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A B S T R A C T   

The tumor microenvironment, especially the extracellular matrix (ECM), is strongly associated 
with tumor cell proliferation and metastasis. Numerous studies have provided evidence sug-
gesting that fibronectin (FN) in ECM supports cancer cell escape and contributes to cell migration, 
resulting in distant cancer metastasis and poor outcomes in patients. In our study, it was 
demonstrated that FN expression was elevated in tumor tissues from highly malignant NSCLC 
patients, compared to those with low malignancy (p = 0.0076). Importantly, FN promoted pro-
liferative phenotypes and strengthened tumorigenesis capabilities in NSCLC cells, including A549 
and Lewis cells, leading to sustained tumor growth in vivo. Mechanistically, it was identified that 
FN facilitated the activation of the integrin αvβ3/PI3K/AKT signaling pathway, which subse-
quently upregulated tumor stemness through the downstream transcription factor SOX2. 
Blockade of integrin αvβ3 signal efficiently suppressed NSCLC proliferation and tumorigenesis 
both in vitro and in vivo. In conclusion, our study demonstrated that extracellular FN could 
facilitate NSCLC development through the integrin αvβ3/PI3K/AKT/SOX2 signaling pathway. 
Blockade of integrin αvβ3 could efficiently enhance the anticancer effects of chemotherapy, of-
fering an innovative approach for clinical NSCLC therapy.   

1. Introduction 

Lung cancer is one of the most common cancers worldwide and is the leading cause of carcinoma-related deaths. In the United 
States, over 225,000 patients are newly diagnosed with lung carcinoma annually, resulting in more than 160,000 deaths each year [1]. 
NSCLC is the predominant type of lung cancer, encompassing squamous cell carcinoma and adenocarcinoma, which collectively ac-
count for approximately 85% of all lung cancers [2]. Traditionally, surgical resection and chemotherapy are the standard clinical 
therapeutic options for patients with NSCLC, especially for those in the early stages [3]. However, the 5-year survival rate is 
approximately 70% for patients in stage I, and only 25% of stage III patients survive after surgical resection [4,5]. Furthermore, 
chemotherapy-treated patients can develop multi-drug resistance, causing the failure of chemotherapy or targeted therapy, thereby 
resulting in poor outcomes for patients with NSCLC [6]. Thus, our study seeks to elucidate the underlying mechanism of NSCLC 
development and explore innovative approaches to improve outcomes in NSCLC therapy. 
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Tumor cell proliferation and metastasis are strongly associated with the tumor microenvironment, including the factors of hypoxia, 
mesenchymal cell sub-population, tumor associated immune cells and the extracellular matrix (ECM) [7]. ECM serves as a structural 
foundation for intercellular communication and serves as a barrier against cellular invasion and malignant progression in cancer [8]. 
Various cellular integrin dimers can bind to these extracellular elements, subsequently manipulating changes and intracellular 
signaling [9,10]. Moreover, alterations in the ECM, such as laminin, hyaluronan, and FN, are increasingly recognized to contribute to 
tumor pathogenesis and various malignant behaviors in solid tumors [11]. Increasing evidence has suggested that stromal cells, 
especially CAFs, play a crucial role in extracellular matrix remodeling, which affects the activation/inactivation of integrins 
pro-survival signaling pathways in tumor cells. Notably, integrins, particularly integrin αvβ3, have been identified as cell adhesion 
receptors during tumor growth and metastasis, indicating the potential role of CAFs/extracellular matrix/integrins axis in tumor 
development. 

Fibronectin is a critically essential extracellular matrix protein that regulates cell-matrix interaction during fundamental events, 
such as cell development, wound healing, fibrosis, and tumor progression. Previous studies have demonstrated that FN appears to 
promote tumor cell invasion and migration by guiding and supporting tumor cells to escape from the primary site, leading to tumor 
invasion and distant metastasis [12]. Other reports have indicated that FN is also capable of directly stimulating tumor cell prolif-
eration and suppressing apoptosis in ovarian cancer [13]. However, the origin of cellular FN in tumor microenvironment is still 
controversial, and the underlying mechanism of tumor cell proliferation induced by FN is still poorly characterized. Specifically, 
pro-tumor processes induced by FN have rarely been investigated in NSCLC. Innovative approaches to target FN-induced tumor 
progression might be an attractive strategy for clinical combination therapy in NSCLC. Given these challenges and the current research 
gap on the role of FN in NSCLC, this study aims to explore the role of FN in NSCLC development, investigate the underlying mechanism 
by which FN promotes tumor growth and provide innovative approaches for clinical combination therapy in NSCLC. 

