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TRPCT7 facilitates cell growth and migration by regulating
intracellular Ca** mobilization in lung adenocarcinoma cells
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Abstract. Transient receptor potential canonical 7 (TRPC7)
has been reported to mediate aging-associated tumorigenesis,
but the role of TRPC7 in cancer malignancy is still unclear.
TRPC7 is associated with tumor size in patients with lung
adenocarcinoma and the present study further evaluated
the underlying mechanism of TRPC7 in the regulation of
cancer progression. The clinicopathological role of TRPC7
was assessed using immunohistochemistry staining and the
pathological mechanism of TRPC7 in lung adenocarcinoma
cells was determined using cell cycle examination, invasion
and calcium response assays, and immunoblot analysis. The
results indicated that high TRPC7 expression was associated
with a lower 5-year survival rate compared with low TRPC7
expression, which suggested that TRPC7 expression was
inversely associated with overall survival in patients with
lung adenocarcinoma. TRPC7 serves a pathological role by
facilitating the enhancement of cell growth and migration
with increased phosphorylation of Ca**/calmodulin-dependent
protein kinase II, AKT and ERK. TRPC7 knockdown in
lung adenocarcinoma cells restrained cell cycle progression
and cell migration by interrupting the TRPC7-mediated Ca*
signaling-dependent AKT and MAPK signaling pathways.
These findings demonstrated for the first time a role of
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oncogenic TRPC7 in the regulation of cancer malignancy and
could provide a novel therapeutic molecular target for patients
with lung adenocarcinoma.

Introduction

Ca?* signaling is an important regulator of pathways involved
in the regulation of cancer progression through oncogenic acti-
vation, including cell growth, metastasis and chemotherapy
resistance (1). The involvement of cell signaling pathways, such
as MAPK and PI3K/AKT, in the promotion of malignancy in
cancer cells is Ca®* dependent (2,3). Ca**-dependent activation
of Ca*/calmodulin-dependent protein kinase IT (CaMKII)
contributes to the phosphorylation of AKT and ERK, and
the Ca?*/CaMKII/AKT and Ca**/CaMKII/ERK axes may be
involved in governing cancer progression (4).

Recently, transient receptor potential (TRP) channels were
reported to be associated with the development and progres-
sion of cancer (5). Ca** signaling from nociceptive TRP
channels controls cancer pathophysiology (6) and the thera-
peutic targeting of TRP channels provides a novel approach
for the treatment of cancer. A previous study also reported
that TRP canonical 7 (TRPC7) mediates aging-associated
tumorigenesis (7). Activation of the TRPC7-induced DNA
damage response (DDR) triggers the senescence inflamma-
tion response and senescence-associated secretory phenotype
activation, and genomic instability results in the activation of
oncogenes and the dysfunction of tumor suppressor genes (7).
Ca?* signaling from TRPC7 is therefore involved in the initia-
tion of tumorigenesis, but the role of TRPC7 in the regulation
of cancer progression and malignancy is still unclear.

According to the results of our previous study, the patho-
logic features of TRPC7 were associated with tumor size in
patients with lung adenocarcinoma (7). Lung adenocarci-
noma falls under the umbrella of non-small cell lung cancer
(NSCLC), which is the most common type of lung cancer
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(accounting for ~85% of lung cancer cases) and the majority of
patients with lung adenocarcinoma exhibit metastatic disease
or local recurrence after surgery (8). The expression of TRPCs,
especially TRPCl, 3, 4 and 6, have been reported to be associ-
ated with lung cancer differentiation (9) and TRPC7 may be
involved in the regulation of lung cancer growth. Therefore, it
could be hypothesized that TRPC7 promotes cancer progres-
sion via Ca’**-mediated CaMKII, MAPK and AKT signaling
pathways. The present study evaluated the role of TRPC7 in
lung cancer progression. The association of TRPC7 with the
overall survival rate of patients with lung adenocarcinoma
was evaluated and the functional role of TRPC7 in regulating
cancer malignancy was assessed.

Materials and methods

Patients and tumor specimens. Between January 2013-
December 2016 there were 521 newly diagnosed lung
adenocarcinoma in Chi-Mei Medical Center, Liouying. A
total of 93 patients received curative thoracic surgery for
tumor eradication. A total of 43 patients were excluded from
the present study due to coexisting malignancy, previous
neoadjuvant therapy, death within one month after opera-
tion and those who did not want to participate in this study.
Finally, the remaining 50 patients were enrolled into the
present study. Because seven patients were lost to follow up
after surgery, only 43 patients had complete information for
calculation of their 5-year survival rate. A total of 12 patients
were randomly selected for examination of the protein expres-
sion levels of TRPC7 in their paired lung adenocarcinoma
tissues and non-tumor tissues. Written informed consent
was obtained from each patient and tissue specimens were
processed according to protocols approved by the Institutional
Review Board/Ethics Committee of Chi-Mei Medical Center
(approval no. 10405-L01) for the study ‘A potential oncogene
gene, TRPC7 in NSCLS study’. The mean age of patients
was 68 years (range, 38-88 years). The overall survival time
after tumor removal was 55 months (range, 2-177 months).
Specimens from these patients were received from the
Department of Surgery at Chi-Mei Medical Center, and paired
lung tumor and adjacent normal tissue were used in the present
study were collected from these patient specimens. The clini-
copathological characteristics of the patients were assessed
according to the American Joint Committee on Cancer 7th
edition lung cancer staging system (10).

