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Abstract
Background. The PIEZO2 may be involved in the occurrence and development of tumors.

Objectives. To explore the potential mechanism and effect of PIEZO2 on colon cancer.

Materials and methods. We assessed the expression and prognostic role of PIEZO2 in patients with colon 
cancer. The role of PIEZO2 in SW480 cell proliferation, migration and invasion in vitro was investigated using 
cell counting kit-8 (CCK-8), wound healing, and transwell and cell invasion assays, respectively. The effect 
of PIEZO2 on SW480 cells in vivo was also explored. The potential mechanisms of PIEZO2 in SW480 cells were 
detected using quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and western blot.

Results. The PIEZO2 was significantly increased in colon cancer tissues and the PIEZO2 high expression 
group was associated with a lower overall survival (OS) rate. Furthermore, PIEZO2 knockdown weakened 
the proliferation, migration and invasion of SW480 cells. The PIEZO2 knockdown was related to a lower 
expression of SLIT2, ROBO1, HIF-1α, and VEGFC. Finally, the tumors in control SW480 cells grew faster and 
larger than those in mice inoculated with si-PIEZO2 SW480 cells. Moreover, the si-PIEZO2 SW480 cell group 
showed a reduced expression of Ki67 and VEGFC and, at the same time, a significantly higher apoptosis index 
of tumor cells compared to the control group. The expression of PIEZO2 was higher in cancer-associated 
fibroblasts (CAFs) of colon cancer.

Conclusions. The PIEZO2 was increased in colon cancer tissues and was an unfavorable gene in patients 
with colon cancer, promoting colon cell proliferation, migration and invasion through the SLIT2/ROBO1/
VEGFC pathway.
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Background

Because of  its high mortality rate, colorectal cancer 
(CRC) has become a major health burden worldwide. Glob-
ally, there were more than 1.9 million new CRC cases and 
935,000 deaths reported in 2020.1 If the cancer is local, 90% 
of patients with CRC survive 5 years after the diagnosis. 
However, once the disease has distant metastases, this 
rate reduces dramatically to 10%.2 The genetics of cancer 
cells is not a sole factor influencing tumor metastasis; ad-
ditionally, the interaction between tumor cells and the sur-
rounding microenvironment plays a pivotal role in tumor 
differentiation and progression.3 Mechanical stimulation 
including stiffness, shear stress, compression, and ten-
sional forces from the surrounding microenvironment 
is frequent in tumor cells.4 Mechanotransduction, the con-
version of physical stimuli into biochemical or electrical 
signals, plays a key role in biological processes in tumor 
cells, including development, proliferation, migration, and 
apoptosis.5

The PIEZO transmembrane proteins are conserved ion-
channel proteins that sense external mechanical forces. 
The  cell membrane pressure induced by  external me-
chanical force can regulate changes in intracellular ions 
and exert physiological effects by changing the closure 
of the PIEZO transmembrane protein. The PIEZOs can 
regulate nociception and stem cell differentiation in Dro-
sophila. The PIEZO transmembrane proteins mainly in-
clude 2 homologous proteins: PIEZO1 and PIEZO2. Al-
though these proteins are homologous, their roles reported 
in the literature are not consistent. The PIEZO1 is mainly 
distributed in endothelial cells, red blood cells and hair 
cells in cochlea, as well as kidney, bladder and lung can-
cer cells. Under normal physiological conditions, PIEZO1 
is primarily responsible for the regulation of intravascular 
balance, blood pressure and axon growth. The PIEZO2 
is mainly distributed in the dorsal root nerve and trigemi-
nal ganglion, which are responsible for regulating touch, 
proprioception of muscles and airway extension. It has 
been reported that PIEZOs are involved in the formation 
of human blood vessels.6 The PIEZO knockout can affect 
the growth and development of mice. Because of the im-
portant role of PIEZOs, the functions of the 2 homologous 
proteins have been increasingly studied.

In recent years, many studies have reported that PIEZOs 
may be involved in the occurrence and development of tu-
mors, and may be related to angiogenesis. Gottlieb et al. 
reported that the reduction or deletion of PIEZO1 played 
an important role in lung cancer metastasis,7 while Yang 
et al. indicated that the decrease in PIEZO1 expression was 
related to the decrease in the gastric cancer metastasis.8 
A study by Yang et al. showed that PIEZO2 knockout can 
reduce angiogenesis, vascular permeability, endothelial cell 
proliferation, metastasis, and tubule formation in gliomas.9 
Another study showed that the expression of PIEZO1/2 
was different in  bladder cancer formation, suggesting 

that PIEZO1/2 plays a role in the proliferation and an-
giogenesis of bladder cancer cells.10 Chen et al. reported 
that the expression of PIEZO1 was inversely proportional 
to the stage and prognosis of glioma.11 The PIEZO1 can 
regulate changes in the extracellular matrix and tissue 
hardness as well as promote tumor progression by acti-
vating the integrin focal adhesion kinase (FAK) signal-
ing pathway; however, PIEZO2 is not a prognostic factor. 
In a study by Pardo-Pastor et al., it was shown that PIEZO1 
mainly forms a mechanoreceptor ion pathway in breast 
cancer cells, whereas PIEZO2 is  involved in regulating 
RhoA, actin skeleton formation and cell movement.12 
However, the roles of PIEZOs in colon cancer and their 
underlying mechanisms remain unclear and need to be 
further elucidated.

