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Abstract 
Non-small cell lung cancer (NSCLC) is the primary reason of tumor morbidity and mortality worldwide. We aimed to study the transfer process 
of S100A4 between cells and whether it affected NSCLC development by affecting STAT3 expression. First, S100A4 expression in NSCLC 
cells was measured. The exosomes in MRC-5, A549, and H1299 cells were isolated and identified. We constructed si-S100A4 and si-PD-L1 to 
transfect A549 cells and oe-S100A4 to transfect H1299 cells, and tested the transfection efficiency. Cell function experiments were performed 
to assess cell proliferation, clone number, apoptosis, cell cycle, migration, and invasion abilities. In addition, ChIP was applied to determine 
the targeting relationship between S100A4 and STAT3. Next, we explored NSCLC cell-derived exosomes role in NSCLC progress by transmit-
ting S100A4. Finally, we verified the function of exosome-transmitted S100A4 in NSCLC in vivo. High expression of S100A4 was secreted by 
exosomes. After knocking down S100A4, cell proliferation ability was decreased, clones number was decreased, apoptosis was increased, G1 
phase was increased, S phase was repressed, and migration and invasion abilities were also decreased. ChIP validated STAT3 and PD-L1 inter-
action. After knocking down S100A4, PD-L1 expression was decreased, while ov-STAT3 reversed the effect of S100A4 on PD-L1 expression. 
Meanwhile, S100A4 inhibited T-cell immune activity by activating STAT3. In addition, knockdown of PD-L1 inhibited cell proliferation, migration, 
and invasion. NSCLC cell-derived exosomes promoted cancer progression by transmitting S100A4 to activate STAT3 pathway. Finally, in vivo 
experiments further verified that exosome-transmitted S100A4 promoted NSCLC progression. Exosome-transmitted S100A4 induces immuno-
suppression and the development of NSCLC by activating STAT3.

Received 26 April 2022; Revised 25 August 2022; Accepted for publication 10 November 2022

mailto:yvfei316@163.com?subject=
mailto:xiaoping.yang@hunnu.edu.cn?subject=
mailto:xiaoping.yang@hunnu.edu.cn?subject=


310 Wu et al.

Graphical Abstract 

Keywords: exosome, S100A4, STAT3, PD-L1, immunosuppression
Abbreviations: ANOVA: one-way analysis of variance; CCK-8: Cell Counting Kit 8; ChIP: chromatin immunoprecipitation; ex-depleted CM: exosome-depleted 
conditioned medium; FBS: fetal bovine serum; LC: lung cancer; NSCLC: non-small cell lung cancer; PI: propidium iodide; S100A4: S100 calcium-binding protein 
A4; SEVs: small extracellular vesicles; TEM: transmission electron microscopy; TLR4: toll-like receptor 4; TRAPs: tumor cell-released autophagosomes.

Introduction
Lung cancer (LC) is a heterogeneous disease. With the 
deepening of understanding of the molecular changes and gen-
omic biomarkers that drive LC development, traditional LC 
is divided into small cell LC and non-small cell LC (NSCLC) 
[1]. NSCLC is a common lethal malignancy, accounting for 
about 80–85% of lung system tumors [2, 3]. It is the primary 
reason of tumor morbidity and mortality worldwide [4]. 
Moreover, the poor prognosis of NSCLC is mainly related 
to patients being diagnosed at a later stage of the disease [5]. 
Therefore, there is a pressing demand to find new diagnostic 
markers and therapeutic approaches.

The S100 protein family is related to various malignant tu-
mors pathogenesis, including lung cancer [6]. S100 calcium-
binding protein A4 (S100A4), a member of the S100 family, 
is widely known for its function in promoting tumor pro-
gress and metastasis [7]. S100A4 is an important metastasis-
promoting protein driving cancer invasion and metastasis in 
NSCLC cells [8]. S100A4 plays vital role in NSCLC metas-
tasis and development by regulating adhesion, extracellular 
matrix remodeling, and cell motility [8–10]. In addition, 
S100A4 overexpression is related to cancer progress and 
poor prognosis in NSCLC patients [9]. Therefore, S100A4 
may act as the prognostic biomarker for NSCLC. Exosomes 
are cell-derived nanovesicles ranging in diameter from 30 to 
150 nm that are released upon fusion of multivesicular bodies 
with the cell surface [11]. Exosomes play vital roles in inter-
cellular communication and have oncogenic roles in cancer 
progress and pre-metastatic niche formation [12]. Exosomes 
mediate cellular communication in cancer by delivering ac-
tive molecules and are closely related to tumor proliferation, 
migration, and immune regulation processes [13]. Oncogenic 

exosomes contain the factor S100A4, a known regulator of 
the pre-metastatic niche, enabling us to understand selective 
differences in exosome composition during tumorigenesis 
and potential components as prognostic and diagnostic bio-
markers in pancreatic cancer [14]. Studies have shown that 
exosome-mediated S100A4 promotes the development of 
liver cancer by activating STAT3 [15]. But exosome-mediated 
S100A4 role in NSCLC is unclear.

