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Background: Contradictive results about the direct role of C5a/C5aR1 axis in different 
cancer cells have been reported. The direct effect of C5a on human renal cell carcinoma 
(RCC) cells and the underlying mechanism are not clear. The aim of this study is to 
investigate the role of C5a/C5aR1 axis in RCC cells and its working mechanism.
Methods: RCC cells were infected with lentivirus Lenti-C5a, which was designed to over- 
express secretory C5a in the cells, or directly treated with recombinant C5a, the influence of 
these treatments in the cells and the underlying mechanism were explored.
Results: Transfection of RCC cells with Lenti-C5a markedly increased the production of 
C5a and significantly increased the proliferation, migration, and invasion of RCC cells, but 
direct addition of C5a to the cell culture medium had no such effects though it indeed 
induced a transient intracellular calcium rise. RCC cells were found to express carboxypep-
tidase D and M, which reportedly to inactivate C5a. Also, the RCC cells stably transfected 
with Lenti-C5a produced larger transgrafted tumors in nude mice compared with the non- 
transfected or control virus transfected cells. In addition, over-expression of C5a significantly 
increased the expression and phosphorylation of STAT3 as well as the phosphorylated JNK 
level. Furthermore, the effect of C5a over-expression on RCC cells’ proliferation, migration, 
and invasion could be blocked by Stattic, a STAT3-specific inhibitor.
Conclusion: Chronic over-activation of C5a/C5aR1 axis could directly increase RCC cells’ 
proliferation, migration, and invasion and thus contribute directly to the progression of the 
disease. Over-activation of STAT3 pathway is among the underlying mechanism.
Keywords: C5a, C5aR1, renal cell carcinoma, STAT3

Introduction
Renal cell carcinoma (RCC) is one of the 10 most commonly diagnosed malignancies. 
Worldwide, more than 140,000 people die of RCC annually.1,2 Clear cell renal cell 
carcinoma (ccRCC) and papillary renal cell carcinoma are the major subtypes of the 
disease, with the former accounting for approximately 70–80% and the latter approxi-
mately 10–15% of all RCC cases.3 Due to its resistance to commonly used chemother-
apy agents and radiation,4 early surgical resection is the primary therapy for RCC. 
Currently, the 5-year overall survival rate for localized ccRCC is approximately 92.6% 
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but declines markedly to only 66.7% in patients with regio-
nal spread and 11.5% in patients with metastatic disease. In 
addition, approximately 20–30% of ccRCC patients with 
localized disease even after nephrectomy.4,5 In recent 
years, a number of targeted therapy approaches to treat 
RCC have been introduced, such as immunotherapies and 
the use of receptor tyrosine kinase and mTOR inhibitors; 
however, none of these therapies provide durable responses, 
and the degree of prognosis improvement is fairly limited.4,6 

Therefore, further investigations of the pathogenic mechan-
ism of RCC are needed to facilitate the development of 
novel therapies to improve disease prognosis.

C5a, a 74–amino acid peptide, is a split-product of 
complement component C5 generated during the comple-
ment activation cascade.7 The C5a receptor, C5aR1, was 
originally identified in cells of myeloid origin. As a major 
immune response regulator, the C5a-C5aR1 axis has been 
extensively studied. However, C5aR1 is also expressed by 
various non-myeloid cells, including cells of normal and 
malignant tissues.8 Emerging evidence suggests that C5a 
plays an important role in the initiation and progression of 
various cancers. The C5a-C5aR1 axis might therefore be 
a useful therapeutic target in cancer treatment. However, 
details regarding the role of C5a in the underlying 
mechanism of cancer pathogenesis remain unclear. In par-
ticular, data pertaining to the direct role of C5a in different 
cancers are contradictory.

In kidney cancer, two research groups have reported an 
association between C5a/C5aR1 and RCC prognosis. Maeda 
et al reported that C5aR1 is expressed more frequently in 
metastatic RCC tumors, whereas Xi et al demonstrated that 
high levels of C5a and C5aR1 are associated with poor 
postoperative prognosis in ccRCC patients.9–11 However, 
direct evidence demonstrating the involvement of C5a- 
C5aR1 signaling in RCC remains scarce. To the best of our 
knowledge, no studies have reported the effect of C5a on 
human RCC cells. Therefore, in the present study, we exam-
ined the effect of over-expression of secretory C5a on the 
phenotype of two human RCC cell lines, 786-O and ACHN, 
in order to elucidate the direct role of C5a in the mechanism 
underlying RCC.

