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The aim of this study was to investigate the underlying mechanisms that transforming growth factor-b  
(TGF-b)-mediated epithelial-to-mesenchymal transition (EMT) in tumor cells contributes to 5-FU resistance. 
A series of experiments involving cell viability and caspase activity analyses, siRNA transfection, RNA isola-
tion, and quantitative-PCR (qPCR) assay, cell migration analysis, Western blotting analysis of total protein and 
membrane protein were performed in this study. Mouse xenograft model was used to determine the effect of 
the PAR2 inhibitor in vivo. In this study, we found that protease-activated receptor 2 (PAR2) induction in 5-FU 
therapy is correlated with TGF-b-mediated EMT and apoptosis resistance. PAR2 and TGF-b were both acti-
vated in response to 5-FU treatment in vivo and in vitro, and whereas TGF-b inhibition sensitized CRC cells 
to 5-FU and suppressed cell migration, PAR2 activation eliminated the effect of TGF-b inhibition. Conversely, 
siRNA-mediated PAR2 depletion or PAR2 inhibition with a specific inhibitor produced a similar phenotype as 
TGF-b signal inhibition: 5-FU sensitization and cell migration suppression. Moreover, the results of xenograft 
experiments indicated that the PAR2 inhibitor can enhance cell killing by 5-FU in vivo and suppress EMT sig-
naling. Our results reveal that the TGF-b effects require the coordinating action of PAR2, suggesting that PAR2 
inhibition could be a new therapeutic strategy to combat 5-FU resistance in CRC.
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INTRODUCTION

Colorectal cancer (CRC) is a common cancer world-
wide1, and in China, the 5-year relative survival rate of CRC 
is approximately 50%2. Currently, the available selection of 
licensed drugs for advanced CRC chemotherapy is limited 
and has been restricted to oxaliplatin, 5-fluorouracil (5-FU), 
irinotecan, and capecitabine for several years3. As one of the 
most used chemotherapeutic agents for colon cancer, 5-FU 
can increase the survival probability of CRC patients to a 
certain extent4, but drug resistance is a primary obstacle that 
must be overcome in developing CRC therapy strategies 
because up to half the patients with metastatic CRC show 
resistance to 5-FU-based chemotherapy4. Our understanding 
of the mechanisms of 5-FU resistance at a molecular level 
remains limited, and comprehensive elucidation of these 
mechanisms could facilitate the development of new thera-
peutic strategies specific for 5-FU-resistant CRC patients.

Accumulating evidence suggests that epithelial-to-
mesenchymal transition (EMT) is related to therapy 
resistance and tumor metastasis5. In various cancer cells 
exposed to chemotherapy treatment, EMT is detected 
and leads to chemotherapy resistance, such as in the 
case of 5-FU-resistant CRC, sorafenib-resistant hepato-
cellular cancer, and doxorubicin-resistant breast cancer 
cells6–8. Therefore, the blocking of EMT-related signal-
ing is a crucial factor affecting therapy sensitivity and 
the suppression of tumor cell migration and invasion. 
EMT is associated with the Hedgehog, PI3K, Notch, and 
TGF-b pathways9,10. In colorectal carcinoma, transform-
ing growth factor-b (TGF-b) pathway hyperactivation 
might ultimately result in the expression of plasminogen 
activator inhibitor-1 (PAI-1) and a-smooth muscle actin 
(a-SMA) in cancer fibroblasts11 through the develop-
ment of a vicious cycle of repeated TGF-b signaling and 
an environment that promotes cancer. Intriguingly, the 
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expression of protease-activated receptor 2 (PAR2) was 
recently reported to mediate TGF-b signaling and affect 
cytokine-induced apoptosis in CRC cells12, but the effect 
of PAR2 on TGF-b signaling in response to chemother-
apy drugs remains unclear.

In this study, we aimed to elucidate the role of PAR2 
in the TGF-b signaling pathway activated by 5-FU ther-
apy in CRC. By analyzing CRC patient samples and 
multiple CRC cell lines, we showed that PAR2 activa-
tion contributes to TGF-b-mediated EMT and apoptosis 
resistance in response to 5-FU therapy. Notably, our in 
vivo and in vitro results suggest that PAR2 depletion not 
only sensitizes CRC cells to 5-FU, but also suppresses 
5-FU-induced EMT. Our work represents a considerable 
advance in the investigation of PAR2’s role in regulating 
EMT and apoptosis in CRC, and provides a new method 
for improving the 5-FU therapy performance in CRC.