In recent years, immunotherapy has proven to be a promising 
approach to control tumor development. The PD-1/PD-L1 
axis produces inhibitory signals that attenuate T cells activity 
and contribute to tumor immune escape [16, 17]. STAT3 can 
directly act on PD-L1 promoter to facilitate PD-L1 expres-
sion in human tumor cells [13]. As a key target, STAT3 has 
been widely studied in NSCLC and is mainly related to tumor 
proliferation, migration, and invasion [18–20]. Furthermore, 
S100A4 could promote the occurrence of early alcoholic hepa-
titis by activating the STAT3 pathway [21]. Both S100A4 and 
STAT3 are related to regulate NSCLC tumor progress, but the 
link between the two has not been reported.

Based on this, this paper further studies the relationship 
between S100A4 and STAT3 and the progression of NSCLC, 
and explores the transmission process of S100A4 between 
cells and whether it affects NSCLC development by affecting 
STAT3 expression. Our research may provide novel treatment 
ideas and targets for NSCLC.

Methods and materials
Cell culture and treatment
Human normal embryonic fibroblasts (MRC-5, CL-0161), 
NSCLC cell lines A549 (CL-0016), H358 (CL-0400), H1299 
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(CL-0165), and H460 (CL-0299) were provided by Procell 
(Wuhan, China). H322 and normal human lung epithelial 
cells BEAS-2B were provided by ATCC. MRC-5 was cul-
tured in MEM. BEAS-2B was cultured in DMEM. A549 was 
cultured in Ham’s F-12K. H358, H1299, H460, and H322 
were cultured in RPMI-1640. These medium all contain 10% 
fetal bovine serum (FBS), 1% penicillin, and 1% strepto-
mycin. A549 cells were constructed and transfected with 
si-STAT3 or si-PD-L1 to verify the transfection efficiency. 
The experimental groupings were: si-NC, si-STAT3; si-NC, 
si-PD-L1. To further explore the function of STAT3, STAT3 
was overexpressed and we grouped cells into NC, si-S100A4, 
si-S100A4+oe-NC, si-S100A4+oe-STAT3. H1299 cells were 
incubated with exosomes or exosome-depleted conditioned 
medium (ex-depleted CM) from A549 cells, and experimental 
groups were: Control, PBS, A549 Ex, Ex-depleted CM. In 
addition, we used si-ctrl/si-S100A4 to treat the exosomes 
extracted from A549 and incubated H1299 cells to de-
tect S100A4 expression. The experimental groupings were: 
Control, PBS, si-ctrl Ev, si-S100A4 Ev.

Exosome isolation and identification
Exosomes were extracted from MRC-5, A549, and H1299 cell 
supernatants using an exosome extraction kit (EXOQ5A-1, 
SBI). The groups were MRC-5 exo, A549 exo, and H1299 
exo. Exosomes morphology were analyzed by transmission 
electron microscopy (TEM). Western blot was applied to 
determine CD63 (25682-1-AP, 1:1000, proteintech), CD9 
(20597-1-AP, 1:1000, proteintech) and Calnexin (66903-1-
Ig, 1:5000, proteintech).

Identification and treatment of CD8+ and CD4+ T 
cells
According to previous literature [22, 23], MagniSort Human 
CD4 or CD8 T cell Enrichment Kit (8804-6811-74 or 8804-
6812-74, ThermoFisher) were applied. Flow cytometry was 
performed to measure CD4 T and CD8 T cells purity. A549 
cells were treated with si-NC/si-S100A4 and then co-cultured 
with T cells, and CD8+ and CD4+ T cells levels were moni-
tored. The experimental groupings were si-NC and si-S100A4.