Materials and Methods
Cell Culture, Transfection, and Treatment
The 786-O and ACHN RCC cell lines were obtained from 
the Cell Bank of the Chinese Academy of Science 
(Shanghai, China). The cells were cultured in RPMI-1640 

medium (Meilun Biology Technology, Dalian, China) sup-
plemented with 10% fetal bovine serum. In order to obtain 
RCC cells stably over-expressing secretory C5a, the cells 
were transfected with a recombinant lentivirus, Lenti-C5a. 
To construct Lenti-C5a, a recombinant IL6-C5a gene carry-
ing the IL-6 signal peptide sequence (117-203 of 
NM_000600.3) and C5a coding sequence (2079-2300 of 
NM_001317163) was inserted into the BamHI/AscI site of 
the lentivirus expression vector, pLenti6.3-MCS-IRES2- 
EGFP (Thermo Fisher Scientific, MA, USA), thus generat-
ing the recombinant C5a expression vector, 
pLenti6.3-IL6C5a-IRES2-EGFP. pLenti6.3-MCS-IRES2- 
EGFP was used to produce the control virus.

RCC cells were seeded at a density of about 1×105 

cells/well in a 12-well cell culture plate and trans-
fected. When the cells reached approximately 50% 
confluence, the medium was removed and exchanged 
with 0.5 mL of fresh medium containing 5×105 virus 
particles and 8 μg/mL polybrane. After 12 h, the med-
ium was replaced with fresh medium. Stably trans-
fected cells were screened out by addition of 
puromycin (5 μg/mL) beginning 48 h after transfection 
and incubation for 1 week. In C5a stimulation tests, 
recombinant C5a (CR52, Novoprotein, Shanghai, 
China) was directly added to the cell culture medium 
at a final concentration of 100 nM. Blockage of the 
C5aR1 and STAT3 pathways was carried out by direct 
addition of 1 μM PMX-53 (5336830001, Sigma- 
Aldrich, MA, USA), and 20 μM Stattic (T6308, 
Targetmol, MA, USA), respectively.

RNA Isolation and RT-PCR Analysis
According to the manufacturer’s protocol, total cellular 
RNA was isolated with TRIzol® reagent (9109, Thermo 
Fisher Scientific, MA, USA) and cDNA was generated 
using a PrimeScriptTM RT Master Mix kit (RR820A, 
Takara Biotechnology, Dalian, China). A fragment of 118 
bp C5aR1 cDNA was amplified by using the following 
primers: C5aR1 forward, 5’-ATCTTTGCAGTCTTCCTG 
-3’ and C5aR1 reverse, 5’-CGGCTACCGCCAAGTTGAG 
-3’. The thermal cycle condition was: Pre-denatured at 
94°C for 5 min, followed by 30 cycles of 94°C for 20 
s and 60°C for 30s. The presence of the C5aR1 fragment 
was analyzed by agarose gel electrophoresis.

Western Blot Analysis
Total protein was extracted using RIPA lysis buffer 
(R0020, Solarbio Technology, Beijing, China) containing 
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Phosphatase Inhibitor and Protease Inhibitor Cocktail 
(Targetmol, MA, USA) at 4°C. About 10 µg of total 
protein was separated by 10% SDS-PAGE and transferred 
to a PVDF membrane (Merck KgaA, Darmstadt, 
Germany). Following blocking with the PBS buffer con-
taining 5% skimmed milk powder, the membranes were 
incubated with various primary antibodies respectively, 
overnight at 4°C. These antibodies include rabbit anti- 
human C5aR1 (Ls-B5559, dilution of 1:1000; Lifespan, 
Seattle, WA, USA), rabbit anti-human AKT (4691S, dilu-
tion of 1:1000; Cell Signaling Technology, MA, USA), 
rabbit anti-human p-AKT (4060S, dilution of 1:1000; 
Cell Signaling Technology, MA, USA), rabbit anti- 
human β-actin (YT0099, dilution of 1:5000; 
Immunoway, TX, USA), rabbit anti-human ERK1/2 
(4695S, dilution of 1:1000; Cell Signaling Technology, 
MA, USA), rabbit anti-human p-ERK1/2 (4370S, dilution 
of 1:1000; Cell Signaling Technology, MA, USA), rabbit 
anti-human p38 (8690S, dilution of 1:1000; Cell 
Signaling Technology, MA, USA), rabbit anti-human 
p-p38 (4511S, dilution of 1:1000; Cell Signaling 
Technology, MA, USA), mouse anti-human STAT3 
(9139T, dilution of 1:1000; Cell Signaling Technology, 
MA, USA), rabbit anti-human p-STAT3 (9145T, dilution 
of 1:1000; Cell Signaling Technology, MA, USA), rabbit 
anti-human p-SAPK/JNK (4668T, dilution of 1:1000; 
Cell Signaling Technology, MA, USA), mouse anti- 
human GAPDH (YM3029, dilution of 1:10000; 
Immunoway, TX, USA), rabbit anti-human CPD 
(NBP1-91447, dilution of 1:1000; Novus Biologicals, 
Centennial, CO, USA), rabbit anti-human CPM (NBP1- 
87403, dilution of 1:1000; Novus Biologicals, 
Centennial, CO, USA), rabbit anti-human CPN (Ls- 
c166993, dilution of 1:1000; Lifespan, Seattle, WA, 
USA) and rabbit anti-human CPZ (Ls-199274, dilution 
of 1:1000; Lifespan, Seattle, WA, USA). Then the mem-
brane was washed with TBST three times and incubated 
with HRP-conjugated goat anti-rabbit (B0201, dilution of 
1:10000; Immunoway, Texas, USA) or rabbit anti-mouse 
(B0101, dilution of 1:10000; Immunoway, Texas, USA) 
IgG antibody for 2 h at 37°C. The immunolabeled pro-
teins were detected by chemiluminescence using the 
Chemiluminescent hRP substrate (WBULS0100, Merck 
KgaA, Darmstadt, Germany). Densitometric analysis was 
performed using ImageJ software, version 1.52a 
(National Institutes of Health, Bethesda, MD, USA).