MATERIALS AND METHODS

Materials

The following materials were from commercial 
sources: PAR2 agonist, 5-FU, and trypsin (Sigma-Aldrich, 
Shanghai, P.R. China); TGF-b inhibitor LY2157299 
(Selleckchem.com, Hong Kong, P.R. China); PAR2 
inhibitor ENMD-547 (Santa Cruz Biotechnology, Dallas, 
TX, USA); and antibodies against E-cadherin, vimentin, 
tubulin, Smad3, and phospho-Smad3 (p-Smad3; Cell 
Signaling Technology, Danvers, MA, USA).

Patient Samples

Tumor tissues samples were collected from 46 patients 
with CRC before and after receiving 5-FU treatment at 
the First Affiliated Hospital of Soochow University. 
No patients underwent radiation treatment prior to the 
operation. Diagnosis was verified by three independent 
pathologists. Our study was approved by the Institutional 
Review Board of the First Affiliated Hospital of Soochow 
University. Fully informed consent was obtained in writ-
ten form from every participant.

Cell Culture

HCT116, RKO, HT-29, DLD1, and LoVo cells were  
obtained from American Type Culture Collection (Mana-
ssas, VA, USA) and cultured in McCoy 5A Medium 
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS; Thermo Fisher 
Scientific) at 37°C in a humidified 5% CO2 incubator.

Cell Viability and Caspase Activity Analyses

Cell viability and caspase 3/7 activity were analyzed 
using a Celltiter Glo kit and Caspase-Glo® 3/7 Assay 
System (Promega, Madison, WI, USA), respectively, 
following the manufacturers’ guidelines. Cells were 

cultured in 96-well plates (0.5 × 104 cells/well) for 24 h 
and then treated with different combinations of drugs 
for another 24 h; subsequently, Celltiter Glo solution or 
proluminescent caspase 3/7 DEVD–aminoluciferin sub-
strate solution was measured and pipetted into each well. 
Absorbance measurements were recorded as percentages 
in comparison with control cells.

siRNA and Plasmid Transfection

PAR2 knockdown was performed 24 h before 5-FU 
treatment by transfecting cells with 200 pmol of human 
PAR2 siRNA or control scrambled siRNA (Invitrogen, 
Carlsbad, CA, USA). To generate an expression plas-
mid encoding full-length PAR2, full-length human 
PAR2 cDNA was amplified by PCR using the primers  
5′-caccatgcggagccccagcgcggcgt-3′ (forward) and 5′-ata 
ggaggtcttaacagtggttgaa-3′ (reverse), and cloned into 
pcDNA3.1 Directional TOPO expression plasmid (Invi-
trogen). The transfection of siRNAs or plasmids was 
conducted using Lipofectamine 2000 (Invitrogen) as 
described by the manufacturer.

RNA Isolation and Quantitative-PCR (qPCR) Assay

Total RNA was extracted using Tri-Reagent (Sigma-
Aldrich, St. Louis, MO, USA) and reverse transcripted 
(Invitrogen), and qPCR was conducted using a CFX96 
Real-time PCR Detection System (Bio-Rad Laboratories, 
Hercules, CA, USA). The value measured for each 
gene was normalized relative to that of b-actin gene. 
The sequences of the primers used in qPCR have been 
reported previously12.

Cell Migration Analysis

Cell migration assays were performed in a 24-well 
Transwell system featuring 8-μm pore size membrane 
inserts (Corning, Corning, NY, USA). Briefly, 2 × 104 
cells were transfected, starved, and trypsinized before 
plating in serum-free medium in the upper chamber. The 
lower chamber was filled with the same medium includ-
ing 10% FBS. The cells in the upper chamber were wiped 
off using cotton swabs, and the cell that had crossed to  
the opposite side of the membrane, the invaded or migra-
ted cells were fixed with methanol, stained with 5% crys-
tal violet, and quantified under a microscope (Olympus 
Co., Shinjuku, Tokyo, Japan).