Previous studies showed that the SLIT/ROBO signaling 
pathway inhibited the migration of nerve cells in the cen-
tral nervous system, prevented the nerve axon at the su-
ture from passing through the middle line of the nerve 
tube, and controlled the accurate localization of neurite 
in nervous system. Studies on the expression and function 
of SLIT/ROBO signaling in various cancers have been con-
ducted.13–15 Recently, the molecular mechanism of SLIT2/
ROBO1 signaling in the regulation of colon cancer tu-
morigenesis has also been deeply studied. The SLIT2 was 
highly expressed in colon cancer and its expression in-
creased in pathological stages.16 At the same time, SLIT2/
ROBO1 signaling induced tumor metastasis in colon can-
cer partially through the activation of the transforming 
growth factor beta (TGF-β)/Smads pathway. Moreover, 
SLIT2/ROBO1 signaling recruited Src to E-cadherin for 
tyrosine phosphorylation, leading to E-cadherin degra-
dation and epithelial–mesenchymal transition in colon 
cancer.17 Accordingly, SLIT2/ROBO1 signaling played 
an important role in the formation and metastasis of co-
lon cancer.

Objectives

The above studies suggested PIEZO2 played an impor-
tant role in the occurrence and progression of tumors. 
However, the detailed mechanism was not clear in co-
lon cancer. Therefore, this study was designed to explore 
the prognostic role of PIEZO2 in colon cancer and whether 
the SLIT2/ROBO1 pathway is responsible for PIEZO2-in-
duced progression of colon cancer.

Materials and methods

Patient information

A total of 74 colon cancer tissue samples were collected 
from January 2015 to December 2016 from patients with 
colon cancer who received surgery at  the Department 
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of Gastrointestinal Surgery, affiliated with Second People’s 
Hospital of Lianyungang (Bengbu Medical College, China). 
In addition, we collected 30 colon cancer tumor tissues 
and matched normal tissues. Clinical data were complete 
and the last follow-up time was December 2021. Patients 
included in the study did not receive anticancer therapy 
such as radiotherapy, chemotherapy or biological therapy 
before surgery. This study was approved by the Animal 
Care and Use Ethics Committee of the Affiliated Lianyun-
gang Hospital (Bengbu Medical College, China; approval 
No. 2020-013-02).

Cell culture

The human colorectal cell line SW480 was purchased 
from the cell bank of the Chinese Academy of Sciences 
(Shanghai, China). The cell line grew in Roswell Park Me-
morial Institute (RPMI) 1640 medium (cat. No. 21870076; 
Thermo Fisher Scientific, Waltham, USA) supplemented 
with 10% fetal bovine serum (FBS) (item code: 13011-8611; 
SolelyBio, Shanghai, China) and cultured in a humidified 
5% CO2 environment at 37°C.

Cell transfection

The SW480 cells were transfected with small interfer-
ing (si)RNA targeting PIEZO2 (si-PIEZO2, 5’-GGATAGT-
GAAGAGGAGGAAGA-3’) and the corresponding nega-
tive control (NC) using Lipofectamine™ 2000 Transfection 
Reagent (1 µL/50 µL, cat. No. 12566014; Invitrogen, Carls-
bad, USA). The transfection effect was evaluated using 
quantitative reverse-transcription polymerase chain re-
action (qRT-PCR) and the positive cell line was used for 
the following experiments.

RT-qPCR assay

Total RNA was extracted using TRIzol reagent (cat. 
No. 15596026; Invitrogen) and synthesized into cDNA us-
ing a reverse transcriptase Moloney Murine Leukemia Vi-
rus (M-MLV) Kit (cat. No. 18057018; Invitrogen). The gene 
expression was detected with a SYBR® Premix Ex Taq™ 
(cat. No. 11780200; Thermo Fisher Scientific). The primers 
used in this study are presented in Table 1. The expres-
sion of PIEZO2, HIF-1α, SLIT2, VEGFA, VEGFB, VEGFC, 
VEGFD, and ROBO1 was calculated using the  2−ΔΔCq 
method, and every value was measured thrice indepen-
dently. The reaction conditions were as  follows: 5 min 
at 95°C, followed by 40 cycles at 95°C for 30 s and 60°C for 
45 s, and a final step at 72°C for 30 min.

Cell counting kit-8 assay

Cells (1×104 cells) were plated in four 96-well plates. 
At every time point, we added 10 μL of cell counting kit-8 
(CCK-8) solution (cat. No. C0037; Beyotime Biotechnology, 

Beijing, China) to each well and after the solution was 
incubated with cells at 37°C for 30 min, the absorbance 
at 450 nm was measured with a microplate reader. Every 
experiment was repeated thrice independently.