Immunofluorescence Analysis
The cells growing on glass coverslips were washed with 
PBS, fixed in 4% paraformaldehyde at 4°C for 30 min 
and permeabilized in 0.5% Triton X-100 at room tem-
perature for 10 min. After blocking with 3% BSA 
(Beyotime Institute of Biotechnology, Shanghai, China) 
for 30 min, the cells were incubated with rabbit anti- 
human C5aR1 antibodies (Ls-B5559, dilution of 1:100; 
Lifespan. Seattle, WA, USA) at room temperature for 2 
h, washed with PBS three times, and incubated with 
Cy3-labeled goat anti-rabbit IgG antibody (33108ES60, 
dilution of 1:200; Yeasen Biotechnology, Shanghai, 
China) at room temperature for 30 min. Washed with 
PBS again, the cells were mounted, and fluorescent 
images were captured with a confocal microscope 
(LSM-800, Zeiss GmbH, Jena, Germany). For negative 
control, 10% FCS was used instead of the primary 
antibody.

Intracellular Ca2+ Assay
Intracellular Ca2+ was measured by using Fluo-3 AM 
(S1056, Beyotime Institute of Biotechnology, Shanghai, 
China). Briefly, the cells were incubated with 5 μM Fluo- 
3 AM for 45 min at 37°C in serum-free medium. Then, the 
cells were washed with serum-free medium three times 
and incubated for another 30 min. The relative intracellu-
lar Ca2+ level was examined by Fluorescence Microscope 
(Zeiss GmbH, Jena, Germany).

Cell Proliferation Assay
A Cell Counting Kit-8 kit (Beyotime Institute of 
Biotechnology, Shanghai, China) was used in the analy-
sis of cell proliferation according to the manufacturer’s 
instruction. Briefly, 786-O or ACHN cells were seeded 
into the 96-well plates at a density of 3×103/well and 
5×103/well, respectively. After 6, 24, 48 and 72 h, the 
number of the cells was detected. Here, the results of 6 
h were used as a baseline.

Cell Invasion Assay
Cell invasion was assessed using BioCoat Matrigel inva-
sion chambers (24-well plates, 8-μm pores; BD 
Biosciences, CA, USA). Cells were starved by incubating 
in serum-free medium for 24 h prior to the invasion assay. 
A total of 5×104 ACHN cells and 1.5×104 786-O cells 
with 200 μL of serum-free medium were added to the 
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upper chamber, and 500 μL of medium containing 10% 
fetal bovine serum was added to the lower chamber. After 
24 h, the cells on the upper-chamber side of the membrane 
were scraped off, and the cells on the underside of the 
membrane (which passed through the Matrigel and mem-
brane) were fixed with 4% paraformaldehyde, stained with 
0.5% crystal violet, and counted under a microscope 
(Leica Dmi1, Leica, Wetzlar, Germany). For each cham-
ber, the number of invaded cells was determined for at 
least 10 fields (100×), and the average number of invaded 
cells per field was used as the number of invaded cell in 
the chamber. Each experiment was repeated at least three 
times.

Cell Migration Assay
Cells were seeded in 6-well plates at a density of 5×106/well. 
Upon reaching near confluence, the cells were starved by 
incubation in serum-free medium for 24 h. Scratches were 
then made on the cell monolayer using a sterile pipette tip. 
The detached cells were removed by washing with PBS and 
then maintained in serum-free RPMI-1640 medium. Images 
of the scratches were captured at indicated time points using 
a camera (Leica S80/0.30) attached to the microscope (Leica 
DMi1). The area of the wound made by the scratches was 
measured at each time point using ImageJ software, version 
1.52a (National Institutes of Health, Bethesda, MD, USA). 
The wound healing ratio was calculated as follows: wound 
healing ratio at a specific time point = (wound area at time 0 − 
wound area at specific time point)/wound area at time 0. In 
comparing the wound healing ratio between different groups, 
the wound healing ratio of the normal control group was 
defined as 1.0.