Immunohistochemistry staining. Paraffin sections (3 ym) from
the samples were incubated in a Thermotank set at 60°C, for
20 min. Tissue sections were then immersed in 100% xylene
for 10 min, and then in a graded (100, 90 and 75%) alcohol
solution, each for 1-3 min. The sections were finally immersed
in distilled water for 3 min. The high-pressure antigen retrieval
was in sodium citrate buffer (pH 6) for 2 min at 100°C. Bovine
serum albumin (BSA; 5%; Sigma-Aldrich; Merck KGaA) in
phosphate buffered saline (PBS; Sigma-Aldrich; Merck KGaA)
was added to block the activity of the endogenous peroxidase.
The samples were then incubated at room temperature for
1 h. An antibody against TRPC7 (antibody information and
dilution ratio are presented in Table S1) was used to assess the
expression of target molecule and the samples were incubated

overnight at 4°C. Immunoreactivity was visualized after incu-
bation using the 3,3'-diaminobenzidine substrate-chromogen
system (Dako Omnis; Agilent Technologies, Inc.) according
to the manufacturer's protocol. The samples were imaged
using an Axi-oPlan 2 bright field microscope (Zeiss AG). The
staining intensity of TRPC7 was assessed using the ImageJ
IHC Profiler plugin (11) for ImageJ (National Institutes of
Health). After analysis of each image using the software, the
image was automatically assigned a score as positive (++),
low positive (+) or negative (-), which was dependent on its
color deconvolution and computerized pixel profiling (11).
Depending on the score, TRPC7 expression was classified as
high expression (++) or low expression (+ and -).

Cell culture and plasmid transfection. The IMR-90,
BEAS-2B, BES-1A1.6, H1299, A549 and H520 cell lines
were purchased from the American Type Culture Collection.
H125 and the primary normal human epidermal keratinocytes
(cat. no. C-12005) were purchased from Creative Biolabs, Inc.
and PromoCell GmbH., respectively. The IMR-90 human lung
fibroblast, BEAS-2B human bronchial epithelium, BES-1A1.6
human bronchial epithelium and H125 human lung squamous
cell carcinoma cell lines were cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.), and the H1299 human lung
adenocarcinoma, A549 human lung adenocarcinoma and H520
human lung squamous cell carcinoma cells were cultured in
RPMI 1640 (Gibco; Thermo Fisher Scientific, Inc.). All cell
lines were maintained in RPMI 1640 or DMEM supplemented
with 1% penicillin/streptomycin and 10% fetal bovine serum
(FBS; Gibco; Thermo Fisher Scientific, Inc.). The primary
normal human epidermal keratinocytes were cultured in
serum-free keratinocyte growth medium (Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 0.005 pyg/ml recom-
binant human epidermal growth factor, 0.05 mg/ml bovine
pituitary extract and 5 pg/ml recombinant human insulin
(all Gibco; Thermo Fisher Scientific, Inc.). All cells were
incubated at 37°C in a humidified incubator with 5% CO,.

The pCMV3-TRPC7-GFPSpark plasmid encoding
N-GFPSpark-tagged human TRPC7 (cat. no. HG15975-ACG)
was purchased from Sino Biological, Inc. The TRPC7 sequence
was cloned into the pCM V3-N-GFPSpark vector to generate the
expression vector pCM V3-TRPC7-GFPSpark,whichexpressed
a GFP-tagged TRPC7 fusion protein. The BEAS-2B cells
were seeded into six-well plates at 4.5x10° cells/well. The cells
were then transfected with 1 ug pCMV3-TRPC7-GFPSpark
using TransIT-X2® Dynamic Delivery System (Mirus Bio,
Inc.). After 48 h incubation at 37°C in a humidified incubator
with 5% CO,, cells were collected for use in cell cycle analysis,
invasion assay and calcium response assay. For immunoblot
analysis, TRPC7-overexpressing BEAS-2B (or H1299) cells
were further treated with TRPC7 inhibitors, 5 M SKF96365
(Sigma-Aldrich; Merck KGaA), 20 yuM 2-aminoethyl diphe-
nylborinate (2-APB, Sigma-Aldrich; Merck KGaA) or DMSO
control for 24 h. The empty pCMV3-GFPSpark vector was
used as a transfection control.

TRPC7 knockdown in lung cancer cells. For TRPC7
knockdown experiments using small interfering RNAs
(siRNAs), H1299 cells were transfected with si TRPC7
(sc-106641; Santa Cruz Biotechnology, Inc.) or si control
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(sc-37007; Santa Cruz Biotechnology, Inc) constructs
using GenMute™ siRNA Transfection Reagent (SignaGen
Laboratories), as previously described (7). After transfection,
cells were cultured for 48 h at 37°C in a humidified incubator
with 5% CO, before undergoing further analyses. The expres-
sion of target genes was validated using immunoblot analysis.