Quantitative real-time PCR
Trizol extracted RNA, and RNA was reversed into cDNA by 
reverse transcription kit (CW2569, Beijing ComWin Biotech, 
China). cDNA was taken for quantitative PCR. UltraSYBR 
Mixture Kit (CW2601, Beijing ComWin Biotech, China) 
was used and PCR was performed on a fluorescence quan-
titative PCR instrument (QuantStudio1, Thermo). Internal 
reference of primers was GAPDH, and gene level was cal-
culated by 2−ΔΔCt method. Primer sequences were shown as 
follows: S100A4-F: TCTTGGTTTGATCCTGACTGC, 
S100A4-R: TCACCCTCTTTGCCCGAGTA; STAT3-F:  
CTCTTACTTCTCCAGCAACACT, STAT3-R: ATACATGC 
TACCTAAGGCCAT; PD-L1-F: TTGCTGAACGCCCC 
ATACAA, PD-L1-R: TCCAGATGACTTCGGCCTTG; 
GAPDH-F: ACAGCCTCAAGATCATCAGC, GAPDH-R: 
GGTCATGAGTCCTTCCACGAT.

Western blot
Protein concentration was determined using RIPA (P0013B, 
Beyotime), lysis buffer (MB2479, meilunbio), and “BCA” 
methods. SDS-PAGE loading buffer was mixed and protein 

was adsorbed on PVDF membrane. S100A4 (16105-1-
AP, 1:500, proteintech), cyclin D1 (26939-1-AP, 1:1000, 
proteintech), BAX (50599-2-Ig, 1:5000, proteintech), Bcl-2 
(26593-1-AP, 1:500, proteintech), E-cadherin (20874-1-
AP, 1:5000, proteintech), vimentin (10366-1-AP, 1:2000, 
proteintech), N-cadherin (22018-1-AP, 1:2000, proteintech), 
twist (11752-1-AP, 1:500, proteintech), slug (12129-1-AP, 
1:2000, proteintech), snail (13099-1-AP, 1:500, proteintech), 
c-Myc (10828-1-AP, 1:5000, proteintech), and β-catenin 
(51067-2-AP, 1:5000, proteintech), STAT3 (10253-2-AP, 
1:1000, proteintech), PD-L1 (17952-1-AP, 1:500, proteintech) 
and β-actin (66009-1-Ig, 1:1000, proteintech), were incu-
bated overnight at 4°C. Then secondary antibodies were in-
cubated. ECL color exposure. The exposed film was analyzed 
with quantity One professional grayscale analysis software. 
β-Actin was used as an internal reference to evaluate protein 
bands.

Cell Counting Kit 8 assay
Cells were seeded in a 96-well plate at a density of 1 × 104 
cells/well and incubated in a 37°C, 5% CO2 incubator. After 
culturing adherent treatment for 12, 24, 48, and 72 h, Cell 
Counting Kit 8 (CCK-8) (10 μl/well, #NU679, DOJINDO, 
Japan) was added. After incubation at 37°C in 5% CO2 for 
4 h, the absorbance value (450 nm) was analyzed by Bio-Tek 
microplate reader (MB-530, Heales, China).

Clone formation assay
Cells were digested with 0.25% trypsin digestion solution, 
and cell suspension was made with serum-free basal me-
dium, and cell density was adjusted to about 1 × 105/ml. One 
thousand cells/2 ml of each group were cultured in a 37°C, 
5% CO2 incubator for 2–3 weeks. Culture medium was dis-
carded. Four percent paraformaldehyde was fixed, stained 
with 0.5% crystal violet. Camera took pictures of each well 
and the clones were counted.

Cell apoptosis and cycle
For apoptosis: cells were collected by centrifugation at 
1500 rpm for 5 min. Five hundred and microliters of binding 
buffer, 5 μl of Annexin V-FITC (# KGA108, keygenbio, 
Nanjing), and propidium iodide (PI) were added. The reaction 
was performed at room temperature in the dark for 15 min, 
and flow cytometry (A00-1-1102, Beckman, USA) was util-
ized to determine apoptotic cells.

For cell cycle: cell suspension was collected, centrifuged to 
obtain cell pellet and single-cell suspension, and adjusted to 
1 × 106 cells/ml. One hundred and fifty microliters of PI were 
added and stained in the dark at 4°C for 30 min. Cells were 
transferred to the flow cytometry detection tube and checked 
on the flow cytometry. PI was excited by a 488-nm argon-ion 
laser, received by a 630-nm pass filter, and 10 000 cells were 
collected by FSC/SSC scattergram. Fragments were analyzed 
for the percentage of each cell cycle on the PI fluorescence 
histogram.