Allogeneic Transplantation of Tumors
Five-week-old male nude mice (Slac Laboratory Animal, 
Shanghai, China) were divided randomly into three 
groups: untransfected group, control virus group and 
Lenti-C5a group. A total of 1×106 different cells (untrans-
fected 786-O or ACHN cells for untransfected group; 
control virus transfected 786-O or ACHN cells for control 
virus group; Lenti-C5a transfected 786-O or ACHN cells 
for Lenti-C5a group) were inoculated subcutaneously into 
the flank of each mouse. The growth of the tumor was 
monitored regularly. Eight weeks later, the mice were 
euthanized and the tumors’ size and weight were mea-
sured. Six mice were used in each group. All the animal 
experimental procedures were approved by the 
Experimental Animal Ethical Committee of Taizhou 

Hospital and were performed according to the guidelines 
of the Experimental Animal Care Committee of Taizhou 
Hospital (tzy-2019047). All efforts were made to minimize 
the number of animals used and their suffering.

C5a Assay
According to the manufacturer’s instruction, the level of 
C5a in the cell culture supernatant was measured using 
a human C5a ELISA kit (E-EL-H0190c, Elabscience, 
Houston, TX, USA) in an ELISA read (Mltiskan FC, 
Thermo Scientific, USA).

Statistical Analyses
Data are presented as the mean ± SEM. SPSS software 
(version no. 19.0; IBM, CHI, USA) was used for data 
analysis. Multiple comparisons were performed using one- 
way ANOVA and Tukey’s post hoc test was used in the 
comparison between two groups. All statistical tests were 
two tailed, p < 0.05 was considered statistically significant 
in all the cases.

Results
Expression of C5aR1 and C5a in 
786-O and ACHN Cells
As shown in Figure 1, C5aR1 was expressed in both 786-O 
and ACHN cells. However, C5a was detected at only a very 
low level in the culture supernatant of 786-O and ACHN 
cells (0.16±0.19 ng/mL and 0.18±0.16 ng/mL, respectively).

Addition of C5a to the Culture Medium 
Had No Obvious Effect on the 
Proliferation, Migration, or Invasion of 
RCC Cells
To determine the direct effect of C5a on RCC cells, recombi-
nant C5a was added directly to the culture medium of 786-O 
and ACHN cells. As shown in Figure 2, addition of C5a had 
no significant effect on the proliferation, migration, or invasion 
of these cells. However, addition of C5a induced a rapid 
increase in the cellular Ca2+ level, thus excluding the possible 
ineffectiveness of recombinant C5a itself (Figure 2K).

RCC Cells Express Carboxypeptidases
C5a is readily inactivated in vivo by carboxypeptidases via 
cleavage of the C-terminal arginine residue.12,13 To deter-
mine whether carboxypeptidases also inactivate recombi-
nant C5a added to the culture medium, we assayed 786-O 

https://doi.org/10.2147/CMAR.S326352                                                                                                                                                                                                                               

DovePress                                                                                                                                              

Cancer Management and Research 2021:13 7610

Zheng et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


and ACHN cells for the expression of carboxypeptidase 
D (CPD), carboxypeptidase M (CPM), carboxypeptidase 
N (CPN), and carboxypeptidase Z (CPZ), each of which 
reportedly inactivates C5a. Bands corresponding to CPN1 
and CPZ were not detected in Western blot analysis. 
However, expression of CPD and CPM was detected 
(Figure 3).

Secretory Over-Expression of C5a 
Increased the Proliferation, Migration, 
and Invasion of RCC Cells
Over-expression of secretory C5a was demonstrated by mea-
suring C5a and its inactivated product C5a-des Arg in cell 
culture supernatants (Figure 4A and B). As shown in 
Figure 4C–L, significantly increased proliferation 
(Figure 4C and D), migration (Figure 4E–H) and invasion 
(Figure 4I–L) were observed in secretory C5a–over- 
expressing 786-O (786-O-C5a) and ACHN (ACHN-C5a) 
cells. This effect could be blocked by addition of 1 μM 
PMX-53, a C5aR1-specific inhibitor.

Secretory Over-Expression of C5a 
Significantly Increased the Growth of 
Allogeneic Transgrafted Tumors
As shown in Figure 5, compared with un-transfected and 
control virus-transfected RCC cells, cells over-expressing 
secretory C5a produced significantly larger tumors in nude 
mice.