2. Materials and methods 

2.1. Cell lines and reagents 

We purchased human lung cancer cell line A549 and murine lung cancer cell line Lewis (https://web.expasy.org/cellosaurus/ 
CVCL_S007) from the American Type Culture Collection (ATCC). A549 cells were cultured in RPMI-1640 complete medium (Gibco, 
MA, USA) supplemented with 10% fetal calf serum (Gibco, MA, USA), at 37 ◦C in 5% CO2 atmosphere (from 2015–6 to 2022–3). Lewis 
cells were cultured in DMEM complete medium (Gibco, MA, USA) supplemented with 10% fetal calf serum (Gibco, MA, USA) under the 
same conditions. Paclitaxel (PTX) and methotrexate (MTX) were purchased from Sangon Biotech (Shanghai, China). Integrin avβ3 
inhibitor Cilengitide trifluoroacetate (CT), PI3K inhibitor LY294002, and AKT inhibitor MK-2206 were purchased from Selleck 
Chemicals (MA, USA), and FN was purchased from Sigma (MA, USA). Tumor cells were treated with inhibitors at a concentration of FN 
(100 ng/ml), CT (200 ng/ml), LY204002 (0.5 μM) or MK2206 (10 nM). 

2.2. Tumor tissues screening and collection from NSCLC patients 

Primary NSCLC tissues were sterilely obtained after the surgery at the Shanghai Ninth People’s Hospital. Samples were divided into 
high malignant (stage T3, n = 10) and low malignant (stage T1, n = 10) groups according to clinical NSCLC stage (Supplementary 
Table 1). The study was approved by the Ethics Committee of Shanghai Ninth People’s Hospital. All samples collection and processing 
were carried out adhered to the principles outlined in the Declaration of Helsinki. All patients signed informed consent prior to tumor 
tissues collection treatment, including allowing their data to be used for further research. All experiments were performed under the 
supervision of the Ethics Committee of Shanghai Ninth People’s Hospital. To isolate human cancer associated fibroblasts (CAFs), 
immune cells and cancer cells from patients’ tumor tissue, we cut tumor tissues into pieces as small as possible, then digested them with 
RPMI-1640 complete culture medium (Gibco, MA, USA) containing cell aggregate dissociation medium ACCUMAXTM (A7089, Sigma, 
MA, USA) at 37 ◦C, 5% CO2 incubator for 2 h. Next, the digested cells isolated from tumor tissues were washed with PBS and seeded 
into a 6-well plate with 2 ml of RPMI-1640 medium supplemented with 10% fetal bovine serum at 37 ◦C (1 × 106 cells per well). After 
2 h, the adherent macrophages were removed and those suspending cells were transferred to another 6-well plate. After 12 h, the 
suspending cells were collected to sort CD 45+ cells as immune cells and CD 90+ cells as CAFs. The adherent cells were cultured again. 
After 3 days, those adherent cells were collected to sort CD 45-and CD90− as cancer cells for further analysis. 

Abbreviations 

Fibronectin (FN) 
Non-small cell lung cancer (NSCLC) 
Extracellular matrix (ECM) 
Paclitaxe (PTX) 
Methotrexate (MTX) 
Cilengitide trifluoroacetate (CT) 
Cancer associated fibroblasts (CAFs)  
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2.3. Cell proliferation analysis and colony formation experiments 

The cell proliferation was assessed by using Cell Counting Kit-8 (CCK-8, Solarbio, Beijing, China), Briefly, cancer cells were seeded 
into 96 well culture plate (2000 cells per well) and cultured at 37 ◦C, 5% CO2 incubator. After 72 h, 10 μl CCK-8 solution was added into 
the 96-well plates and incubated it at 37 ◦C for 90 min. The absorbance at 450 nm was measured by a microplate reader (Bio-Rad, 
Hercules, USA), each experiment was performed independently at least three times. 