Reverse transcription-quantitative PCR (RT-qPCR). After
transfection with the siRNAs (si control and si TRPC7) or the
plasmids (pCM V3-GFPSparkandpCM V3-TRPC7-GFPSpark)
for 24 h, total RNA was extracted from cells utilizing TRIzol™
reagent (Thermo Fisher Scientific, Inc.). Complementary DNA
was synthesized from RNA (1 pg) utilizing a RevertAid RT
Reverse Transcription Kit (Thermo Fisher Scientific, Inc.).
Incubation conditions were 10 min at 25°C, 120 min at 37°C,
and 5 min at 85°C. The resulting complementary DNAs
were used to identify the expression of TRPC7 and GAPDH
by performing qPCR with a TagMan™ Gene Expression
Assay kit (Thermo Fisher Scientific, Inc.) and the following
assay IDs, Hs00220638_m1 (TRPC7) and Hs02758991_gl
(GAPDH). According to the manufacturer's protocol, incuba-
tion conditions were 2 min at 50°C, 10 min at 95°C, and or
40 cycles for 15 sec at 95°C and 1 min at 60°C using a 7500
Fast Real-Time PCR System (Thermo Fisher Scientific; Inc.).
The mRNA expression level of TRPC7 was measured by the
cycle threshold value quantification and normalization, using
the 224°4 method and compared with the GAPDH (12).

Immunoblot analysis. Ground tissues or cells were lysed
by incubation on ice for 30 min in M-PER® Mammalian
Protein Extraction Reagent (Thermo Fisher Scientific, Inc.)
containing proteinase (cat. no. S8830-20TAB; Sigma-Aldrich;
Merck KGaA) and phosphatase inhibitors (cat. no. 5870S;
Cell Signaling Technology, Inc.). Cell debris were removed
by centrifugation at 14,000 x g for 30 min at 4°C. The
protein concentration of cell lysates was determined using
the Bradford method using a Quick Start Bradford Protein
Assay Kit 1 (Bio-Rad Laboratories, Inc.). Proteins lysates
(20 pg/lane) which were denatured using SDS-PAGE
sample loading buffer (Bio-Rad Laboratories, Inc.) and were
resolved by SDS-PAGE on a 10% gel and then transferred to
a Hybond-P polyvinylidene fluoride membrane (Amersham;
Cytiva). After blocking with 5% BSA (Sigma-Aldrich; Merck
KGaA) in PBS solution at room temperature for 1 h, the
membrane was first incubated with primary antibodies against
TRPC7, p-actin, GFP, phosphorylated (p)-Thr286-CaMKII
(p-CaMKII), CaMKII, p-Ser473-AKT (p-AKT), AKT, ERK,
p-Thr202/Tyr204-ERK (p-ERK) or GAPDH at 4°C overnight.
Antibody information and the dilution ratios were described
in Table SI. The membrane was then incubated with horse-
radish peroxidase-conjugated secondary antibodies at room
temperature for 1 h. Immunoreactive proteins were visualized
using enhanced chemiluminescence reagents (Amersham;
Cytiva). The semi-quantification of protein expression levels
was performed using ImageJ2 (National Institutes of Health).

Liquid chromatography mass spectrometry analysis. Cell
lysates were collected to analyze the components by utilizing a
Waters Xevo G2 T of mass spectrometer (Waters Corporation)
as previously described (13). In brief, the tryptic peptide
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sample was chromatographically separated on an M-class
UPLC separations module (Waters Corporation) incorporating
50 femtomole tryptic digested BSA as the internally spiked
protein quantification standard. Peptide was eluted through a
75 pmx25 cm BEH C-18 column (Waters Corporation) under
gradient conditions at a flow rate of 300 nl/min over 70 min
at 40°C. The mobile phase was composed of acetonitrile as
the organic modifier and formic acid (0.1% v/v) for molecule
protonation. Mass spectrometry was performed on a Xevo
G2 qT of (Waters Corporation) instrument equipped with a
nanoflow electrospray ionization interface and operated in
the data-independent collection mode. Parallel ion fragmen-
tation was switched between low (4 eV) and high (15-45 eV)
energies in the collision cell and data was collected from 300
to 2,000 m/z utilizing glu-fibrinopeptide B (m/z 785.8426;
Sigma-Aldrich; Merck KGaA) as the separate data channel
lock mass calibrant. Data were processed using ProteinLynx
GlobalServer v3.0 (Water Corporation) for qualification and
Progenesis QI for proteomics (Waters Corporation) for relative
quantification. Deisotoped results were evaluated for protein
association and modification using the Uniprot (www.uniprot.
org) human protein database.

Cell cycle analysis. TRPC7 knockdown H1299 and
TRPC7-overexpressing BEAS-2B cells were collected and
fixed overnight at 4°C using 70% ethanol. After fixation, the
ethanol was removed from the fixed cells by centrifugation at
800 x g for 5 min at 4°C. The fixed cells were then incubated
with 1 ml of propidium iodide (eBioscience; Thermo Fisher,
Inc.) staining solution for 30 min at room temperature in the
dark. The cell cycle phase distribution was determined using
flow cytometry (LSR II; BD Biosciences), and quantified using
BD FlowJo™ v10 software (BD Biosciences).