Secretory Over-Expression of C5a 
Significantly Increased STAT3 Pathway 
Expression and Activation
To investigate the mechanisms underlying the effects of 
C5a over-expression, we first examined the effect of C5a 
over-expression on the AKT, ERK, p38, and JNK/STAT3 
pathways. Given the similar effects of secretory C5a over- 
expression in 786-O and ACHN cells with regard to cel-
lular proliferation, migration, and invasion and the growth 
of allogeneic transgrafted tumors, we examined only 786- 
O cells in the subsequent study. As shown in Figure 6, 

Figure 1 C5aR1 was expressed in both 786-O and ACHN cells. The expression of C5aR1 in 786-O and ACHN cells was examined by RT-PCR (A), Western blotting (B) 
and immunofluorescence analysis (C). Scale bar, 100µm. 
Abbreviations: 786-O, 786-O cells; ACHN, ACHN cells; NC in (A), Negative control in RT-PCR analysis; NC in (C), Negative control in immunofluorescence analysis 
(786-O cells were incubated with 10% fetal calf serum instead of anti-C5aR1 antibody); DM, DNA mark; PM, protein mark; RT-PCR, reverse transcription-polymerase chain 
reaction.
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Figure 2 Addition of recombinant C5a to the cell culture medium had no significant influence on the proliferation, migration, or invasion of RCC cells. RCC cells (786-O 
and ACHN) were treated with 100 nM of recombinant C5a or not and the effects of C5a on cell proliferation, migration, and invasion were determined by CCK8, scratch 
healing and Matrigel invasion chamber methods. The influence of intracellular Ca2+ level was determined 5 minutes after addition of 100 nM recombinant C5a. All the 
experiments were repeated at least three times. (A and B) Results of proliferation analysis. (C–F) Results of invasion analysis. (G–J) Results of migration analysis. (K) 
Representative pictures under Fluorescence Microscope showing that addition of C5a obviously increased intracellular Ca2+ level of 786-O cells as represented by the 
increased fluorescence. Scale bar: 100 µm. 
Abbreviations: A, ACHN cells; O, untreated 786-O cells; O+PBS, 786-O cells treated with the same volume of phosphate buffer saline (PBS) as C5a that used in C5a 
treated group; O+C5a, 786-O cells treated with 100 nM of recombinant C5a; A+PBS, ACHN cells treated with the same volume of PBS as C5a that used in C5a treated 
group; A+C5a, ACHN cells treated with 100 nM of recombinant C5a; CCK8, Cell Counting Kit-8 kit; RCC, renal cell carcinoma; PBS, phosphate buffered saline.
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compared with un-transfected and control virus- 
transfected 786-O cells, levels of STAT3, phosphorylated 
STAT3, and phosphorylated JNK increased significantly. 
However, no significant changes in the expression or 
phosphorylation levels of AKT, ERK, and p38 were 
observed.

Inhibition of STAT3 Blocked the Effect of 
Secretory C5a Over-Expression on the 
Proliferation, Migration, and Invasion of 
786-O Cells
To confirm the involvement of the STAT3 pathway in the 
observed changes in the proliferation, migration, and inva-
sion of RCC cells, a STAT3 pathway blocking test was 
conducted using the STAT3-specific inhibitor Stattic. As 
shown in Figure 7, Stattic treatment significantly reduced 
the proliferation, migration, and invasion of 786-O cells 
over-expressing C5a. Stattic treatment also significantly 
reduced the proliferation of un-transfected 786-O cells. 
Stattic treatment also reduced the migration and invasion 
of un-transfected 786-O cells, albeit to a much lower and 
non-significant degree.

Discussion
The present study is the first to report the effect of secre-
tory over-expression of C5a on the phenotype of RCC 
cells. Over-expression of C5a significantly increased the 
proliferation, migration, and invasion of RCC cells, and 
this effect was blocked by treatment with the C5aR1- 
specific inhibitor PMX-53. Secretory over-expression of 
C5a also induced a significant increase in the growth of 
transgrafted RCC tumors. In addition, secretory over- 
expression of C5a significantly increased the expression 

and phosphorylation levels of STAT3 and the level of 
phosphorylated JNK, whereas inhibition of the JNK/ 
STAT3 pathway using the STAT3-specific inhibitor 
Stattic reversed the effect induced by C5a over- 
expression. These results suggest that C5a contributes to 
the progression of RCC by directly regulating specific 
functions of cancer cells. Two receptors for C5a have 
been identified, C5aR1 and C5aR2 (also designated 
C5L2).14 Given that the effect of C5a over-expression on 
the phenotype of RCC cells could be blocked by treatment 
with a C5aR1-specific inhibitor, we believed that constitu-
tively expressed C5a exerts its effects on RCC cells via 
activation of C5aR1. That is, over-expression of secretory 
C5a activates C5aR1, leading to subsequent activation of 
the JNK/STAT3 pathway and promotion of the prolifera-
tion, migration, and invasion of RCC cells.