Transwell assay
1 × 106/ml cells were resuspended in serum-free medium, and 
100 μl of cell suspension and complete medium containing 
10% FBS were added to the upper and lower chamber of 
the transwell chamber (#33318035, Corning), and cultured 
for 48 h. 4% paraformaldehyde was fixed for 10 min. Cells 
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were stained with 0.5% crystal violet and eluted with water. 
Cells on the outer surface of upper chamber were observed 
under the microscope (Olympus, Japan) and photographed 
to detect cell migration. For cell invasion, Matrigel Basement 
Membrane Matrix (BD Biocoat) was used and the rest of 
the methods were as above. Whether cells entered bottom 
cavity through small hole was observed with a microscope 
(Olympus, Japan) and photographed.

Chromatin immunoprecipitation
According to the instructions of the chromatin 
immunoprecipitation (ChIP) kit, the enrichment of PD-L1 
in the STAT3 promoter region was verified. Cells were fixed 
with 1% formalin for 10 min, then the DNA was randomly 
fragmented to 200–800 bp by sonication, and the DNA was 
immunoprecipitated with a target protein-specific antibody 
against PD-L1. Finally, 100 μl H2O was used to purify and 
elute ChIP DNA, and 2.5 μl ChIP-DNA was used for quanti-
tative real-time PCR detection [24]. The enrichment of PD-L1 
in the STAT3 promoter was detected.

In vivo tumorigenesis
BALB/c nude mice (male, 21–25  g, 4 weeks, n = 24) were 
divided into 4 groups: si-ctrl A549, si-S100A4 A549; oe-ctrl 
H1299, oe-S100A4 H1299, 6 mice in each group. Mice 
were subcutaneously injected with si-ctrl or si-S100A4-
treated A549 cells (2 × 106 cells/cell, 100 μl), and oe-ctrl or 
oe-S100A4-treated H1299 cells (2  ×  106 cells/cell, 100 μl). 
Tumor volumes were monitored each 4 days; mice were 
treated after 30 days; tumors were removed and weighed, and 
tumor weight/volume changes were recorded.

HE staining
Tumor tissue was collected, and HE staining was used to as-
sess histomorphological damage. Slices were baked, dewaxed 
to water, stained with hematoxylin and eosin, and dehydrated 
with 95–100% gradient alcohol. After taking them out, slices 
were placed in xylene for 10 min, 2 times, sealed with neutral 
gum, and observed under a microscope.

Immunohistochemistry
Immunohistochemistry was utilized to detect S100A4, Ki-67, 
STAT3, and PD-L1 positive in tissues. Slices were baked, 
deparaffinized to water, and heated the antigens. S100A4 
(16105-1-AP, 1:200, PTG), Ki-67 (ab16667, 1:200, abcam), 

and PD-L1 (17952-1-AP, 1:200, PTG) primary antibodies 
were incubated at 4°C overnight, and then secondary anti-
body was incubated. DAB was applied, and they were coun-
terstained with hematoxylin, and returned to blue with PBS. 
All levels of alcohol (60–100%) were dehydrated, 5 min per 
level. After taking them out, they were placed in xylene, and 
then sealed with neutral gum and observed under a micro-
scope.

TUNEL
In tissue sections, TUNEL Apoptosis Detection Kit (KGA704, 
KeyGen Biotech, Jiangsu) was applied to evaluate apoptosis 
in tissues. Briefly, slices were baked and dewaxed to water. 
One percent of periodic acid blocking solution was prepared, 
the sections were immersed in the blocking solution, and 
blocked at room temperature (15–25°C) for 12  min. One 
hundred and microliters of Proteinase K working solution 
were added, and reacted at 37°C for 20 min. Biotin (IH0125, 
Leagene Biotechnology, Beijing) was used for blocking, HRP 
labeled and observed. DAB (ZLI-9018, ZSGB-BIO, Beijing) 
was applied, and they were observed under a light micro-
scope.

Statistical analysis
Statistical analysis was performed using Graphpad 8.0. 
Experimental data were expressed as mean ± SD. Student’s 
t-test or one-way analysis of variance (ANOVA) was used 
to compare data differences among two or multiple groups. 
P-value of <0.05 was considered statistically significant.

Results
The high expression of S100A4 was secreted by 
exosomes
We first measured S100A4 expression in NSCLC cells. 
Compared with BEAS-2B, S100A4 was highly expressed in 
NSCLC cell lines. Among them, A549 had the highest expres-
sion and H1299 had the lowest expression (Fig. 1A). We then 
isolated and extracted exosomes from MRC-5, A549, and 
H1299 cells. Exosome marker detection found that exosomes 
surface markers CD63, CD9 were all positive, and Calnexin 
was negative (Fig.1B), which indicated that we successfully 
extracted exosomes. Finally, we assessed S100A4 expression 
in exosomes. Compared with MRC-5 exo, S100A4 expres-
sion was elevated in A549 exo, and there was no change in 