Western Blotting Analysis

Total cell lysates were processed in radioimmunopre-
cipitation assay buffer that included Boehringer’s protease 
inhibitor mixture and phosphatase inhibitors (e.g., NaF, 
PMSF, and sodium orthovanadate). After determining 
protein concentrations using Bio-Rad’s Bradford assay, 
proteins were separated using SDS-PAGE, transferred 
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to polyvinylidene fluoride membranes, and Western 
blotted13.

Mouse Xenograft Model and Treatment

All animal experiments in this study adhered to glob-
ally accepted guiding principles of animal use and care 
in laboratories. Female nude mice (aged 5–6 weeks old; 
Vital River, P.R. China) were raised under sterile condi-
tions, and 1 × 106 HCT116 cells (suspended in 100 μl of 
phosphate-buffered saline) were administered subcuta-
neously into each side of the mice. As soon as tumors 
were detected, the mice were intraperitoneally injected 
with 5-FU (25 mg/kg), ENMD-547 (2 mg/kg), or their 
combination once every 2 days for 10 consecutive days. 
Tumor dimensions were measured using calipers, and 
cancer development was quantified using the equation: 
0.5 × length × width2. The dissected tumors were fixed with 
and immunostained for activated caspase-3, E-cadherin, 
and vimentin. All procedures and experiments involving 
animals in this study were carried out in strict accordance 
with the recommendations in the Guide for the Care and 
Use of Laboratory Animals of the National Institutes  
of Health. The protocol was approved by the Committee 
on the Ethics of Animal Experiments of the First Affilia-
ted Hospital of Soochow University. All surgery was per-
formed under sodium pentobarbital anesthesia, and all 
efforts were made to minimize suffering.

Statistical Analysis

Student’s t-test was used for comparisons of two inde-
pendent groups; differences were considered significant 
at a value of p < 0.05.

RESULTS

TGF-b Signaling and PAR2 Expression Were Induced 
After 5-FU Treatment in CRC Patients

TGF-b and PAR2 levels are reported to be highly corre-
lated with CRC development14,15; thus, we first performed 
qRT-PCR to examine TGF-b and PAR2 mRNA expres-
sion in 46 pairs of randomly selected tumor tissues before 
and after neoadjuvant chemotherapy. After 5-FU chemo-
therapy, TGF-b and PAR2 expression levels were signi-
ficantly higher than before therapy ( p < 0.001) (Fig. 1A).  
Because TGF-b and PAR2 expression is also related  
to cancer metastasis, we further measured their expres-
sion in metastatic cancers. We defined CRC tissues show-
ing metastasis, tumor invasion into bile duct, and venous 
infiltration as aggressive CRC tissues, and found that 
TGF-b and PAR2 were markedly upregulated in aggres-
sive CRC tissues compared with the levels in nonaggres-
sive tissues (p < 0.01) (Fig. 1B). We also examined the 
expression of genes related to migration and invasion, 

such as genes encoding matrix metalloproteinase-2 
(MMP-2), MMP-9, and PAI-1, which are downstream 
targets of the TGF-b signaling pathway; the expression 
of these genes accordingly showed considerable eleva-
tion after 5-FU treatment (Fig. 1C). Collectively, these 
results indicated that 5-FU treatment potentially increases 
TGF-b signaling and PAR2 expression, which might con-
tribute to CRC metastasis.