Interestingly, direct addition of C5a to the cell culture 
medium had no significant effect on the proliferation, 
migration, and invasion of RCC cells in the present 
study. Conditions such as improper preservation may 
cause inactivation of recombinant C5a. To exclude this 
possibility, an experiment was performed to determine 
whether addition of the recombinant C5a could stimulate 
increase of cellular Ca2+ level, a phenomenon being well- 
proved in a variety of cells. Indeed, addition of the C5a 
stimulated a rapid increase in the cellular Ca2+ level, 
excluding the possibility of the ineffectiveness of the 
C5a itself. Given that C5a is readily inactivated in vivo 
by carboxypeptidases via cleavage of the C-terminal argi-
nine residue, thus converting C5a into its inactive form, 
C5a-des Arg, we then examined the expression of various 
carboxypeptidases in RCC cells. Indeed, both of the RCC 
cell lines used in the study, 786-O and ACHN, expressed 

Figure 3 RCC cells were found to express carboxypeptidase M and carboxypeptidase D, but not carboxypeptidase N or carboxypeptydase Z. 
Abbreviations: M, protein mark; O, 786-O cells; A, ACHN cells; RCC, renal cell carcinoma; CPD, carboxypeptidase D; CPM, carboxypeptidase M; CPN, carboxypeptidase 
N; CPZ, carboxypeptidase Z.
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Figure 4 Secretory over-expression of C5a significantly increased the proliferation, migration, and invasion of RCC cells. Secretory over-expression of C5a in Lenti-C5a transfected 
cells was confirmed through measuring the C5a/C5a-des Arg level in the cell culture supernatant (A and B). The influence of secretory C5a over-expression on the cell proliferation 
(C and D), migration (E–H), and invasion (I–L) were determined by CCK8, scratch healing and Matrigel invasion chamber methods. All the experiments were repeated at least three 
times. **P<0.01 vs O group in (B, C, G and K), or vs A group in (A, D, H and L). ##P<0.01 vs O-C5a group in (C, G and K), or vs A-C5a group in (D, H and L). Scale bar: 100 µm. 
Abbreviations: O, 786-O cells; O-VC, 786-O cells transfected with control virus; O-C5a, 786-O cells transfected with the secretory C5a expression lentivirus Lenti-C5a; 
O-C5a+S, O-C5a cells treated with the same volume of DMSO as PMX-53 used in the O-C5a+I group; O-C5a+I, O-C5a cells treated with 1 μM of PMX-53; O+I, 786-O 
cells treated with 1 μM of PMX-53; A, ACHN cells; A-VC, ACHN cells transfected with control virus; A-C5a, ACHN cells transfected with the secretory C5a expression 
lentivirus Lenti-C5a; A-C5a+S, A-C5a cells treated with the same volume of DMSO as PMX-53 used in the A-C5a+I group; A-C5a+I, A-C5a cells treated with 1 μM of PMX- 
53; A+I, ACHN cells treated with 1 μM of PMX-53; CCK8, Cell Counting Kit-8 kit; RCC, renal cell carcinoma; DMSO, dimethyl sulfoxide.
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CPM and CPD. As an extracellular peptidase bound to the 
outer membrane via a glycosyl-phosphatidylinositol 
anchor, CPM reportedly cleaves C-terminal arginine resi-
dues from peptides and proteins and is believed to function 
as CPN, the major circulating carboxypeptidase that med-
iates the rapid inactivation of anaphylatoxins such as C3a, 
C4a, and C5a in the extracellular space.15 CPD is localized 
in the plasma membrane16 and reportedly cleaves 
C-terminal arginine residues from extracellular substrates 

for uptake of arginine into cells for nitric oxide 
production.17,18 The present finding that 786-O and 
ACHN RCC cells express CPD and CPM thus supports 
the hypothesis that exogenous C5a is rapidly inactivated 
by carboxypeptidases expressed by RCC cells. Therefore, 
direct addition of C5a leads to only transient activation of 
C5aR1 on the cell membrane. This situation differs mark-
edly from secretory over-expression of C5a by RCC cells, 
in which C5a is sustainably produced and may induce 

Figure 5 Secretory over-expression of C5a significantly increased the growth of transgrafted tumors in nude mice. (A) Representative pictures of the mice with tumor and 
the tumor isolated. (B) Results of statistical analysis of the tumor size and weight. **P<0.01 vs A or O group. 
Abbreviations: A, ACHN cell group (mice were inoculated with untransfected ACHN cells, n = 6); A-VC, control virus transfected ACHN cell group (mice were 
inoculated with control virus transfected ACHN cells, n = 6); A-C5a, C5a over-expression ACHN cell group (mice were inoculated with Lenti-C5a transfected ACHN cells, 
n = 6); O, 786-O cell group (mice were inoculated with untransfected 786-O cells, n = 6); O-VC, control virus transfected 786-O cell group (mice were inoculated with 
control virus transfected 786-O cells, n = 6); O-C5a, C5a over-expression 786-O cell group (mice were inoculated with Lenti-C5a transfected 786-O cells, n = 6).
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sustained activation of C5aR1 on the cell membrane. This 
mechanism could explain the different effects we observed 
following direct addition of C5a to the cell culture medium 
and over-expression of secretory C5a by the cells.