Invasion assay. Cell invasion assays were performed using a
Transwell system (Falcon; Corning Life Sciences) as previously
described (14). Briefly, Matrigel inserts containing an 8 ym
pore size membrane with a thin layer of Matrigel Basement
Membrane Matrix were pre-incubated with serum-free media
for 2 h at 37°C. A total of 10° cells were then plated in the
top chamber which contained a Matrigel (250 ug/ml)-coated
membrane. In the assay, cells were plated in medium without
serum or growth factor, and medium supplemented with 10%
FBS (Gibco; Thermo Fisher Scientific, Inc.) was placed in
the lower chamber as a chemoattractant. After incubation
for 36 h at 37°C in a humidified incubator with 5% CO,. The
cells of the membrane were fixed using 3.7% formaldehyde
and stained using 0.1% crystal violet (Sigma-Aldrich; Merck
KGaA) at room temperature for 30 min. Cells that had not
infiltrated the membrane pores were removed with a cotton
swab. Images of invaded cells on the lower surface of the
membrane were observed using a Ti-U bright field microscope
(Nikon Corporation). In each condition, 5 independent fields
were quantified using ImageJ2 (National Institutes of Health)
and the average of these fields considered as the mean number
of invasive cells per condition.

Calcium response assay. Intracellular Ca®* responses
in cells were assessed by applying 1 uM thapsi-
gargin (TG; Sigma-Aldrich; Merck KGaA) or 100 uM
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1-oleoyl-2-acetyl-sn-glycerol (OAG; Sigma-Aldrich; Merck
KGaA), as previously described (7). Prior to these experi-
ments, cells were loaded with 1 uM Fluo-4-AM (Molecular
Probes; Thermo Fisher Scientific, Inc.) and incubated at
37°C for 20 min. Intracellular Ca** concentration [Ca®*]; was
calculated from the ratio of fluorescence intensities (excitation/
emission wavelength, 488/525 nm) using an Olympus
Cell”R IX81 living cell real-time long-term fluorescence
micro-imaging system (Olympus Corporation). The intracel-
lular Ca?* concentration was determined based on calibration
curves as follows. A Ca®* calibration curve was created using a
Ca?* Calibration Buffer kit (Molecular Probes; Thermo Fisher
Scientific, Inc.). Intracellular Ca* ([Ca?*],)) was estimated
from Fluo-4 excited at 488 nm and imaged using an Olympus
Cell"R IX81 fluorescence microscope and UPLanApo 10x
objective lens at 20°C. Fluo-4 signals were calibrated by
measuring the fluorescence intensity from microcuvettes
containing 10 mM K,-EGTA (pH 7.20) buffered to numerous
[Ca®"] levels. Ca* concentration was analyzed using the
following formula: [Ca**];=KD x (F-Fmin/Fmax-F). Plotting
the fluorescence intensity versus [Ca*"] yielded the calibration
curve with the formula of: [Ca®>*];=KD x (F-Fmin/Fmax-F),
where KD=345 nM, F=Fluo-4 intensity, Fmax=640 and
Fmin=21.7 for Fluo-4.

Cell viability. Cell viability was determined by replacing
the medium from TRPC7 knockdown H1299 and
TRPC7-overexpressing BEAS-2B cells on day 0, 1, 2 and 3,
with MTT (Sigma-Aldrich; Merck KGaA) at a final concentra-
tion of 500 g/ml in Phenol-Red-free medium (Gibco; Thermo
Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo
Fisher Scientific, Inc.). Cells were then incubated in the dark at
37°C for 4 h. After dissolving the resulting formazan crystals
through incubation with 100% DMSO at 37°C for 5 min,
the solution was transferred to a 96-well ELISA plate and
quantified at 570 nm using an XS2 ELISA reader (Biotex, Inc.).

Gene Expression Omnibus (GEO) Database Analysis. GEO
is a gene expression profiling database (https:/www.ncbi.nlm.
nih.gov/geo) (15). The GSE149507 dataset was used during
analysis of the expression of TRPC7, CaMKII, AKT, ERK1 and
ERK?2 in 18 pairs of small cell lung cancer tumors and adjacent
lung tissues which were obtained from surgical resection.
Gene expression profiling was performed by microarray.

Ingenuity Pathway Analysis (IPA). QIAGEN IPA software
(QIAGEN IPA Winter Release, December 2021; Ingenuity
Systems, Inc.) includes a large database with thousands of
biological, chemical, and medical studies. IPA also enables
identification of related signaling pathways, upstream regula-
tors, molecular interactions, disease processes and candidate
biomarkers. Thus, TRPC7, CaMKII, AKT and MAPK were
searched in the IPA database to clarify their relationship in
signaling pathways and related diseases or functions (16).

Statistical analysis. GraphPad Prism 5.0 (GraphPad Software,
Inc.; Dotmatics) was utilized to generate bar charts with
error bars indicating standard deviations. One-way ANOVA
followed by Bonferroni's post-hoc test and two-tailed, paired or
unpaired Student's t-test were used to compare the differences

between groups. Furthermore, overall patient survival was
calculated from the time of surgery to the time of death or
to the time of the last follow-up, at which point the data were
censored. The Kaplan-Meier method was used to evaluate
the difference between subgroups with high and low TRPC7
expression levels, and overall survival curves were generated.
P<0.05 was considered to indicate a statistically significant
difference.