5-FU Treatment Reinforced TGF-b and PAR2 
Expression in CRC Cells

To further confirm in vitro the observed regulatory 
effect of 5-FU on TGF-b and PAR2, we treated several 
CRC cell lines with 5-FU and investigated the changes 
in TGF-b and PAR2. In accord with previous findings, 
5-FU treatment led to a loss of cell viability in the cell 
lines HCT116, RKO, HT-29, DLD1, and LoVo (Fig. 2A). 
Moreover, caspase 3/7 activity was increased in these cell 
lines after 5-FU treatment (Fig. 2B), which suggested that 
5-FU triggers apoptosis in CRC cells. Furthermore, these 
findings indicated that PAR2 mRNA levels were increased 
in these cell lines after 5-FU treatment (Fig. 2C), which 
suggested that 5-FU can also activate TGF-b signaling 
and PAR2 activity. Therefore, we examined the 5-FU 
effect on Smad3, a downstream effector of PAR2 and 
TGF-b: 5-FU treatment affected PAR2 at the protein 
level as well (Fig. 2D), and although Smad3 expres-
sion was not altered markedly, its phosphorylation was 
induced after 5-FU treatment (Fig. 2D), which indicated 
the activation of the TGF-b pathway. Last, because PAR2 
and TGF-b activation is correlated with EMT, we exam-
ined the expression of two EMT markers, E-cadherin and 
vimentin, as well as the migration status of the surviving 
cells after 5-FU treatment. As per our expectation, 5-FU 
treatment reduced E-cadherin expression but increased 
vimentin expression (Fig. 2D), and the treatment also 
induced the expression of the TGF-b downstream tar-
gets MMP2, MMP9, and PAI-1 (Fig. 2E). Intriguingly, 
the surviving HCT116 cells after 5-FU treatment showed 
enhanced migration activity compared with untreated 
cells (Fig. 2F). Thus, these results together indicated that 
5-FU triggered the activation of TGF-b and PAR2 and 
enhanced the migration of surviving cells.

PAR2 Mediated TGF-b Effects in 5-FU-Induced 
Apoptosis and EMT

To enhance our understanding of the role of PAR2 
and TGF-b signaling in the effects of 5-FU, we treated 
HCT116 cells with 5-FU together with the TGF-b inhibi-
tor LY2157299. Exposure of cells to LY2157299 blocked 
the phosphorylation of Smad3 (Fig. 3A), which confirmed 
the effectiveness of the TGF-b inhibitor. In accord with 
previous studies, TGF-b inhibition sensitized HCT116 
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cells to 5-FU treatment (Fig. 3B), increased caspase 3/7 
activity (Fig. 3C), and suppressed the migration of the 
surviving cells after 5-FU treatment (Fig. 3D); these 
results suggested that TGF-b-modulated EMT limits the 
tumor cell-killing effect of 5-FU and might contribute 
to tumor metastasis. However, the effect of LY2157299 
was abrogated by a PAR2 agonist. After PAR2 activation 
with the agonist, the p-Smad3 signal recovered (Fig. 3A), 
cell viability was increased (Fig. 3B), caspase 3/7 activity 
was suppressed (Fig. 3C), and cell migration was pro-
moted (Fig. 3D). To further confirm the effect of PAR2, 
we generated a PAR2 expression plasmid and transfected 
into HCT116 cells. Consistently, enhanced expression of 
PAR2 abolished the effect of LY2157299 on p-Smad3 
(Fig. 3E), cell viability (Fig. 3F), caspase 3/7 activity 
(Fig. 3G), and cell migration (Fig. 3H). Furthermore, 
enhanced expression of PAR2 also enhanced the p-Smad3 
and cell migration induced by 5-FU (Fig. 3E and H), 

but suppressed 5-FU-induced apoptosis (Fig. 3F and G). 
Collectively, these findings indicated that PAR2-TGF-b 
signaling contribute to cell migration induced by 5-FU 
in CRC cells.

PAR2 Deletion or Inhibition Suppressed 5-FU-Induced 
EMT and Enhanced the Killing Effect of 5-FU

To analyze whether PAR2 expression is critical for 
TGF-b-triggered migration and invasion of tumor cells, 
we depleted PAR2 in the HCT116 cell line through 
transient transfection of siRNA. PAR2 knockdown  
suppressed the phosphorylation of Smad3 induced by  
5-FU treatment (Fig. 4A), which indicated that TGF-b 
signaling was inhibited, and in the absence of PAR2, 
HCT116 cells were sensitized to 5-FU treatment (Fig. 
4B), and caspase 3/7 activity was increased (Fig. 4C);  
these effects are all similar to those produced by the 
TGF-b inhibitor. Next, we tested whether PAR2 depletion 