As it is believed to be a major component of the 
complement system that influences both tumor initiation 
and progression, C5a and its receptor, C5aR1, have 
attracted considerable attention from tumor investigators 

Figure 6 Secretory over-expression of C5a significantly increased the expression and activation of JNK/STAT3 pathway. The level of AKT (A), phosphorylated AKT (p-AKT, 
(B), ERK1/2 (C), phosphorylated ERK1/2 (p-ERK1/2, (D), p38 (E), phosphorylated p38 (p-p38, (F), STAT3 (G), phosphorylated STAT3 (p-STAT3, (H) and phosphorylated 
JNK (p-SAPK/JNK, (I) were measured by Western blot method. All the experiments were repeated three times. **P<0.01 vs 786-O group in (G, H and I). 
Abbreviations: 786-O, untransfected 786-O cells; VC, control virus transfected 786-O cells; C5a, C5a over-expression 786-O cells.
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in recent years. A high level of C5aR1 in RCC tumors is 
reportedly associated with high rates of tumor cell metas-
tasis, advanced-stage disease, and poor clinical 
prognosis.11 Both indirect and direct mechanisms have 
been proposed to explain the role of C5a/C5aR1 signaling 
in the pathogenesis of malignancy. The indirect 

mechanism postulates that C5a exerts its effects via reg-
ulation of the recruitment and function of various immune 
cells in the tumor. This mechanism has been extensively 
investigated, resulting in nearly unanimous consensus. In 
contrast, relatively few studies have examined the direct 
role of C5a in cancer cells, and these studies have 

Figure 7 Inhibition of STAT3 blocked the effect of secretory C5a over-expression on the proliferation, migration, and invasion of RCC cells. The STAT3 specific inhibitor 
Stattic (20 μM) was used in the assay. The influence of Stattic on cellular proliferation (A), migration (B and C), and invasion (D and E) of untransfected 786-O and secretory 
C5a over-expression 786-O cells were analyzed by using CCK8, scratch healing and Matrigel invasion chamber methods. All the experiments were repeated at least three 
times. **P<0.01 vs O group. ##P<0.01 vs O-C5a group. Scale bar: 100 µm. 
Abbreviations: O, 786-O cells; O-VC, 786-O cells transfected with control virus; O-C5a, 786-O cells over-expressing secretory C5a; O-C5a+S, O-C5a cells treated with 
the same volume of DMSO as Stattic used in the O-C5a+ST group; O-C5a+ST, O-C5a cells treated with 20 μM of Stattic; O+ST, 786-O cells treated with 20 μM of Stattic; 
CCK8, Cell Counting Kit-8 kit; RCC, renal cell carcinoma; DMSO, dimethyl sulfoxide.
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produced contradictory results. For example, Zhao et al, 
Zhang et al, Lu et al, and Cho et al reported that C5a 
induces the proliferation of A549 and PC9 lung cancer 
cells, C666-1 human nasopharyngeal carcinoma cells, 
MCF-7 and MDA-MB-231 breast cancer cells, 
SKOV3ip1 human ovarian cancer cells, Hec265 endome-
trial cancer cells, and H226 lung squamous cancer cells, 
respectively.19–22 However, Ajona et al, Nabizadeh et al, 
and Zha et al reported that C5a had no effect on the 
proliferation of A549 and H460M5 lung cancer cells, 
B16.F0 mouse melanoma cells, CT26 mouse colon cancer 
cells, or LLC mouse lung adenocarcinoma cells, 
respectively.23–25 Maeda et al reported that although 
C5aR1 signaling plays a crucial role in the invasion of 
RCC cells, it does not affect the proliferation of these 
cells.9 The differing results reported by these various stu-
dies might reflect the complex role C5a signaling plays in 
cancer cells. Differences in cell types used, cellular con-
text, and experimental conditions could help explain the 
apparent functional complexity of C5a observed in various 
studies. Given that the level of C5aR1 expression varies 
greatly in cancer cells,19–23 this might be quite important 
in explaining differences in results, as under most experi-
mental conditions, this could represent the level of C5a/ 
C5aR1 axis signaling in cancer cells. As shown in the 
present study, 786-O and ACHN cells also express carbox-
ypeptidases. At present, we do not know whether other 
cancer cells commonly express carboxypeptidases. If they 
do, the level of carboxypeptidase expression should also 
be taken into account in explaining the effect of C5a on the 
phenotype of cancer cells.

Of note, in the microenvironment of in vivo tumors, 
C5a is continually produced through various pathways. 
C5aR1 should therefore be chronically activated in tumor 
cells. At least in this regard, the present study based on 
over-expression of secretory C5a in cancer cells might 
have more realistically mimicked the actual in vivo 
tumor microenvironment and better reflected the true 
effects of chronic activation of the C5a/C5aR1 axis 
in RCC.