Results

TRPC?7 overexpression correlated with a lower survival rate
in patients with lung adenocarcinoma. To evaluate the role of
TRPC7 in the regulation of lung cancer progression, the expres-
sion of TRPC7 in paired biopsy specimens from patients with
lung adenocarcinoma was first examined. The protein expres-
sion level of TRPC7 was significantly increased in tumor tissues
compared with non-tumor tissues (Fig. 1A and B). This indi-
cated that TRPC7 may serve a role in the promotion of tumor
malignancy. Therefore, the clinicopathological role of TRPC7
in adenocarcinoma progression was evaluated, and the results
from the TRPC7 high and low expression groups were presented
(Fig. 1C). Kaplan-Meier analysis according to TRPC7 expres-
sion level indicated that patients with lung adenocarcinoma with
high TRPC7 expression levels had a significantly decreased
overall survival compared to those patients with low TRPC7
expression levels (P=0.002) (Fig. 1D). These results suggested
that TRPC7 upregulation was associated with a worse prognosis
for patients with lung adenocarcinoma.

Role of TRPC?7 in the regulation of cell proliferation and cell
cycle progression in lung adenocarcinoma. To evaluate the
mechanism of TRPC7-mediated malignancy in lung cancer,
the protein expression levels of TRPC7 in NSCLC cell lines
were evaluated. The results demonstrated that there were mark-
edly higher protein expression levels of TRPC7 in NSCLC cell
lines, especially in the adenocarcinoma H1299 and A549 cells
compared with the lung cell lines, BEAS-2B, BES-1A1.6 and
IMR-90 (Fig. 2A). A similar result was demonstrated by the
results of the proteomic analysis (Fig. 2B). As pathological
features of TRPC7 are associated with tumor size in patients
with lung adenocarcinoma (7), cell growth and cell cycle
progression after knockdown or overexpression of TRPC7 in
lung cancer cells were explored. TRPC7 was knocked down
in TRPC7-overexpressing H1299 cells using TRPC7 siRNA
(Fig. 2E), which markedly reduced cell proliferation (Fig. 2C).
This was due to most H1299 cells being in the GO/G1 phase
during TRPC7 knockdown, which indicated increased cell
cycle arrest and decreased cell cycle progression in these cells
(Fig. 2G). A significant decrease in the proportion of cells in
the G2/M phase, compared with the si control group was also
demonstrated following TRPC7 knockdown. However, over-
expression of TRPC7 in BEAS-2B cells which is a lung cell
line with slight TRPC7 expression, markedly increased cell
proliferation (Fig. 2D) and promoted cell cycle progression
with a significantly increased population of cells in the G2/M
phase (Fig. 2H), compared with the control. These results
supported the hypothesis that the functional role of TRPC7 in
adenocarcinoma was to modulate cell growth through effects
on cell cycle progression.
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Figure 1. TRPC7 levels are significantly associated with shorter survival time in patients with lung adenocarcinoma. (A) Immunoblotting detection of the
protein expression levels of TRPC7 in paired lung adenocarcinoma tissues (T) and non-tumor tissues (N). (B) Semi-quantification of the TRPC7 protein
expression levels using a paired Student's t-test (mean + SD). n=12 for each group analyzed. (C) Representative immunohistochemical staining of TRPC7 in
lung adenocarcinoma tissues (magnification, x200). ++, indicated high expression of TRPC7; + or - indicated low expression of TRPC7. (D) Kaplan-Meier
curves with univariate analysis for patients with low vs. high TRPC7 expression. “P<0.01. TRPC?7, transient receptor potential canonical 7; T, lung adenocar-

cinoma tissues; N, non-tumor tissues.

TRPC7 regulates cell migration in lung adenocarcinoma.
TRPC7 upregulation is closely associated with a poor
prognosis in patients with lung adenocarcinoma; the meta-
static tendency of cancer cells is related to malignancy and
this could explain the poor prognosis of patients (17). The
capacity of TRPC7 to promote cancer cell migration was
assessed. TRPC7 downregulation by siRNA in H1299 cells
significantly restrained cell migration (Fig. 3A) and inva-
sion (Fig. 3B), and TRPC7 upregulation in normal lung cells
significantly promoted cell migration (Fig. 3C) and invasion
(Fig 3D). Consequently, the results demonstrated that TRPC7
overexpression contributed to a significant increase in cell
migration in lung adenocarcinoma.

TRPC7 regulates cell growth and migration due to the
increased level of Ca** influx. As Ca* signaling is crucial in
the regulation of cancer cell growth and metastasis, TRPC7
channel activity was further evaluated. According to a
previous study, TRPC7 can be activated by both receptor- and
store-operated modes (18). Diacylglycerol (DAG) is a TRPC7
agonist that interacts with the TRPC7 receptor to induce Ca*
influx; TG, an inhibitor of sarcoplasmic and endoplasmic retic-
ular Ca®* ATPase pumps, is utilized to trigger store-operated
Ca?* entry (SOCE). Therefore, the DAG analog, OAG, and TG
were used to evaluate TRPC7 channel activity in lung cancer
cells. OAG-induced Ca* influx was significantly attenuated
in TRPC7 knockdown H1299 cells but was significantly
promoted in TRPC7-overexpressing BEAS-2B cells compared
with control cells (Fig. 4A and B and, S1A and B).