Figure 1: the high expression of S100A4 was secreted by exosomes. A. S100A4 mRNA expression in NSCLC cells. *P < 0.05. B. Exosomes marker 
CD63, CD9, and Calnexin expressions in exosomes. C. Western blot detection of S100A4 level in exosomes. *P < 0.05.
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Figure 2: S100A4 regulated the proliferation, migration, and invasion of NSCLC cells. A. S100A4 knockdown or overexpression efficiency in NSCLC 
cells. B. CCK-8 assay for si-NC, si-S100A4 or oe-NC, oe-S100A4 transfected NSCLC cells. C. Colony formation assay for si-NC, si-S100A4 or oe-NC, 
oe-S100A4 transfected NSCLC cells. D. The percentage of apoptotic cells in si-NC and si-S100A4 groups. E. Cell cycle distribution in si-NC, si-S100A4 
or oe-NC, oe-S100A4 transfected NSCLC cells. F and G. Cyclin D1, Bcl-2, and BAX expression in si-NC, si-S100A4 or oe-NC, oe-S100A4 transfected 
NSCLC cells. H and I. Transwell migration and invasion assays for si-NC, si-S100A4 or oe-NC, oe-S100A4 transfected NSCLC cells. J and K. E-cadherin, 
N-cadherin, vimentin, twist, slug, snail, β-catenin, and c-Myc expressions in si-NC, si-S100A4 or oe-NC, oe-S100A4 transfected NSCLC cells. *P < 0.05.
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S100A4 expression in H1299 exo (Fig. 1C), suggesting that 
S100A4 was present in the A549 exo.

S100A4 regulated the proliferation, migration, and 
invasion of NSCLC cells
Next, we constructed si-S100A4 to transfect A549 cells and 
oe-S100A4 to transfect H1299 cells, and tested the transfec-
tion efficiency. Figure 2A showed that the S100A4 knockdown 
or overexpression was successful. Cell function experiments 
showed that after knocking down S100A4, cell proliferation 
ability was decreased, clones number was decreased, apop-
tosis was increased. Moreover, G1 phase was increased, S 
phase was repressed, and migration and invasion abilities 
were also decreased after knocking down S100A4 (Fig. 2B-E 
and H,I). In addition, after knocking down S100A4, the ex-
pression of cell cycle, apoptosis, migration, and invasion-
related proteins cyclin D1, Bcl-2, N-cadherin, vimentin, twist, 
slug, snail, β-catenin, and c-Myc decreased, E-cadherin and 
BAX expression was increased (Fig. 2F and J). This further 
validated the results of cell function experiments. The trend 
of overexpression of S100A4 and interference of S100A4 was 
opposite. Collectively, S100A4 regulated the proliferation, 
migration, and invasion processes of NSCLC cells.

S100A4 regulated PD-L1 expression and inhibited 
T-cell immune activity by activating STAT3
Next, we assessed STAT3 and PD-L1 levels. Compared with 
si-NC group, PD-L1 and STAT3 levels were reduced in the 
si-S100A4 group (Fig. 3A). In addition, A549 cells were treated 

with si-NC/si-S100A4 and then co-cultured with T cells, and 
CD8+ and CD4+ T cells levels were detected. Compared 
with si-NC group, the si-S100A4 group had elevated levels 
of CD8+ T and CD4+ T cells (Fig. 3B). Then we constructed 
si-STAT3 in A549 cells. Figure 3C showed successful inter-
ference with STAT3. ChIP validated the interaction between 
STAT3 and PD-L1 (Fig. 3D). Next, we overexpressed STAT3 
while interfering with S100A4. Figure 3E suggested PD-L1 
expression was decreased after interfering with S100A4, 
while oe-STAT3 reversed the effect of S100A4 on PD-L1 ex-
pression. Finally, we knocked down PD-L1. Figure 3F showed 
successful interference with PD-L1. Cell function experiments 
showed that after PD-L1 was knocked down, the cell pro-
liferation ability decreased, and the migration and invasion 
abilities were also reduced (Fig. 3G–I). In general, S100A4 
regulated PD-L1 expression and inhibited T-cell immune ac-
tivity by targeting STAT3.