Pathways such as ERK, AKT, p38, and STAT3 are 
reportedly involved in a variety of cellular processes 
induced by C5a/C5aR1 activation. For example, by increas-
ing the phosphorylation of ERK1/2 and p38 MAPK, C5a- 
induced C5aR1 activation was shown to promote osteoclast 
formation and inflammatory responses.26 In addition, C5a 
induces neutrophil apoptosis by inhibiting the AKT 
pathway.27 In cancer cells, C5a reportedly suppresses p21 

expression via activation of the PI3K/AKT pathway and 
thus functions in the pathogenesis of gastric cancer.28,29 C5a 
also reportedly increases ZEB1 expression and enhances 
the invasion of human glioblastoma cells via activation of 
p38 MAPK.30 Using C5aR1-transfected mouse RCC cells 
(Renca cells), Maeda et al reported that C5a elicited cytos-
keletal rearrangements and morphological changes in the 
cells and ultimately increased their invasiveness through 
activation of the ERK and AKT pathways.9 Unexpectedly, 
in the present study, no significant changes were observed in 
the ERK, AKT, or p38 pathways. Thus, our results do not 
support the involvement of these pathways in the patho-
genic role of chronic C5a/C5aR1 activation in RCC.

In the present study, over-expression of secretory C5a 
increased the expression and activation of the STAT3 path-
way. STAT3 is an important signaling molecule and report-
edly involved in a variety of biological processes, 
including immune regulation, angiogenesis, cellular pro-
liferation, differentiation, survival, and apoptosis.31–33 

Constitutive STAT3 activation has been reported in 
a variety of human cancers, including RCC.34–40 A broad 
spectrum of factors reportedly activate STAT3, including 
various growth factors and cytokines.41,42 However, to our 
knowledge, no study has reported the role of C5a/C5aR1 
signaling in activation of the STAT3 pathway in renal 
cancer cells. Given the similarity between over- 
expression of secretory C5a in RCC cells and the sustained 
C5a production resulting from chronic complement activa-
tion in renal tumor tissues, the present finding that sus-
tained C5a stimulation induces STAT3 expression and 
activation might provide a novel explanation for the 
cause of constitutive STAT3 activation in renal cancer.

The present study does have some limitations. First, as 
our results were based on only two RCC cell lines, further 
in vivo investigations are needed to confirm our findings. 
Second, the level of C5a expression could not be accu-
rately controlled like addition of recombinant C5a in the 
present study, the exact effect of certain C5a level in RCC 
cells remains to be evaluated.

In conclusion, we used recombinant C5a and over- 
expression of secretory C5a to examine the direct effect of 
C5a/C5aR1 activation in RCC cells and explored the under-
lying mechanism. Over-expression of secretory C5a promoted 
the proliferation, migration, and invasion of RCC cells, 
whereas direct addition of C5a did not. Because RCC cells 
expressed carboxypeptidases that are known to inactivate C5a, 
we believe that direct addition of C5a only transiently activates 
C5aR1, whereas over-expression of C5a causes sustained 

https://doi.org/10.2147/CMAR.S326352                                                                                                                                                                                                                               

DovePress                                                                                                                                              

Cancer Management and Research 2021:13 7618

Zheng et al                                                                                                                                                           Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


stimulation of the cells, which is the reason for the different 
results we observed using the two different methods. Given 
that C5a is produced continually in actual tumor tissue due to 
chronic complement activation, over-expression of secretory 
C5a in RCC cells might better mimic the situation in RCC 
tumors. Thus, we deduced that sustained activation of C5aR1 
by C5a produced as a result of chronic complement activation 
might play an important role in promoting the progression of 
RCC; patients with RCC might therefore benefit from block-
ade of the C5a/C5aR1 axis. In addition, in the present study, 
over-expression of C5a exerted effects on RCC cells by 
increasing STAT3 expression and activation. Given the key 
role of the STAT3 pathway in the regulation of cancer cell 
phenotype and the observation that constitutive STAT3 activa-
tion occurs in RCC tumor tissues, this finding not only pro-
vides a reasonable explanation for the observed effects of C5a 
over-expression, it also suggests a novel mechanism for the 
constitutive STAT3 activation in RCC tumors. That is, our 
findings support the hypothesis that chronic C5a/C5aR1 over- 
activation contributes directly to the progression of RCC and 
that blockade of this axis could be an effective therapeutic 
strategy for treating the disease.

Abbreviations
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dehydrogenase; HRP, horseradish peroxidase; PVDF, polyvi-
nylidene fluoride; p-AKT, phosphorylated AKT; PBS, phos-
phate buffer saline; p-ERK1/2, phosphorylated ERK1/2; 
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