Similar results were also demonstrated for TG-induced
SOCE activity. TRPC7 knockdown in H1299 cells significantly

inhibited TG-induced SOCE activity compared with that in
the si control group (Fig. 4C and S1C). As TRPC7 overexpres-
sion in BEAS-2B cells significantly increased SOCE activity
following TG stimulation (Fig. 4D and S1D), which indicated
that TRPC7 potentially regulated TG-induced SOCE activity.
These data demonstrated that TRPC7-mediated cell growth
and migration were Ca?* signaling dependent.

CaMKII, AKT and MAPK signaling pathways are involved
in TRPC7-mediated Ca** signaling. The involvement of
MAPK and AKT signaling pathways in the enhancement of
cell growth and migration, that leads to malignancy in cancer
cells, is Ca** signaling dependent (2). IPA demonstrated that
TRPC7-mediated Ca**/CaMKII, AKT and MAPK signaling
pathways were associated with several diseases and cell func-
tions, such as organismal injury and abnormalities, cancer
development, post-translation modification, cellular growth,
cell cycle and cell morphology (Table SIT). Ca**-dependent
activation of CaMKII induces the phosphorylation of AKT
and ERK, which promotes cancer cell proliferation and migra-
tion (4). Therefore, the TRPC7-mediated Ca?*/CaMKII/AKT
and Ca®*/CaMKII/ERK axes may be involved in the control
of cancer progression. A similar result was also demonstrated
in small cell lung cancer according to the Gene Expression
Omnibus database analysis. The expression levels of TRPC7,
CaMKII, AKT, ERKI and ERK?2 were significantly upregu-
lated in tumor tissues compared to non-tumor tissues (Fig. S2).
The effect of TRPC7-mediated Ca** signaling on the CaMKII,
AKT and MAPK pathways was explored. The data indicated
that blockade of TRPC7 expression in lung adenocarcinoma
cells using siRNA and the TRPC7 inhibitors, SKF96365 and
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Figure 2. Effect of TRPC7 on cell proliferation in lung adenocarcinoma. (A) Immunoblot detection of the protein expression level of TRPC7 in lung cell
lines. Normal lung cell lines were BEAS-2B (human bronchial epithelium), BES-1A1.6 (human bronchial epithelium) and IMR-90 (human lung fibroblast).
Squamous cell carcinoma cell lines were H125 and H520. Adenocarcinoma cell lines were A549 and H1299. KC were used as TRPC7-positive control cells.
(B) Further comparison of endogenous TRPC7 protein expression levels among normal lung, squamous cell carcinoma and adenocarcinoma cell lines using
LC/MS. Quantification of the TRPC7 expression analyzed using unpaired Student's t-test. Data were presented as mean + SD. Effect of (C) TRPC7 knockdown
and (D) TRPC7 overexpression on H1299 and BEAS-2B cell proliferation (analyzed using unpaired t-test), respectively. Reverse transcription-quantitative
PCR and immunoblotting analysis demonstrated that TRPC7 mRNA and protein expression levels were (E) reduced in H1299 and (F) overexpressed in
BEAS-2B cells (analyzed using unpaired t-test). The percentage of (G) TRPC7 knockdown H1299 and (H) TRPC7-overexpressing BEAS-2B cells in the
G0/G1, S and G2/M phases (analyzed using unpaired Student's t-test; n=3). Data were presented as mean + SD for all experiments. “‘P<0.05, “P<0.01 and
“"P<0.001. KC, primary normal human epidermal keratinocytes; LC/MS, liquid chromatography tandem mass spectrometry; OE, overexpression; si, small
interfering RNA; TRPC7, transient receptor potential canonical 7.
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Figure 3. Effect of TRPC7 on cell migration in lung adenocarcinoma cells. Analysis of (A) cell migratory ability and (B) invasion in H1299 cells with
downregulation of TRPC7. Analysis of (C) cell migratory ability and (D) invasion in BEAS-2B cells with overexpression of TRPC7 (Magnification, x200).

Quantification of the migratory and invading cells analyzed using unpaired Student's t-test. n=10; Data were presented as mean + SD. ""P<0.001. OE, overex-
pression; si, small interfering RNA; TRPC7, transient receptor potential canonical 7.

2-APB, significantly suppressed the activation of CaMKII,
AKT and ERK as indicated by the decreased expression
levels of their phosphorylated proteins, but did not influence
the expression of total CaMKII, AKT and ERK (Figs. 5A, B
and S3A). Furthermore, SKF96365 and 2-APB both markedly
reduced the protein expression levels of p-CaMKII, p-AKT and
p-ERK but not total AKT and ERK in TRPC7-overexpressing
BEAS-2B cells compared with the control (Figs. 5C, D
and S3B). The ratio of p-CaMKII/CaMKII, p-AKT/AKT and

p-ERK/ERK was also decreased by the inhibition of TRPC7
expression (Figs. 5B and D). These results demonstrated that
the activation of the AKT and MAPK signaling pathways could
be dependent on TRPC7-mediated Ca?*/CaMKII signaling.
To further demonstrate that TRPC7-mediated Ca*
signaling was important in the regulation of cancer progres-
sion, cancer cell growth and invasion, H1299 cells where
TRPCT7 expression was inhibited by SKF96365, or in combi-
nation with overexpressed-TRPC?7 for rescue, were evaluated.
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Figure 4. Effect of TRPC7 on intracellular Ca?* mobilization in lung adenocarcinoma cells. Intracellular Ca** responses were measured using Ca®* imaging
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compared with the control; however, overexpression of TRPC7
in H1299 cells which were pretreated with SKF96365 caused