Wound healing assay

Cells (1×105 cells) were seeded in 12-well plates. When 
cells reached 80% confluence, a 10-microliter sterile pi-
pette tip was used to wound the cell monolayer. Then, 
a phase-contrast microscope (model IX71; Olympus Corp., 
Tokyo, Japan) was used to observe the cell migration at 0 h, 
24 h and 48 h.

Transwell assay

Cells at a density of 6×104 were plated in the upper layer 
(8 μm; Corning, Lowell, USA). The bottom chamber was 
filled with medium supplemented with 10% FBS. After 
48 h, the cells in the  lower chamber were fixed. Then, 
a crystal violet solution was used to stain cells for fur-
ther analysis using the microscope (model IX71; Olympus 
Corp.). Twelve randomly chosen areas per sample were 
used to assess the number of penetrating cells.

Cell invasion assay

The  2×105 cells were plated in  the  upper chamber 
of 24-well 8-micrometer pore well chambers (Corning). 
The cells were covered with diluted BD Matrigel™ (BD 
Biosciences, Franklin Lakes, USA) containing a complete 

Table 1. Primer sequences used in the study

Gene symbol Primer sequence (5’→3’)

PIEZO2
forward: TTCCGATACAATGGGCTCTC

reverse: GAGCTTCAAGGCTCACCAAC

HIF-1α
forward: AGCACAGTTACAGTATTCCAGCAG

reverse: AGTGGTGGCAGTGGTAGTGG

SLIT2
forward: TCCCCACAAATCTTCCAGAG

reverse: AGCGTAGTCCTTGGAAAGCA

VEGFA
forward: GAGCGAGAAAGCATTTGTTTG

reverse: GCAACGCGAGTCTGTGTGTTTT

VEGFB
forward: CAAGGCTGCCATCCAACAA

reverse: AGGTGGTTAAAATCTGAGTCGGG

VEGFC
forward: ACCAAACAAGGAGCTGGATG

reverse: TCCCCACAAATCTTCCAGAG

VEGFD
forward: TGTACAGACAGTGGGCAGTGGT

reverse: AACCTGAAGCTGCCCTGATCT

ROBO1
forward: ACTCCTTACGCCACCACTCAG

reverse: CCTGTGTTCTGGTCGTATGATTGG

h-actin
forward: TGGACTTCGAGCAAGAGATG

reverse: GAAGGAAGGCTGGAAGAGTG
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medium. The lower chamber was filled with a medium 
containing 10% FBS. After 24 h, cells on the lower layer 
were fixed with 4% paraformaldehyde solution and stained 
with 0.1% crystal violet solution. The total number of pen-
etrating cells was calculated and pictures were taken 
with a light microscope (model CKX53; Olympus Corp.; 
×200 magnification).

Western blot

Total protein was extracted by means of a radioimmuno-
precipitation assay (RIPA) buffer supplemented with a mix-
ture of protease and phosphatase inhibitors. The protein 
concentration was determined with a bicinchoninic acid 
(BCA) protein assay. Protein samples were separated using 
10% sodium dodecyl-sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene 
fluoride (PVDF) membrane. After blocking with 10% fat-
free milk, the membrane was incubated at 4°C overnight 
with the  following primary antibodies: HIF1α (1:6000, 
cat. No. 20960-1-AP), ROBO1 (1:10000, cat. No. 20219-
1-AP), VEGFC (1:1000, cat. No. 22601-1-AP), and SLIT2 
(1:600, cat. No. 20217-1-AP; all from ProteinTech Group). 
Next, the membrane was incubated with horseradish per-
oxidase (HRP) secondary antibody (1:3000, cat. No. HRP-
60004; ProteinTech Group) for 1 h. Chemiluminescent 
HRP substrate and a suitable X-ray were used to detect 
the protein bands. Proteins were identified and quantified 
using the AlphaEaseFC software (Alpha Innotech, San 
Leandro, USA).

Animal experiments

Male athymic BALB/c mice (5–6 weeks, 16–18 g) were 
purchased from Nanjing University Animal Laboratory 
(Nanjing, China). The animals were provided with food 
and water ad libitum. All experiment conditions con-
formed to the 3R principles of animal experimentation. 
To evaluate the role of PIEZO2 in vivo, the mice were 
injected with SW480 cell suspension (2×106) in 0.1 mL 
of culture medium subcutaneously into the right scapular 
region. The tumor size was measured every 7 days and 
calculated with the following formula: volume = tumor 
length × (tumor width)2 × 0.5236. All data were recorded 
in millimeters. When the bearing tumors reached ~1 cm3, 
mice were killed and tumor samples were weighed and 
fixed in formalin followed by paraffin embedding.