Exosome-transmitted S100A4 promoted NSCLC 
progression by targeting STAT3
To explore NSCLC cell-derived exosomes role in cancer 
progression by delivering S100A4, we incubated H1299 
cells with exosomes from A549 cells or exosome-depleted 
conditioned medium (ex-depletion CM), or we used si-ctrl/
si-S100A4 to treat the exosomes extracted from A549 and 
incubate with H1299 cells to detect S100A4 expression. As 
shown in Fig. 4A–C, S100A4 expression was elevated in both 
A549 Ex or si-ctrl Ev groups than PBS group. Ex-depleted 
CM or si-S100A4 Ev group reversed the effect of A549 Ex 

Figure 3: S100A4 regulated PD-L1 expression and inhibited T-cell immune activity by activating STAT3. A. Western blot measured STAT3 and PD-L1 
levels. *P < 0.05. B. The effect of different treatments on CD4+ and CD8+ populations among A549 cells. C. STAT3 knockdown efficiency in A549 cells. 
*P < 0.05. D. ChIP was utilized to verify STAT3 binding to PD-L1. E. PD-L1 protein level. *P < 0.05 vs NC, #P < 0.05 vs si-S100A4+oe-STAT3. *P < 0.05. 
F. PD-L1 knockdown efficiency in A549 cells. *P < 0.05. G. CCK-8 assay for si-NC and si-PD-L1 transfected NSCLC cells. H and I. Transwell migration and 
invasion assays for si-NC and si-PD-L1 transfected NSCLC cells. *P < 0.05.
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or si-ctrl Ev on S100A4 expression. Next, we assessed STAT3 
and PD-L1 levels. Compared with the PBS group, PD-L1 and 
STAT3 expressions were elevated in the A549 Ex or si-ctrl 
Ev groups. These expressions were reversed after the use of 
Ex-depleted CM or si-S100A4 Ev (Fig. 4D–F). Cell function 
experiments suggested H1299 cells in the A549 Ex or si-ctrl 
Ev group had increased cell proliferation, increased clone 
number, and increased migration and invasion levels than 
PBS group (Fig. 4G–J). In contrast, these functions were re-
duced with Ex-depleted CM or si-S100A4 Ev. These results 
indicated exosome-transmitted S100A4 promoted NSCLC 
progression by targeting STAT3.

Exosome-derived S100A4 promotes NSCLC 
progression in vivo
Finally, we validated the function of exosome-derived S100A4 
in NSCLC in vivo. Fig. 5A–C showed tumor size, weight, and 
volume. Compared with si-ctrl A549, si-S100A4 A549 group 
had decreased tumor weight and volume. Tumor weight and 
volume in the oe-S100A4 H1299 group increased than oe-ctrl 
H1299 group. HE staining results showed that inflammatory 
cell infiltration was decreased after si-S100A4, whereas in-
flammatory cell infiltration was increased after oe-S100A4 

(Fig. 5D). After si-S100A4, Ki-67 expression was suppressed 
and apoptosis was facilitated. However, after oe-S100A4, 
Ki-67 expression was promoted and apoptosis was repressed 
(Fig. 5E, F). In addition, S100A4 and PD-L1 expressions were 
also repressed after si-S100A4, whereas S100A4 and PD-L1 
expressions were promoted after oe-S100A4 (Fig. 5G). These 
results revealed exosome-derived S100A4 promoted NSCLC 
progression.

Discussion
NSCLC is an aggressive disease and one of the diseases with 
poor prognosis in cancer [25]. Molecular testing has now be-
come a mandatory component of NSCLC management [26]. 
In recent years, targeting the immune system to achieve mean-
ingful clinical benefits has been demonstrated successfully in 
various malignancies [27]. Therefore, the application of im-
munotherapy in NSCLC has received renewed attention. In 
this paper, cancer cells in NSCLC communicated with each 
other through exosome-transmitted S100A4, induced STAT3 
expression, activated PD-1/PD-L1 signaling, and inhibited T 
cells activity to produce immunosuppression, promote the de-
velopment of NSCLC and produce poor disease prognosis.

Figure 3: Continued
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S100A4 expression was observed in 81 of 135 NSCLC 
cases (60%) and was associated with pathological T-factor 
progression, lymph node metastasis, and poor survival [28]. 
Qi et al. reported that in 116 patients, S100A4 protein 
immunohistochemistry was positive in 64 cases, and the posi-
tive rate was 55.2%. S100A4 protein expression was related 
to the age, tumor size, lymph node metastasis, and NSCLC 
prognosis [29]. In most S100A4 publications, S100A4 has a 
slight effect on tumor cell proliferation. It has been reported 
that knockdown of S100A4 resulted in reduced proliferation 
and migration of gastric cancer cells [30]. Overexpression of 
S100A4 promoted the proliferation of endometrial cancer 
cells and inhibited apoptosis [31]. Knockdown of S100A4 in-
hibited bladder cancer cell proliferation, migration, invasion 
and tumor growth [32]. Consistent with our study, high ex-
pression of S100A4 was secreted through exosomes. In add-
ition, we found that after interfering with S100A4, the cell 
proliferation ability was decreased, the number of clones was 
decreased, the apoptosis was increased, the G1 phase was ele-
vated, S phase was repressed, and the level of migration and 
invasion was also decreased. This suggests that S100A4 may 
be used as a biomarker for diagnosing and treating NSCLC.