SKF96365-induced TRPC7 downregulation in H1299 cells
significantly attenuated cancer cell viability and invasion
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Figure 5. TRPC7 accelerates the progression of adenocarcinoma by regulating the AKT and MAPK signaling pathways. Immunoblotting analysis results
demonstrated the protein expression levels of TRPC7, p-CaMKII, t-CaMKII, p-AKT, t-AKT, p-ERK, t-ERK and GAPDH in (A) TRPC7 knockdown H1299
and (C) TRPC7-overexpressing BEAS-2B cells with or without treatment with the TRPC7 inhibitors, SKF96365 and 2-APB. (B) and (D) Semi-quantification
of the protein expression levels of TRPC7 and modulation of pCaMKII/CaMKII, pAKT/AKT and pERK/ERK ratios. Data were normalized to the protein
expression of GAPDH as the internal control. Semi-quantification of the protein expression levels analyzed using unpaired Student's t-test. n=7, data were
presented as mean = SD. SKF96365-induced reduction of (E) cell viability, and (G) invasion ability were rescued by overexpression of TRPC7 in H1299
cells (magnification, x100). (F) Immunoblotting analysis demonstrated TRPC7 eXpression in H1299 cells. (H) Quantification of the invading cells, analyzed
using unpaired Student's t-test. n=6, data were presented as mean = SD. "P<0.05, “P<0.01 and *“P<0.001. 2-APB, 2-aminoethyl diphenylborinate; CaMKII,
Ca*/calmodulin-dependent protein kinase II; OE, overexpression; p, phosphorylated (protein); si, small interfering RNA; SKF, SKF96365; t, total (protein);
TRPC7, transient receptor potential canonical 7.
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recovery (Figs. SE-H). These findings indicated that the
decrease in TRPC7-mediated Ca®* signaling restrained lung
adenocarcinoma cell growth and migration via interruption of
the CaMKII, AKT and MAPK signaling pathways.

Discussion

A number of TRP channels have been identified using
their characteristics and functions in cancers and, the role
of TRPC7 in cancer progression has been independently
reported; however, the clinicopathological functions of TRPC7
required further exploration. Clinical data in the present
study, indicated that TRPC7 overexpression in patients with
lung adenocarcinoma was associated with worse prognosis
(Fig. 1). The present study also investigated the role of TRPC7
in the regulation of lung adenocarcinoma cell growth and
migration via the TRPC7-mediated Ca®* signaling-dependent
Ca?*/CaMKII/AKT and Ca**/CaMKII/ERK axes (Fig. 6). It
was demonstrated that TRPC7 overexpression promoted cell
cycle progression and cell migration in a lung adenocarcinoma
cell line, and blockade of TRPC7-mediated Ca®* signaling
inhibited cancer malignancy by restraining the phosphoryla-
tion of CaMKII, AKT and ERK. These results suggested that
oncogenic TRPC7 was a potential prognostic marker in lung
adenocarcinoma because TRPC7 overexpression accelerates
cancer malignancy. Therefore, the blocking of TRPC7 activity
using SKF96365, 2-APB or TRPC7 siRNA potentially inhibits
the progression of lung adenocarcinoma.

Interestingly, the ratio of p-CaMKII/CaMKII, p-AKT/AKT
and p-ERK/ERK were not all significantly decreased following
treatment with 2-APB or SKF96365 in the present study. For
example, p-CaMKII/t-CaMKII was significantly decreased
by 2-APB but not SKF96365 compared with the transfected
control and p-AKT/t-AKT was significantly reduced by
SKF96365 but not 2-APB compared with untransfected cells
(Fig. 5B and D). It could be that SKF96365 or 2-APB may
also affect other Ca®* channels following effects on the signal
molecules. Calcium signals are central in the mechanisms
underlying cancer cell proliferation, death and migration (1).
Therefore, TRPC7 may promote cancer development and
TRPC6 or other TRP channels cannot be excluded from
roles in the regulation of cancer development through
Ca**/CaMKII/AKT and/or Ca?>*/CaMKII/ERK axes (5).
Furthermore, cell proliferation results of the present study
only demonstrated the significance at Day 2 (Fig. 2C and D);
which indicated that the role of TRPC7 was specific for cell
growth. The cells at Day 1 could maintain their survival when
changed to the new environment for experiments and the cells
at Day 3 almost filled the culture dish, which may have affected
their cell division and the increase in the number of cells. It
could therefore by hypothesized that the cells at Day 2 were
in the logarithmic growth phase which was why a significant
increase was observed at Day 2.