Immunohistochemistry

In animal experiment, immunohistochemical Ki-67 
staining was used to evaluate the proliferative activ-
ity, and VEGFC expression was measured to evaluate 
the effect of PIEZO2 on angiogenesis in tumor tissues. 
We also explored the expression of PIEZO2 in colon can-
cer samples obtained from the patients of our hospital. 

The anti-Ki67 (cat. No. 27309-1-AP), anti-PIEZO2 (cat. 
No. 26205-1-AP) and anti-VEGFC (cat. No. 22601-1-AP; 
all from ProteinTech Group) antibodies were diluted and 
used at 1:16000, 1:200 and 1:200, respectively. Goat anti-
rabbit secondary antibodies were also diluted and used 
at 1:200, 1:500 and 1:500. The labelling indices were in-
troduced to quantify the expression of Ki-67 and VEGFC, 
calculated by the ratio of Ki-67- and VEGFC-positive 
cells/total cells and quantified using ×200 magnifica-
tion in 3 randomly selected areas in each tissue sample. 
We evaluated the PIEZO2 expression in colon cancer 
tissues using the staining intensity and staining area 
of positive tumor cells in each section.18 The immuno-
histochemical score was used to assess the expression 
of PIEZO2 referred to the protocol described by Tian 
et al.19 The median score was used as  the split point. 
The group with values higher than or equal to the me-
dian was considered the  high-expression group, and 
the the group with values lower than the median was 
considered the low-expression group.

TUNEL assay

Tumor tissues were cut into 5-μm-thick slides and 
the slides were covered with the terminal deoxynucleo-
tidyl transferase dUTP nick end labeling (TUNEL) reac-
tion mixture (cat. No. PF00006; ProteinTech Group). After 
washing off the unbound enzyme conjugate, a substrate re-
action was used to visualize the peroxidase (POD)-retained 
cells in the immune complex. Using a light microscope 
(model CKX53; Olympus Corp.) at ×200 magnification, 
3 different visual areas of each section were randomly se-
lected and analyzed. The positive rate of apoptotic cells 
was defined as the density of apoptotic cells (the apopto-
sis index) using ImageJ software (National Institutes of 
Health, Bethesda, USA).

Statistical analyses

The  relationship between PIEZO2 expression and 
the clinical characteristics of gender or site of primary 
tumor in  colon cancer patients was analyzed using 
Spearman’s correlation analysis, and between PIEZO2 
protein expression and the remaining 6 variables us-
ing Kendall’s tau-b correlation analysis. Comparison 
between the PIEZO2 expression in  tumor and paired 
normal tissue samples was performed using χ2  test. 
The time from tumor resection to the patient’s death 
or  last follow-up was defined as  the  overall survival 
(OS) time. The impact of the prognostic role of clinical/
pathological characteristics on OS was analyzed using 
the log-rank test and the Kaplan–Meier analysis. Subse-
quently, proportional hazard assumption was assessed 
using Schoenfeld residuals. The variables of N stage 
and PIEZO2 did not meet the  assumption. The  uni-
variate analysis was performed using Cox proportional 
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hazards regression model for variables that met the as-
sumption. The time-dependent Cox regression model 
was used for variables that did not meet the assump-
tion. The multivariate analysis was conducted using 
the  time-dependent Cox regression model to exclude 
the  inf luence of confounding factors. Since the data 
from the 2 groups met the assumption of normality, 
the differences between the 2 groups were evaluated us-
ing the Student’s t-test and expressed with mean ± stan-
dard deviation (M  ±SD). Because the  repeated mea-
surement data from the 2 groups did not show normal 
distribution, the data of this part were analyzed using 
the Scheirer–Ray–Hare test and expressed as median 
±range. The  IBM SPSS v. 20.0 (IBM Corp., Armonk, 
USA), R v. 4.2.2 software (survminer package; R Foun-
dation for Statistical Computing, Vienna, Austria) and 
GraphPad Prism v. 9 (GraphPad Software, San Diego, 
USA) were used in this study. The value of p < 0.05 was 
considered statistically significant.

Results

PIEZO2 expression was increased in colon 
cancer and associated with poor prognosis

A total of 30 colon cancer specimens with adjacent tis-
sues were randomly selected from patients with colon 
cancer operated in Second People’s Hospital of Lianyun-
gang. The expression of PIEZO2 was analyzed using im-
munohistochemistry. The results indicated that PIEZO2 
was mainly located on the cell membrane and cytoplasm 
(Fig. 1A). The PIEZO2 was highly expressed in colon can-
cer tissues compared with normal samples (18/30 com-
pared to 9/30, χ2 = 5.455, p = 0.020; Fig. 1B). As shown 
in Table 2, high expression of PIEZO2 was associated with 
tumor differentiation (Kendall’s tau-b = 0.360, p = 0.002), 
T stage (Kendall’s tau-b = 0.433, p < 0.001), N stage (Ken-
dall’s tau-b = 0.453, p < 0.001), and clinical stage (Kendall’s 
tau-b = 0.322, p = 0.006). In addition, the prognostic data 