Figure 1. Elevated transforming growth factor-b (TGF-b) and protease-activated receptor 2 (PAR2) expression among colorectal 
cancer CRC patients after 5-fluorouracil (5-FU) therapy. (A) Analysis of TGF-b and PAR2 in RNA extracted from CRC tumor biopsies 
before chemotherapy (before) and after chemotherapy (after). (B) Comparison of differences in TGF-b and PAR2 expression between 
aggressive and nonaggressive tumor tissues. (C) Analysis of MMP2, MMP9, and PAI-1 in RNA extracted from CRC tumor biopsies 
before chemotherapy (before) and after chemotherapy (after). *p < 0.05, **p < 0.01, ***p < 0.001.
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affects cell migration. Analysis of the expression of 
several EMT-related genes revealed that the induction 
of these genes by 5-FU was compromised by PAR2 
siRNA (Fig. 4D). Moreover, PAR2 depletion eliminated 
the increased migration of the surviving cells after 5-FU  
treatment (Fig. 4E).

To further confirm the role of PAR2 in the chemo-
therapeutic effect of 5-FU, we used a PAR2 inhibitor,  
ENMD-547, together with 5-FU treatment. PAR2 inhibi-
tion, like PAR2 depletion, suppressed Smad3 phosphory-
lation (Fig. 5A) and the induction of TGF-b downstream 
targets such as MMP2, MMP9, and PAI-1 (Fig. 5B). 
The combined use of the PAR2 inhibitor with 5-FU also 
enhanced the killing effect of 5-FU (Fig. 5C) and increased 
caspase 3/7 activity (Fig. 5D). Furthermore, addition of 
the PAR2 inhibitor limited the increase in cell migration 

caused by 5-FU treatment (Fig. 5E). These data collec-
tively suggested that PAR2 mediates the TGF-b-induced  
chemo resistance and EMT observed in 5-FU treatment.

PAR2 Inhibition Enhanced the Killing  
Effect of 5-FU In Vivo

Last, we used a xenograft model to examine the effect 
of the PAR2 inhibitor in vivo. In nude mice harboring 
HCT116 tumors and treated with 5-FU and/or ENMD-
547, tumor volume was significantly diminished when 
5-FU was coapplied with ENMD-547 compared with 
the volume after treatment with 5-FU alone, although 
ENMD-547 single treatment did not exert a tumor-
suppressive effect (Fig. 6A). Furthermore, we analyzed 
apoptotic signaling and cell migration by staining for 

Figure 2. 5-FU treatment induces TGF-b and PAR2 expression and cell migration. (A) The indicated CRC cells were treated with 
50 μg/ml of 5-FU for 24 h, and then cell viability was detected using the MTS assay. (B) CRC cells were treated as in (A), and then 
caspase 3/7 activity was analyzed. (C) CRC cells were processed as in (A), and TGF-b (left) and PAR2 (right) expression was exam-
ined using RT-PCR. (D) HCT116 and RKO cells were processed as in (A), after which the expression of the indicated proteins was 
analyzed through Western blotting. (E) HCT116 cells were processed as in (A), and then the expression of target genes was analyzed 
using RT-PCR. (F) HCT116 cells were processed as in (A), and the migration of the surviving cells after treatment was analyzed.
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caspase-3, vimentin, and E-cadherin. In agreement with 
the in vitro data, PAR2 inhibition by ENMD-547 signifi-
cantly increased the caspase 3 activity induced by 5-FU 
(Fig. 6B), which indicated that the PAR2 inhibitor can 
enhance the cell-killing effect of 5-FU. In terms of tumor 
migration, 5-FU administration caused vimentin upregu-
lation and E-cadherin downregulation, but this effect was 
reversed when 5-FU was applied in combination with the 
PAR2 inhibitor (Fig. 6C and D). These findings further 

confirm the function of PAR2 inhibition in vivo and sug-
gest a new therapy strategy for CRC.