For colony formation analysis, a 3D soft fibrin gel system was employed to evaluate the colony formation capability in this study 
[14]. Specifically, 1000 cancer cells were seeded into the 3D soft gel (90 Pa) with RPMI-1640 complete culture medium or DMEM 
culture medium. After 3 days, the colony formation ratios were calculated. Each experiment was performed at least three times 
independently. 

2.4. Flow cytometry 

Cell precipitation was suspended and washed with PBS supplemented with 2%BSA, and then the cells were stained with the anti- 
CD90 primary antibody (Abcam, Cambridge, UK) and anti-CD45 primary antibody (Abcam, Cambridge, UK) for 30 min in 4 ◦C.The 
isotype was used as a negative control. Ultimately, the samples were sorted by DAKO Flow Cytometer (DAKO, CA, USA). 

2.5. Real-time PCR 

We detected the targeted gene expression through quantitative real-time PCR, and 1ug cDNA was used as template for amplifi-
cation with SYBR Green Real-Time PCR master mixes (Thermo Fisher Scientific, MA, USA). We used GAPDH as the internal control and 
normalized the target gene level to the GAPDH by the ΔΔCt method to quantify the relative expression. Notably, three independent 
experiments were performed in each sample. The primer pairs in our study were listed in supplementary information (Supplementary 
Table 2). 

2.6. RNA interference 

The A549 SOX2 silence was performed using siRNA technology. SiRNA transfection was conducted with the Lipofectamine RNAi- 
MAX kit (Thermo, MA, USA) in RPMI 1640 medium according to the manufacturer instruction. Briefly, Lewis or A549 cells were 
cultured in RPMI-1640 medium without FBS in 6-well plates for 24 h and reached 50% confluence. The cells were transfected with 100 
nM siRNA by Lipofectamine RNAi-MAX kit in serum free culture medium for 6 h, and were incubated in normal RPMI-1640 medium 
for 72 h. Sequences of SOX2 siRNA were used of following sequence: siRNA #1 5‘-AAAACCAAGACGCTCATGAAG -3’ and siRNA #2 5‘- 
ACCTCCGGGACATGATCAGCA-3’, scramble RNA 5′-AACCTCCGGTATACCCTTATG-3’. 

2.7. Western blotting 

Cell pellets were lysed by adding RIPA Lysis Buffer (Beyotime, Beijing, China), and an equal amount of protein was boiled with 
loading buffer for 7min. Then, protein was separated by SDS–PAGE, and transferred onto polyvinylidene difluoride (PVDF). The PVDF 
membrane was blocked with 5% BSA and incubated overnight at 4 ◦C with mouse monoclonal anti-integrin αvβ3 (1:500, ab7166, 
Abcam, UK), rabbit monoclonal p-PI3K (1:500, ab278545, Abcam, Cambridge, UK), rabbit monoclonal total-PI3K (1:500, ab302958, 
Abcam, Cambridge, UK), rabbit polyclonal p-AKT (1:500, ab38449, Abcam, Cambridge, UK), rabbit polyclonal total-AKT (1:500, 
Abcam, ab8805, Cambridge, UK) and mouse monoclonal actin (1:500, ab8826, Abcam, Cambridge, UK). Next day, the sample was 
incubated with horse radish peroxidase (HRP) conjugated secondary antibody (1:1000, Abcam, Cambridge, UK) for 1 h at room 
temperature and then visualized by the chemiluminescence (ECL) Detection Kit (CST, Boston, MA, USA). In this study, all uncropped 
blotting figures were deposited in supplementary materials. 