Fig. 1. A. Immunohistochemical staining images of PIEZO2 in colon 
cancer and adjacent colon tissues; B. Difference in expression levels 
of PIEZO2 in colon cancer and normal colon samples analyzed using 
30 colon cancer patient dataset and χ2 test; C. The Kaplan–Meier analysis 
and the log-rank test were used to determine the relationship between 
the expression of PIEZO2 and the clinical outcome in 74 colon cancer 
patients

* p < 0.05.
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showed that patients with high expression of PIEZO2 had 
shorter OS (log-rank (Mantel–Cox) = 15.701, p < 0.001; 
Fig. 1C). Finally, we found that high expression of PIEZO2 
played an independent prognostic role for worsening OS 
in colon cancer, as shown with univariate and multivariate 
analyses (p = 0.007 and p = 0.034, respectively; Table 3).

Suppression of PIEZO2 decreased 
the migration and invasion of colon cancer

To explore the potential role of PIEZO2 in colon can-
cer, we  identified 56  co-expressed genes (Fig. 2A) us-
ing the Coexpedia website (http://www.coexpedia.org/
index.php). Gene Ontology (GO) function and pathway 

enrichment analyses were performed using the DAVID 
database (https://david.ncifcrf.gov/). As expected, the bio-
logical processes were primarily associated with extracel-
lular matrix organization, cellular response to reactive 
oxygen species (ROS), positive regulation of transcrip-
tion, templated DNA, and response to hypoxia (Fig. 2B). 
In terms of cellular components, these genes were also 
involved in the extracellular matrix (ECM), extracellu-
lar space, extracellular region, and receptor complexes 
(Fig. 2B). The following biological processes were included: 
ECM structural constituents, integrin binding, ECM bind-
ing, collagen binding, and proteoglycan binding (Fig. 2B). 
In addition, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis indicated that the  following 

Table 2. The relationship between PIEZO2 protein expression and clinical pathological features in colon cancer patients

Characteristic Total, n
Expression level of PIEZO2

p-value
high low

Age [years]
<65
≥65

30
44

18
27

12
17

0.907

Gender
male

female
44
30

25
20

19
10

0.401

Site of primary tumor
left

right
31
43

17
28

14
15

0.378

Differentiation
moderate and well

poor
37
37

16
29

21
8

0.002

T stage
T1+T2
T3+T4

29
45

10
35

19
10

<0.001

N stage
N0

N1+N2
26
48

8
37

18
11

<0.001

Clinical stage
I

II+III
20
54

12
33

8
21

0.006

CEA [ng/mL]
<6
≥6

19
55

9
36

10
19

0.931

CEA – carcinoembryonic antigen. Spearman’s correlation analysis was used to analyze the relationship between the protein expression of PIEZO2 and 
the clinical characteristics of gender or site of primary tumor. Kendall’s tau-b correlation analysis was applied to explore the relationship between 
the protein expression of PIEZO2 and the remaining 6 variables. The value of p < 0.05 was considered statistically significant.

Table 3. Univariate analysis and multivariate analysis of the overall survival (OS) in colon cancer patients

Characteristic
Univariate analysis Multivariate analysis

HR 95% CI p-value HR 95% CI p-value

Age 0.849 0.517–1.393 0.516 0.768 0.416–1.420 0.400

Gender 1.006 0.612–1.653 0.982 0.607 0.318–1.160 0.131

Tumor location 0.806 0.488–1.330 0.398 0.587 0.301–1.144 0.118

Differentiation 2.130 1.299–3.494 0.003 2.652 1.191–5.905 0.017

T stage 1.658 1.004–2.740 0.048 0.367 0.138–0.977 0.045

N stage (time-dependent variable) 3612.754 5.558–2348302.323 0.013 51.028 0.049–52836.422 0.267

Clinical stage 2.350 1.319–4.187 0.004 2.086 1.036–4.202 0.040

PIEZO2 (time-dependent variable) 4261.402 9.758–1861054.007 0.007 1884.388 1.797–1976563.451 0.034

CEA 1.179 0.669–2.077 0.570 1.443 0.729–2.857 0.293

HR – hazard ratio; 95% CI – 95% confidence interval; CEA – carcinoembryonic antigen. Proportional hazard assumption was examined using Schoenfeld 
residuals. The variables of N stage and PIEZO2 did not meet the assumption. Subsequently, the univariate analysis was performed using the Cox 
proportional hazards regression model for the variables that met the assumption. The time-dependent Cox regression model was used for variables that 
did not meet the assumption. At last, the multivariate analysis was conducted using the time-dependent Cox regression model to exclude the influence 
of confounding factors. The value of p < 0.05 was considered statistically significant.