TRPC7 is not only a tumor initiator gene (7) but also
accelerates cancer progression through the regulation of cell
cycle progression and cell migration. The present study provided
direct evidence that there was a relationship between onco-
genic TRPC7 and TRPC7-mediated Ca?* signaling-dependent
CaMKII, AKT and MAPK signaling pathways in the regula-
tion of lung adenocarcinoma malignancy (Fig. 6). There are an

TRPC7 SKF96365, 2-APB

ik

Cytoplasm

Cell proliferation and migration 1

-

Lung adenocarcinoma and malignancy

Figure 6. Schematic representation of TRPC7-mediated signaling in lung
adenocarcinoma malignancy. 2-APB, 2-aminoethyl diphenylborinate;
CaMKII, Ca*/calmodulin-dependent protein kinase II; p, phosphorylated
(protein); TRPC?7, transient receptor potential canonical 7.

increasing number of TRP channels that have been reported to
promote cancer development and Ca**/CaMKII has emerged
as a crucial signaling pathway in the modulation of cell prolif-
eration, the cell cycle, invasion and metastasis, and therapy
efficacy in cancer (5). For example, TRPV4 promotes oral
squamous cell carcinoma cell proliferation via activation of
the Ca**/CaMKII/AKT axis (19) and TRPM7 mediates breast
cancer cell migration and invasion via the CaMKII-dependent
MAPK signaling pathway (20). The Ca**/CaMKII/ERK
axis is responsible for the phosphorylation and subsequent
proteasomal degradation of cyclin-dependent kinase inhibitor
1B (p27%""), which contributes to the enhancement of the
S-G2/M transition of the cell cycle in colon adenocarcinoma
cells (21). The results of the present study also demonstrated
that overexpression of TRPC7 promoted cell cycle progression
with a significant increase in the population of G2/M phase
cells. p27%"?! may be involved in TRPC7-mediated cell cycle
progression; however, this hypothesis requires assessment in
future work.

AKT can directly regulate focal adhesion kinase (FAK)
through the AKT-FAK interaction, which causes cancer cell
adhesion and metastasis (22,23). TRP channels, such as TRP
cation channel subfamily M member (TRPM)4 and TRP
cation channel subfamily V member 4, enhance cell migration
with activation of FAK and actin cytoskeleton reorganiza-
tion (6,24). Therefore, it could be hypothesized that AKT-FAK
participates in the TRPC7-mediated Ca**/CaMKII-dependent
signaling pathway to enhance cancer cell mobility. In
gastric cancer, TRPM2-mediated Ca*/CaMKII signaling
also promotes metastasis through upregulation of NF-xB
and AKT-mediated matrix metalloproteinases (MMPs) (6).
The pathological role of TRPC7-mediated Ca** signaling
in the regulation of lung adenocarcinoma malignancy may
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therefore be related to the CaMKII/AKT/FAK and CaMKII/
AKT/MMP axes.

TRPC7-mediated excess Ca®* signaling in primary kera-
tinocytes induces intracellular reactive oxygen species (ROS)
accumulation, DDR and intracellular senescence following
cell death (7). Notably, oncogenes induce ROS production and
ROS have been reported to be mitogenic signaling molecules
which mediate cancer cell hyperproliferation when DDR is
activated (25). It has also been reported that TRPC7 overex-
pression in UVB-induced skin tumorigenesis contributed to
intracellular senescence and p53 family mutation (7). Although
TRP channels are involved in oncogenic ROS production,
DDR inactivation seems to be the key point for ROS-mediated
cancer malignancy. It can therefore be hypothesized that
TRPC7 overexpression in lung adenocarcinoma cells induces
intracellular ROS accumulation through activation of mito-
genic signaling, which fuels the aberrant proliferation of cells
with p53 family dysfunction. Oncogenic TRPC7 promotes
skin tumorigenesis and lung adenocarcinoma development (7).
Accordingly, the mechanism of TRPC7-regulated malignancy
does not belong to a cell-specific response and it may also
apply to other types of cancer.

Furthermore, epigenetic mechanisms have been
reported to promote the expression of TRP channels in
cancer cells (5). Therefore, TRPC7 overexpression in lung
adenocarcinoma cells may be involved in epigenetic mecha-
nisms. As genetic variants can alter epigenetic features and
epigenetic variations can mediate genetic variability (26),
TRPC7 may possess specific gene polymorphisms which
are correlated with lung cancer development. A study of the
identification of TRPC genetic variants in the Chinese popu-
lation by Zhang et al (27) reported that TRPC4 rs9547991
and rs978156, and TRPC7 rs11748198 were candidate
susceptibility markers for lung cancer. The association of
TRPC7 rs11748198 with lung cancer risks may be due to
changes in the epigenetic features that cause upregulation
of TRPC7 expression in lung cancer. Although the present
study demonstrated the mechanism of TRPC7 in cancer
development, it is still unclear whether TRPC7 can affect
epigenetic regulation to promote cancer malignancy. The
effect of TRPC7 rs11748198 on lung cancer progression
requires validation in future studies.

Overall, to the best of our knowledge, the present study
was the first to demonstrate the pathological role of TRPC7
in the regulation of cancer progression. High TRPC7 expres-
sion was associated with a worse prognosis for patients with
lung adenocarcinoma and modulated the growth and migra-
tion of lung adenocarcinoma cells through the activation of
TRPC7-mediated Ca** signaling-dependent CaMKII, AKT
and MAPK pathways. The present study increased under-
standing of the precise role served by TRPC7 in cancer
malignancy and could provide a novel therapeutic molecular
target for patients with lung adenocarcinoma.
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