2.8. Immunofluorescence staining 

The pathological sections of NSCLC patients’ tumor tissues were retrieved by microwave antigen retrieval (Citrate-EDTA Antigen 
Retrieval Solution, Beyotime). The sections were then blocked with 5% BSA and incubated with mouse monoclonal anti-integrin αvβ3 
(1:100, ab7166, Abcam, UK), rabbit monoclonal SOX2 (1:200, ab92494, Abcam, Cambridge, UK), rabbit polyclonal p-AKT (1:200, 
ab38449, Abcam, Cambridge, UK), rabbit monoclonal KLF (1:200, ab215036, Abcam, Cambridge, UK), rabbit monoclonal total-PI3K 
(1:500, ab302958, Abcam, Cambridge, UK), mouse monoclonal CD90 (1:100, ab181496, Abcam, Cambridge, UK) for 4 ◦C overnight, 
and followed by horse radish peroxidase (HRP) conjugated secondary antibodies (1:600; Abcam, Cambridge, UK), and the nucleus was 
stained with DAPI. In addition, the A594 and Lewis cells were fixed in 4% paraformaldehyde, permeabilized with 0.2% triton-X100, 
and blocked by 5%BSA, followed by incubating with anti-SOX2 antibody (1:200, Abcam, Cambridge, UK) for 4 ◦C overnight, and 
followed by HRP conjugated secondary antibodies (1:600; Abcam, Cambridge, UK), and the nucleus was stained with DAPI. All 
immunofluorescence images were captured from FV1000 laser scanning confocal microscope (Leica, Barnack, Germany) and analyzed 
by IPP software. 
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2.9. Immunohistochemistry 

The pathological sections of NSCLC patients’ tumor tissues were retrieved by microwave antigen retrieval (Citrate-EDTA Antigen 
Retrieval Solution, Beyotime, Beijing, China). The sections were blocked with 5% BSA and incubated with rabbit polyclonal FN 
antibody (1:200, ab2431, Abcam, Cambridge, UK) and mouse monoclonal CD90 (1:100, ab181496, Abcam, Cambridge, UK) overnight 
at 4 ◦C. Signal amplification staining was performed using the ABC HRP Kit (Thermo, MA, USA) and counterstained with hematoxylin. 
Next, samples were treated with dehydration, cleaned with xylene and covered with neutral resin. Sections were then captured with 
microscope (Leica, Barnack, Germany). To further analyze the number of CD90 positive CAFs in tumor tissues, we randomly selected 
25 views of the IHC sections. The number of CD90 positive cells were counted, and the average of 25 views were calculated. The low 
malignant group were set as control (value = 1), and the high malignant group were calculated relative to the control (Fig. S1A). The 
relative expression of FN was analyzed by using the Image-Pro Plus 2.0 software. 

2.10. Animal protocol 

6~8 weeks female C57BL mice and nude mice (BalB/C) used in this study were purchased from Huafukang Company (Beijing, 
China) and housed in the SPF facility. An orthotopic NSCLC model was established by instilling A549 (1 × 106, for nude mice) or Lewis 