http://www.coexpedia.org/index.php
http://www.coexpedia.org/index.php
https://david.ncifcrf.gov/
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Fig. 2. Inhibition of PIEZO2 suppresses the proliferation, migration and invasion in colon cancer cells. A. Fifty-six co-expressed genes of PIEZO2 identified 
using the Coexpedia website; B. Enrichment analysis of co-expressed genes performed using the DAVID database; C. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis of co-expressed genes conducted using the DAVID database; D. After the SW480 cells were transfected with small 
interfering (si)RNA targeting PIEZO2, the expression of PIEZO2 in negative control (NC) and si-PIEZO2 SW480 cells was tested using quantitative reverse-
transcription polymerase chain reaction (qRT-PCR). The results were analyzed using the Student’s t-test and expressed with mean ± standard deviation 
(M ±SD); E. Cell counting kit-8 (CCK-8) assay was performed to evaluate the cell viability of NC and si-PIEZO2 SW480 cells. The results were analyzed using 
the Scheirer–Ray–Hare test and expressed as median (range); F,G. Wound healing and cell invasion assays were performed to evaluate the migration 
ability of NC and si-PIEZO2 SW480 cells. The results were analyzed using the Student’s t-test and expressed as M ±SD; H. Matrigel™ invasion assay was 
performed to evaluate the invasion ability of NC and si-PIEZO2 SW480 cells. The results were analyzed using the Student’s t-test and expressed as M ±SD. 
All experiment results were representative of 3 independent experiments

** p < 0.01; *** p < 0.001; OD – optical density.
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pathways were enriched in cancer: Ras signaling, PI3K-Akt 
signaling, MAPK signaling, and calcium signaling path-
ways (Fig. 2C). As shown in Fig. 2D, a stable transfection 
with si-PIEZO2 reduced the mRNA expression of PIEZO2 
in SW480 cells. Moreover, SW480 cells with si-PIEZO2 
showed weaker cell proliferation, migration and invasion 
functions (Fig. 2E–H).

PIEZO2 is linked  
to the SLIT2/ROBO1/VEGFC pathway

A previous study suggested that PIEZO2 plays a pivotal 
role in tumor angiogenesis.9 We explored the mRNA ex-
pression of VEGFA, VEGFB, VEGFC, and VEGFD in con-
trol and transfected SW40 cells, and the results indicated 
that only the  expression of VEGFC was significantly 
decreased in si-PIEZO2 SW480 cells (Fig. 3A). A recent 
study indicated that SLIT2/ROBO1 signaling participates 

in angiogenesis in a pathological context.20 We analyzed 
the relationship between SLIT2, ROBO1, VEGFC, HIF-1α, 
and PIEZO2 using the online website CBioPortal for Can-
cer Genomics (http://www.cbioportal.org/). The obtained 
results showed that the  mRNA expression of PIEZO2 
is positively correlated with the expression of VEGFC, 
SLIT2, ROBO1, and HIF-1α (Fig. 3B–E). Furthermore, 
we assessed the protein and mRNA expression of VEGFC, 
SLIT2, ROBO1, and HIF-1α in control and transfected 
SW40 cells, and found that VEGFC, SLIT2, ROBO1, and 
HIF-1α were expressed at lower levels in transfected SW40 
cells compared to the control SW40 cells (Fig. 3F,G).

Suppression of PIEZO2 inhibits the growth 
of colon cancer in vivo

To  determine the  function of  PIEZO2 in  tumor 
growth, we injected control and transfected SW480 cells 

Fig. 3. PIEZO2 is correlated with the SLIT2/ROBO1/VEGFC pathway. A. The expression of VEGFA, VEGFB, VEGFC, and VEGFD in negative control (NC) and 
si-PIEZO2 SW480 cells was tested using quantitative reverse-transcription polymerase chain reaction (qRT-PCR). The differences were analyzed using 
the Student’s t-test and expressed with mean ± standard deviation (M ±SD); B–E. Correlation between PIEZO2 and VEGFC, SLIT2, ROBO1, and HIF1A was 
explored using the website CBioPortal for Cancer Genomics; F,G. The expression of VEGFC, SLIT2, ROBO1, and HIF1A in NC and si-PIEZO2 SW480 cells were 
tested using western blot and qRT-PCR

** p < 0.01; *** p < 0.001.

http://www.cbioportal.org/
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subcutaneously into nude mice. As shown in Fig. 4A, tu-
mors in control SW480 cell group grew faster and larger 
than those in transfected SW480 cell group. Consistent with 
the tumor volumes, the average tumor weight was clearly 
reduced (Fig. 4B). Moreover, the transfected SW480 cells 
showed a reduced expression of Ki67 compared to the con-
trol group (Fig. 4C). Additionally, the group of transfected 
SW480 cells had a higher apoptosis index of tumor cells 
than the control group (Fig. 4D). Finally, we detected the ex-
pression of VEGFC in both groups. The results indicated 
that VEGFC expression in transfected SW480 cells was 
lower than in the control group (Fig. 4E).