Studies have shown that exosomes from bone marrow mes-
enchymal stem cells facilitate the proliferation, invasion, and 
chemoresistance of leukemia cells by upregulating S100A4 
[33]. Our study found that exosomes extracted from NSCLC 
cells with high expression of S100A4 could promote the 
proliferation, migration, and invasion of NSCLC cells. This 
is the first time we report the role of exosome-transmitted 
S100A4 in NSCLC, which is also the innovation of our 

article. Meanwhile, through in vivo experiments, we further 
verified that exosome-derived S100A4 promoted NSCLC 
progression. In this work, we first explored the non-exosome-
mediated effects of S100A4 on cell proliferation, migration, 
invasion, and apoptosis. As shown in Fig. 2, knockdown of 
S100A4 inhibited cell proliferation, migration and invasion, 
and promoted cell apoptosis. Overexpression of S100A4 
promoted cell proliferation, migration and invasion, and 
reduced apoptosis. The results indicated that S100A4 in-
duced cell proliferation, migration and invasion, and re-
duced apoptosis. It has been reported that exosomes are a 
subset of the tumor microenvironment that deliver nucleic 
acids, proteins, and lipids to facilitate intercellular commu-
nication and activate signaling pathways in target cells [34]. 
Our results showed that A549 Ex increased S100A4 expres-
sion in H1299 cells, while Ex-depletion CM or si-S100A4 
Ev abrogated the effect of A549 Ex or si-ctrl Ev on S100A4 
expression. The results indicated that the amount of non-
exosome sources of S100A4 was small. S100A4 might be 
mainly delivered to H1299 cells through exosomes. Our 
findings further showed that A549 cell-derived exosomes 
promoted cell proliferation, migration and invasion, while 
exosomes depletion and knockdown of S100A4 A549 cell-
derived exosomes abolished the effect of S100A4 on cell 
function. The results indicated that tumor cells mainly af-
fected cell proliferation, migration, and invasion through 
exosomes-secreted S100A4. Exosomes are derived from al-
most all types of cells and are present in all body fluids. Due 
to their amphiphilic structure, exosomes are natural drug 
delivery vehicles for cancer therapy [35–37]. Exosomes have 

Figure 4: exosome-transmitted S100A4 promoted NSCLC progression by targeting STAT3. A–C. S100A4 mRNA and protein level. D–F. STAT3 and PD-L1 
mRNA and protein levels. CCK-8 (G), colony formation (H), transwell migration (I), and invasion (J) assays for A549 cells treated with PBS, Ex-depleted 
CM, or exosomes from sh-Ctrl and sh-S100A4 transfected A549 cells. *P < 0.05 vs PBS, # P < 0.05 vs A549 Ex or si-ctrl Ev.



Exosome-transmitted S100A4 effect on NSCLC, 2022, Vol. 210, No. 3 317

good homologous targeting ability and significantly improve 
delivery efficiency; engineered exosomes loaded with miR-
449a selectively inhibit the growth of NSCLC [38]. Our 

results are consistent with previous studies. S100A4-loaded 
exosomes might serve as a promising therapeutic strategy 
for NSCLC.

Figure 5: exosome derived S100A4 promotes NSCLC progression in vivo. A–C. Tumor size, weight, and volume of mice injected with A549 cells 
treated with si-ctrl or si-S100A4 and H1299 cells transfected with oe-ctrl or oe-S100A4. D–F. HE, Ki-67, and TUNEL staining in tumor tissues. G. 
Immunohistochemistry assay for detecting S100A4 and PD-L1 expressions. *P < 0.05 vs PBS, #P < 0.05 vs A549 Ex or si-ctrl Ev.
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Various cytokines found in the immunoreactive 
microenvironment-induced PD-L1 level on cancer and/
or immune cells via different signaling mechanisms [39]. In 
NSCLC, microRNA-4458 overexpression enhances antitumor 
immunity by targeting STAT3 to intercept PD-L1/PD-1 
pathway [40]. Studies have confirmed that the AKT–STAT3 
pathway might be the potential targets for regulating PD-L1 
level on the surface of NSCLC with abnormal EGFR activity, 
and inhibiting AKT or STAT3 activity repressed PD-L1 level 
in gefitinib-resistant NSCLC [41]. We validated the interaction 
between STAT3 and PD-L1 by ChIP. STAT3 plays vital roles in 
cancer progress as a driver oncogene and as a selectively acti-
vated pathway to acquire resistance to targeted therapy [42]. 
The roles of S100A4 and STAT3 in NSCLC have been reported 
in the literature, which also provides a basis for the feasibility 
of this paper. We illuminated S100A4 regulated PD-L1 ex-
pression and inhibited T-cell immune activity by activating 
STAT3. Meanwhile, NSCLC cell-derived exosomes promoted 
cancer progression by delivering S100A4 to target the STAT3 
pathway. This suggests that the promotion of tumor develop-
ment by S100A4 may be related to the activation of STAT3/
PD-L1 signaling leading to immunosuppression.