DISCUSSION

Development of 5-FU resistance has long remained 
the main obstacle in CRC treatment and a key reason 
for chemotherapy failure9. Several underlying mecha-
nisms that might account for 5-FU resistance in cancer 

Figure 3. PAR2 coordinates with TGF-b to mediate 5-FU-triggered apoptosis and cell migration. (A) HCT116 cells were treated 
with 50 μg/ml of 5-FU after pretreatment for 1 day with 100 nmol/L LY2157299 and 100 U/ml trypsin, and then the expression of 
target proteins was analyzed through immunoblotting. (B) HCT116 cells were processed as in (A), and then cell survival was analyzed 
using the MTS assay. (C) HCT116 cells were processed as in (A), after which caspase 3/7 activity was analyzed. (D) HCT116 cells 
were processed as in (A), and the migration of the surviving cells after treatment was analyzed. (E) HCT116 cells transfected with 
pcDNA3.1 (control+) or pcDNA3.1-PAR2 (PAR2+) were treated with 50 μg/ml of 5-FU after pretreatment for 1 day with 100 nmol/L 
LY2157299, and then the expression of target proteins was analyzed through immunoblotting. (F) HCT116 cells were processed as 
in (E), and then cell survival was analyzed using the MTS assay. (G) HCT116 cells were processed as in (E), after which caspase 
3/7 activity was analyzed. (H) HCT116 cells were processed as in (E), and the migration of the surviving cells after treatment was  
analyzed. *p < 0.05, **p < 0.01.
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Figure 4. PAR2 depletion sensitizes HCT116 cells to 5-FU treatment and limits cell migration. (A) HCT116 cells were transfected 
with PAR2 siRNA overnight and then treated with 50 μg/ml of 5-FU for 1 day; subsequently, immunoblotting was performed to  
examine the expression of the mentioned proteins. (B) HCT116 cells were processed as in (A), and then cell viability was analyzed 
using the MTS assay. (C) HCT116 cells were treated as in (A), and then caspase 3/7 activity was analyzed. (D) HCT116 cells were 
processed as in (A), after which RT-PCR was performed to analyze the expression of the genes of interest. (E) HCT116 cells were 
treated as in (A), and then the migration of the surviving cells after treatment was analyzed.

Figure 5. PAR2 inhibition produces similar effects as PAR2 depletion. (A) HCT116 cells were treated with 50 μg/ml of 5-FU together 
with/without 10 μmol/L ENMD-547 pretreatment for 1 day, after which the expression of the indicated proteins was examined through 
immunoblotting. (B) HCT116 cells were processed as in (A), and the expression of the indicated genes was analyzed using RT-PCR. 
(C) HCT116 cells were treated as in (A), and then cell survival was examined using the MTS assay. (D) HCT116 cells were processed 
as in (A), after which caspase 3/7 activity was analyzed. (E) HCT116 cells were processed as in (A), and then the migration of the 
surviving cells after treatment was analyzed.
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cells have been recognized, and the most recent work in 
this area focused our attention on EMT16. The connec-
tion between EMT and drug resistance has been investi-
gated in multiple cancers, but the mechanisms involved 
remain incompletely elucidated. In this study, we found 
that PAR2 functions as a major coordinator for the TGF-b 
signaling pathway in regulating 5-FU-induced apoptosis  
and EMT. Notably, when PAR2 was blocked using its 
specific inhibitor, ENMD-547, CRC cells were sensi-
tized to 5-FU in vitro and in vivo, and the EMT effects 
produced by 5-FU were also suppressed. Thus, our find-
ings suggest a new therapy strategy—involving PAR2  
targeting—for CRC.

EMT and apoptosis are most basic physiological 
activities that are independent but are also interconnected 
in maintaining the homeostasis of our bodies17. Recently, 
EMT has attracted considerable attention in cancer-
related research, and increasing numbers of studies are 
indicating that EMT plays a critical role in the metastasis 
and invasion of certain cancer cells. Abnormalities in the 
regulation of EMT and apoptosis are strongly correlated 

with multiple pathological activities, such as kidney fibro-
sis, embryo teratism, and cancer progression18,19. TGF- 
b is closely associated with the regulation of apoptosis 
and EMT and plays a key role in pathological activi-
ties: TGF-b is regarded as a primary influencing factor 
in tumor progression, metastasis, and vasculogenesis19,20. 
A recent study revealed the link between TGF-b signal-
ing and drug resistance14, but the detailed mechanism of 
TGF-b pathway activation, particularly in CRC, remains 
poorly understood. Therefore, efforts to elucidate the 
mechanisms underlying EMT and apoptosis, as well 
as the mechanisms of TGF-b regulation, could be vital 
in the identification of novel therapeutic strategies for 
diverse tumors. In accord with a previous study14, our 
results showed that the TGF-b pathway was activated in 
CRC in response to 5-FU treatment and contributed to 
apoptosis resistance and EMT progression. Interestingly, 
we also found that PAR2, which functions as a coordina-
tor of TGF-b signaling, modulates the TGF-b signaling 
pathway and thereby controls the apoptosis and EMT 
induced by 5-FU in CRC in vivo and in vitro.