Positive correlation exists between 
PIEZO2 expression and cancer-associated 
fibroblasts

Recent studies have emphasized the role of cancer-associ-
ated fibroblasts (CAFs) in cancer progression and immune 
response. To explore the role of PIEZO2 in CAFs, we ana-
lyzed the correlation between PIEZO2 expression and CAFs 
using TIMER 2.0 (http://timer.cistrome.org/), and found 
that the expression of PIEZO2 was positively correlated with 
CAFs in colon cancer (Fig. 5A). Then, we analyzed the ex-
pression markers of CAFs in colon cancer and discovered 
that PIEZO2 expression was statistically associated with 
immune subtypes, including wound healing, interferon 
gamma (IFN-γ) dominant, inflammatory, lymphocyte de-
pleted, and TGF-β dominant (Fig. 5B). Finally, we evaluated 
the role of PIEZO2 in CAFs in the tumor immune single-
cell hub (TISCH). The results indicated that the PIEZO2 
expression was positively correlated with CAFs in colon 
cancer (Fig. 5C).

Discussion

Our data provide evidence that PIEZO2 expression in-
creased in colon cancer and played a negative role in tu-
mor survival. The results demonstrated that PIEZO2 pro-
moted the proliferation, migration and invasion of colon 
cancer cells, and the detailed mechanism may be related 
to the SLIT2/ROBO1/VEGFC pathway.

The PIEZO channels are a new class of mechanosensi-
tive channels, mainly responsible for the induction to me-
chanical forces and the entry or exit of Ca2+ in cells.21 
The PIEZO channels are large transmembrane proteins 
composed of more than 2500 amino acids and 24–36 pu-
tative transmembrane fragments, including PIEZO1 and 
PIEZO2 members. The PIEZO channels play an impor-
tant physiological role in various mechanotransduction 
processes including touch, hearing and blood pressure 
perception in mammals. Recent evidence also suggested 
that PIEZO1 was necessary for vascular development 
and function, and lineage choice of neural stem cells.22 
The PIEZO2 plays an essential role in sensory transmission 

such as touch, mechanical proprioception, and gastroin-
testinal23,24 and respiratory physiology. Moreover, some 
studies reported that PIEZO family made paramount con-
tributions to the skeletal system, mainly in bone formation 
and mechanically stimulated bone homeostasis.25,26

Mechanosensitive channels are necessary for mechano-
transduction and are frequently lodged on the cell surface. 
Our results also confirmed that PIEZO2 is mainly expressed 
on the cell membranes of colon cells. The PIEZO channels 
play an important role in the pathogenesis of various dis-
eases. Mechanical stress promoted stem cell differentiation 
by PIEZO channels in the adult Drosophila midgut, and this 
process was related to increased cytosolic Ca2+ levels caused 
by a direct mechanical stimulus.27 In fibrotic tissues, me-
chanical signaling regulated the interactions between cells 
and the ECM through discoidin domain receptor 1.28 How-
ever, several different cells sensed the stiffness of the sur-
rounding substrate and responded to light by PIEZOs.29 
Stiffness may regulate the expression of matricellular pro-
tein CCN1/CYR61 in endothelial cells after the tumor inva-
sion, indicating that stiffness-induced changes are a poten-
tial target for impairing tumor metastasis.30

Some studies have suggested that PIEZO2 participates 
in the occurrence and development of malignant tumors. 
One study identified high expression of PIEZO2 in breast 
cancer and revealed that patients with elevated expres-
sion of PIEZO2 had a favorable prognosis in breast can-
cer.31 However, another study reported that the expression 
of PIEZO2 was clearly reduced in non-small-cell lung can-
cer (NSCLC) tissue and high expression of PIEZO2 corre-
lated with better OS in NSCLC, especially in the adenocar-
cinoma subgroup.32 According to a recent study, PIEZO2 
significantly increased in bladder cancer tissue, indicating 
that PIEZO2 dysfunction may contribute to the carcino-
genesis of bladder cancer by causing proliferative changes 
and angiogenesis.10 Our results indicated that PIEZO2 was 
highly expressed in colon cancer and correlated with poor 
prognosis, which is consistent with previous results.

As  far as  we  know, when solid tumors grow beyond 
a certain size, they require angiogenesis to supply nutri-
ents. In this process, some inflammatory and cell factors 
are involved.33 Yang et al. reported that PIEZO2 increased 
angiogenesis and vascular hyperpermeability in endothelial 
cells, and Ca2+/Wnt11/β-catenin signaling played an im-
portant role in this process.9 Another study suggested that 
intracellular Ca2+ signaling promoted angiogenesis and 
vasculogenesis by enhancing the functions of vascular en-
dothelial cells (VECs) and endothelial colony-forming cells, 
which is linked to an increase in the expression of PIEZO2.34 
Therefore, these studies indicate that PIEZO2 is involved 
in angiogenesis. In this study, we found that the expres-
sion of VEGFC was changing along with PIEZO2 expres-
sion, which was verified by the level of mRNA, protein and 
in vivo studies. The VEGFC is a member of VEGF family and 
plays an important role in lymphangiogenesis. The VEGFC 
stimulates the formation of new lymph vessels and provides 