The previous study has shown that S100A4 protected 
myeloid-derived suppressor cells from intrinsic apoptosis 
through Toll-like receptor 4 (TLR4)-ERK1/2 signaling [43]. 
The abundance of S100A4 in exosomes derived from ol-
factory extracellular mesenchymal stem cells mediated the 
endogenous production of IL-6 by myeloid-derived sup-
pressor cells through TLR4 signaling, thereby ameliorating 
murine Sjögren’s syndrome [44]. TLR4 plays a pivotal role 
in the tumor immune microenvironment [45]. It has been re-
ported that activation of TLR4 might induce the expression 
of PD-L1 through the ERK signaling pathway, thereby pro-
moting NSCLC progression [46]. Morphine-3-glucuronide 
upregulated PD-L1 expression and promotes immune es-
cape in NSCLC via TLR4 [47]. We speculate that S100A4 
induces immunosuppression and promotes NSCLC pro-
gression through PD-L1/STAT3, possibly related to TLR4-
ERK1/2 signaling. In the next project, we will further explore 
the underlying molecular mechanism by which S100A4 in-
duces immunosuppression and promotes NSCLC progression 
through PD-L1. The previous study has shown that tumor 
cell-released autophagosomes (TRAPs) inhibited the prolif-
eration of CD4+ and CD8+ T cells through TLR4-mediated 
MyD88-p38-STAT3 signaling, increased PD-L1 expression, 
and then promoted cancer progression [48]. Tumor-derived 
small extracellular vesicles (SEVs) upregulated PD-L1 and ac-
tivated STAT3 signaling through the TLR4/NF-κB pathway, 
thereby inducing immunosuppression and tumorigenesis 
[49]. We speculate that S100A4 might affect immune escape 
and NSCLC progression by activating the STAT3 signaling 
pathway through the TLR4/NF-κB pathway. In the next pro-
ject, we will further investigate the underlying molecular 
mechanism by which S100A4 induces immunosuppression 
and promotes NSCLC progression through PD-L1/STAT3. 
S100A4 is a major inducer of cancer progression and metas-
tasis [50]. Knockdown of S100A4 inhibited prostate cancer 
tumor growth by inhibiting angiogenesis [51]. S100A4 pro-
moted bladder cancer stem cell proliferation and acceler-
ated tumor growth by activating the IKK/NF-κB signaling 
pathway, while knockdown of S100A4 showed the opposite 
effect [52]. Estrogen-related receptor γ promoted migration, 
invasion and tumor growth of endometrial cancer cells by 

targeting S100A4 [53]. In this project, in vivo results showed 
that knockdown of S100A4 reduced tumor mass and slowed 
tumor volume increase. Overexpression of S100A4 increased 
tumor mass and promoted tumor volume. Our results prelim-
inarily clarified the promoting effect of S100A4 on NSCLC 
tumor growth. In the next project, we will further explore 
whether S100A4 affects tumor metastasis in NSCLC through 
exosomal delivery by intravenous injection of tumor cells and 
the underlying molecular mechanism. We have supplemented 
images of animal and tumor. A larger sample size may yield 
better convincing results. Refer to previous research [54–57], 
we had six animals per group considering the limited funding. 
The results showed that the differences between the groups 
were relatively obvious, which clarified the role of S100A4 in 
NSCLC tumors growth. In the next project, we will increase 
the number of animals to further explore the potential mo-
lecular mechanism of S100A4 in NSCLC.

Conclusion
In conclusion, the innovation of this paper is to further study 
the relationship between S100A4 and STAT3 and the progres-
sion of NSCLC. We found that exosome-transmitted S100A4 
induced immunosuppression and NSCLC development 
by targeting STAT3. This research provides novel idea for 
studying NSCLC and therapeutic target for treating NSCLC.
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