Fig. 1. FN promoted tumor growth in NSCLC. (A) Immunohistochemistry of FN in high malignant (H–M) and low malignant (L–M) NSCLC patient 
tumor tissues. Scale bar, 100 μm. (B) Relative FN expression levels in NSCLC tumor tissues with H-M and L-M (n = 10). (C) Relative cell proliferation 
of A549 and Lewis cells treated with PBS or FN for 72 h. (D) The NSCLC tumor weight of mice. A total of 1 × 106 A549 and Lewis cells pretreated 
with PBS or FN for 72 h were intratracheally instilled into nude mice. Tumor weight was calculated on day 20 and day 15 respectively. (E) Relative 
colony numbers and presentative images of A549 cells and Lewis cells treated with PBS or FN for 72 h. The scale bar is 30 μm. (F) The tumorigenesis 
of nude mice intratracheally instilled with 1 × 105 A549 and Lewis cells pretreated with PBS or FN. (G) Relative FN expression in cancer cells, 
immune cells or CAFs isolated from tumor tissues of patients with NSCLC detected by qPCR. A549 cells were used as the internal control and 
normalized to the FN levels. (H) Relative CAF numbers in tumor tissues from NSCLC patients with H-M and L-M. Error bars, mean ± SEM; *P < 0.05; 
**P < 0.01; ns, not statistically significant. 
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(2 × 105, for C57BL mice) cells in 100-μl PBS intratracheally, as previously described [15]. The animals were anesthetized by 
intraperitoneal injection of pentobarbital sodium (50 mg/kg) prior to intratracheal injections (n = 5 in each group). For the FN treated 
mice model, we implanted FN pre-treated A549 (100 ng/ml, 72 h) tumor cells into nude mice, following with intratracheally instilling 
FN (100 ng in 100 μl PBS) to lung tissues on day 7 and day 14. In combination treatment, mice were treated with PBS, PTX (5 mg/kg) 
[16], MTX (2 mg/kg) [17], PTX (5 mg/kg) or MTX (2 mg/kg) combined with CT (2.5 mg/kg) by tail vein injection on days 7 and 14. 
According to previous reports, we chose a low reported doses for mice treatment to avoid potential toxicity in combination group. On 
days 30, 10 mice were sacrificed for the tumor weight analysis. The tumor weight was calculated as: tumor weight = total weight of 
lung - normal lung weight. The survival analysis was conducted by observing the tumor bearing mice every day until day 80. All our 

Fig. 2. FN promotes tumor growth through integrin αvβ3. (A) The relative expression of integrin αv, αII, α8 and α5 in FN-treated or untreated 
A549 cells and Lewis cells for 72 h at the mRNA level. (B) The relative gene expression of integrin β3, β5, β6 and β8 in FN-treated or untreated A549 
and Lewis cells for 72 h. (C) Western blot of integrin αvβ3 in A549 and Lewis cells treated or untreated with FN for 72 h. (D) Relative cell pro-
liferation of A549 and Lewis cells treated with PBS, FN or FN plus CT for 72 h. (E) The NSCLC tumor weight of mice. A total of 1 × 106 A549 and 
Lewis cells pretreated with PBS or FN or FN plus CT for 72 h were intratracheally instilled into nude mice. Tumor weight was calculated on day 20 
and day 15 respectively. (F) Relative colony numbers and representative images of A549 and Lewis cells treated with PBS, FN or FN plus CT for 72 h. 
The scale bar is 30 μm. (G) The tumorigenesis of nude mice intratracheally instilled with 1 × 105 A549 cells and Lewis cells pretreated with PBS, FN 
or FN plus CT for 72 h. (H) Immunofluorescence of integrin αvβ3 in tumor tissues of high malignant or low malignant NSCLC patients. Scale bar, 20 
μm. Error bar, mean ± SEM; *P < 0.05; **P < 0.01; ns, not statistically significant. Cilengitide, CT. 
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animal experiments were conducted in accordance with guidelines of Animal Ethics Committee and approved by the Institute Ethics 
Committee of Shanghai Ninth People’s Hospital. 

2.11. Statistical analysis 

GraphPad Prism 6.0 was used for statistical analysis. Student’s t-test and one-way ANOVA followed by the post hoc Tukey multiple 
comparisons test was used to analyze the between-group difference. In addition, the Kaplan–Meier method and the log-rank test were 
used for survival analysis. Notably, between-group difference with a two-sided P < 0.05 were considered significantly different. 

3. Results 

3.1. FN facilitates tumor growth in NSCLC 

To investigate the role of FN in NSCLC progression, we obtained NSCLC tumors from patients with stage T0 and T3 NSCLC. Elevated 
expression of FN was observed in the tumor sites of high malignant patients (stage T3) compared with low malignant patients (stage 
T0) (Fig. 1A). This pattern was observed in multiple patients as evidenced by increased expression of FN in high malignant NSCLC 
patients (Fig. 1B; n = 10), indicating a potential association between FN and NSCLC progression. To further elucidate the pro-tumor 
effects induced by FN, we cultured NSCLC cells with either FN or PBS to investigate the effects of FN on NSCLC cell growth. 
Consistently, FN treatment significantly increased the proliferation of A549 and Lewis cells (Fig. 1C and D), both in vitro and in vivo. To 
further examine the tumorigenic potential of those NSCLC cells, we used a soft 3D fibrin gel to assess the colony formation capability 
[14]. Moreover, A549 and Lewis cells demonstrated enhanced colony-formation ability in the FN-treated group compared with the PBS 
group (Fig. 1E). Similarly, increased tumorigenesis capabilities in FN-treated NSCLC cells were observed in vivo (Fig. 1F), suggesting 