http://timer.cistrome.org/
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Fig. 4. Suppression of PIEZO2 significantly inhibits the growth of colon cancer in vivo. The negative control (NC) or si-PIEZO2 SW480 cells (2×106) in 0.1 mL 
of culture medium were injected subcutaneously into the right scapular region of nude mice to evaluate the antitumor activity of PIEZO2 in vivo (3 mice per 
group). The tumor size was measured every 7 days using the formula A×B2×0.5236, where A is the length and B is the width of the tumor; all measurements 
were recorded in millimeters. When the bearing tumors were approx. 1 cm3 in size, all mice were sacrificed, and tissue specimens were weighed and fixed 
in formalin for paraffin embedding. A. Tumor volumes were measured every 7 days using caliper measurements. The differences between the 2 groups 
were compared using the Scheirer–Ray–Hare test and expressed as median (range); B. The difference in tumor weight between the 2 groups was analyzed 
using the Student’s t-test and expressed as mean ± standard deviation (M ±SD); C. Proliferation analysis of tumor tissues was performed using Ki67 
immunohistochemical staining, and the difference between the 2 groups was evaluated using the Student’s t-test and expressed as M ±SD; D. Apoptosis 
analysis of tumor tissues was performed using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay. The differences between 
the 2 groups were compared using the Student’s t-test and expressed as M ±SD; E. VEGFC expression was tested with immunohistochemical staining. 
The differences between the 2 groups were compared using the Student’s t-test and expressed as M ±SD

* p < 0.05; *** p < 0.001.
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Fig. 5. Positive correlation between PIEZO2 expression and cancer-associated fibroblasts (CAFs). A. PIEZO2 expression level in immune subtypes in colon 
adenocarcinoma (COAD) based on tumor-immune system interactions database (TISIDB) (http://cis.hku.hk/TISIDB/); C. Correlation between PIEZO2 
expression in single-cell sequencing and CAFs using the tumor immune single-cell hub (TISCH)

http://cis.hku.hk/TISIDB/
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a chance for detached cancer cells to metastasize to a dis-
tant site.35 The VEGFC can promote the immune escape 
in colon cancer by activating VEGFR3, which results in tu-
mor growth.36 Moreover, our results suggest that PIEZO2 
is linked to the SLIT2/ROBO1 pathway. Additionally, some 
studies reported that the SLIT2/ROBO1 signaling partici-
pates in the process of angiogenesis.20,37 Overall, our results 
suggest that PIEZO2 plays an antiangiogenic role through 
the SLIT2/ROBO1/VEGFC pathway. However, the detailed 
mechanism is needed to be explored further.

Currently, the  tumor microenvironment (TME) 
is a trending topic in tumor research. Among numerous 
components of TME, CAFs play an important role in regu-
lating tumorigenesis. Affo et al. found that a pan-CAF 
signature was significantly associated with poor survival 
in cholangiocarcinoma and tumor recurrence.38 Another 
study found that when pancreatic cancer cells were co-
cultured with CAFs, cancer stemness increased.39 A re-
cent study suggested that CAFs are the primary source 
of TIMP-1, and TIMP-1 production is enhanced through 
cancer–stromal interaction, which promotes cancer cell 
migration.40 Regarding colon cancer, one study suggested 
that increased RAB31 expression in CAFs may contribute 
to tumor progression by regulating hepatocyte growth 
factor (HGF) secretion in the tumor stoma.41 Our study 
showed that the expression of PIEZO2 positively corre-
lates with CAFs in colon cancer, indicating that PIEZO2 
is a prognostic factor of the disease. Recently, 6 immune 
subtypes were identified by immunogenomic data from 
33 different types of cancer.42 This classification method 
can distinguish the beneficiaries of immune targeted ther-
apy from multiple heterogeneous tumors. In this study, 
PIEZO2 was significantly and aberrantly expressed in C1, 
C2, C3, C4, and C6 of colon cancer, suggesting that PIEZO2 
might have potential in cancer immune therapy. Moreover, 
the positive correlation between PIEZO2 expression and 
CAFs was further validated using a single-cell sequencing 
dataset. However, the underlying mechanism of PIEZO2 
regulating CAFs requires further study.

Limitations

There are some shortcomings of our study that are worth 
considering. First, the sample size of clinical patients was 
relatively small. A large sample study would be needed 
to validate the results of our study. Second, the detailed 
mechanism of PIEZO2 regulating SLIT2/ROBO1/VEGFC 
pathway had not been explored. This may be the direction 
of our further research.

Conclusions

The PIEZO2 is highly expressed and is a poor prognos-
tic factor in colon cancer. Moreover, PIEZO2 can pro-
mote cell proliferation and mobility in colon carcinoma 

through the SLIT2/ROBO1/VEGFC pathway. At the same 
time, PIEZO2 is positively correlated with CAFs, indicat-
ing that it plays an important role in the CAF function. 
Therefore, PIEZO2 may be a potential target for colon 
cancer treatment.
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