharmacological modulators 
results in altered proliferation and varying 
degrees of induction of cell death in colorectal 
cancer cells with pronounced downregulation of 
TRPV4. Pharmacological targeting of TRPV4 
may represent a new therapeutic approach for the 
treatment of CRC.
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