Figure 6. PAR2 mediates the 5-FU tumor-killing effect and inhibition of cell migration in vivo. (A) Nude mice were subcutaneously 
injected with 1 × 106 wild-type HCT116 cells and, after 7 days, were intraperitoneally injected, once every 2 days for 10 days, with 
50 mg/kg of 5-FU, 1 mg/kg of ENMD-547, or their combination. Tumor volume at specific times after treatment was evaluated; n = 5 
per group. (B–D) Mice with HCT116 xenograft tumors were treated as in (A) for 4 consecutive days, and then tissue sections were 
stained for active caspase 3 (B), vimentin (C), and E-cadherin (D). **p < 0.01.
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PAR2 is a G protein-coupled receptor that has recently 
been reported to play a crucial role in the development 
of tumors and various cancers, including CRC15. Zeeh 
et al. found that PAR2 expression is critical for TGF-b/
ALK5 signaling and contributes to metastatic dissemina-
tion in pancreatic cancer12. Moreover, TGF-b and PAR2 
expression levels might both be elevated and could trig-
ger fibrosis21,22, which facilitates desmoplasia in pancre-
atic carcinoma23. TGF-b and PAR2 play certain common 
roles in healthy and pathological stoichiology, including 
stimulation of desmoplastic progression, invasion, and 
metastasis23–25. PAR2 and TGF-b were found to be colo-
calized in pancreatic ductal adenocarcinoma (PDAC), 
and thus signaling interaction between PAR2 and TGF-b 
in tumor cells enhanced TGF-b’s carcinogenic effects 
and PDAC development12. Here we also determined that 
TGF-b and PAR2 were upregulated in 5-FU-treated CRC 
patients and cell lines, and our results further suggested 
that PAR2 mediated TGF-b signaling in 5-FU chemother-
apy because the effects of TGF-b inhibition were reversed 
by PAR2 activation. These findings provide an additional 
mechanism for inhibiting the activation of TGF-b signal-
ing in CRC chemotherapy.

An increase in the expression of trypsin, the primary 
internal PAR2-activating factor, has been observed in the 
context of several tumors, including CRC26,27. In CRC,  
elevation of PAR2 and trypsin stimulated cell reproduc-
tion13, which indicated that trypsin is associated with 
secretory loops under the condition prevalent in colonic 
neoplasms, and this leads to their progression. In this 
context, we also found that PAR2 activation by trypsin 
promoted EMT but suppressed 5-FU-induced apopto-
sis, which further confirmed the role of PAR2 in CRC 
progression. Conversely, certain PAR2 antagonists were 
reported to suppress CRC cell proliferation by inhibiting 
the EGFR signaling pathway28. Reduction of PAR2 sen-
sitizes colonic epithelial cells to cytokine-induced apo-
ptosis by suppressing Mcl-1 in vitro29. However, whether 
PAR2 inhibition produces a similar effect in vivo remains 
unclear. In this study, we also determined that PAR2 
inhibition or depletion sensitized CRC cells to 5-FU 
treatment. Furthermore, we used a new PAR2 inhibitor, 
ENMD-547, and observed that it exerted similar effects 
as PAR2 depletion: sensitization of CRC cells to 5-FU  
in vitro and in vivo and suppression of EMT signals.

In conclusion, our study has shown for the first 
time that 5-FU treatment could lead to the activation of 
TGF-b signaling and PAR2 in CRC both in vivo and in 
vitro. Specific inhibition or depletion of PAR2 not only 
enhanced the sensitivity of CRC cells to 5-FU treat-
ment but also reduced the EMT signaling triggered by  
5-FU, which could suppress tumor metastasis after chemo-
therapy. Moreover, we found that a PAR2 inhibitor, 
ENMD-547, can potentially be used in combination with 

5-FU in CRC treatment. However, further investigation is 
required to address the precise mechanisms and clinical 
effects of this combination treatment.
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