Fig. 3. FN facilitates tumor progression via the PI3K/AKT signaling pathway. (A) Western blotting of p-PI3K, total-PI3K, p-AKT, total AKT and 
actin in A549 and Lewis cells treated with PBS, FN, FN plus CT for 72 h. (B) The relative cell proliferation of A549 and Lewis cells treated with PBS, 
FN, FN combined with LY204002 or MK2206 for 72 h. C, the relative colony numbers and representative images of A549 and Lewis cells treated 
with PBS, FN, FN combined with LY204002 or MK2206 for 72 h. The scale bar is 30 μm. D, the NSCLC tumor weight of mice, of note, 106 A549 and 
Lewis cells pretreated with PBS, FN, FN combined with LY204002 or MK2206 for 72 h were intratracheally instilled into nude mice. The tumor 
weight was calculated on day 20 and day 15 respectively. E, the tumorigenesis of nude mice on day 30, of note, 105 A549 and Lewis cells pretreated 
with PBS, FN, FN combined with LY204002 or MK2206 for 72 h were intratracheally instilled into nude mice. F, the immunofluorescence of p-PI3K 
and p-AKT in tumor tissues from NSCLC patients in stage T0 or stage T3. Scale bar, 20 μm. Error bars, mean ± SEM; *P < 0.05; **P < 0.01; ns, not 
statistically significant. LY204002, L. MK2206, M. 
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that FN could regulate NSCLC progression, leading to increased cell proliferation and tumorigenesis. Previous reports indicated that 
various cell types could produce FN, resulting in the remodeling of the microenvironment to regulate tumor physiological activities. 
Herein, we isolated different cell subpopulations, including cancer cells, immune cells and fibroblasts, from NSCLC tissues as described 
in the methods. Subsequently, FN expression was examined in these cell subpopulations. Intriguingly, elevated expression of FN was 
observed in CAFs, whereas cancer and immune cells produced low levels of FN (Fig. 1G). Additionally, we detected a significantly 
increased number of CAFs in high malignant tumor tissues compared to low malignant tumor tissues, suggesting that enriched CAFs in 
NSCLC tissues produced FN to promote tumor progression (Fig. 1H). Overall, these results indicated that FN could promote NSCLC cell 
proliferation, resulting in poor prognosis in patients. 

3.2. FN promotes tumor growth via the activation of the integrin αvβ3/PI3K/AKT/SOX2 signaling pathway 

Preliminary findings revealed that integrins, classical transmembrane glycoproteins that function as major receptors connecting the 
intracellular and extracellular environments, are highly correlated with pro-survival signal activation in tumor cells [10,11]. To 
investigate the potential role of integrin involved in FN-induced tumor progression, we examined the gene expression levels of integrin 
α5, α8, αv, and αII, which have been reported to bind to RGD-associated ECM [18–21]. Significantly increased integrin αv expression 
was observed in FN-treated A549 and Lewis cells (Fig. 2A). Subsequently, we detected the gene expression levels of integrin β3, β5, β6, 
and β8, which can form heterodimers with integrin αv. Increased expression levels of β3 was observed in FN-treated A549 and Lewis 

Fig. 4. FN-induced tumor progression by the activation of PI3K/AKT/SOX2 signal pathway. A, The relative gene expression of SOX2, c-Myc, 
Tert, Nanog, Oct3/4 and KLF4 in A549 and Lewis cells treated with PBS or FN for 72 h. (B) Immunofluorescence of SOX2 in A549 and Lewis cells 
treated with PBS, FN or FN plus LY204002 and MK2206 for 72 h. Scale bar, 15 μm. (C) The relative cell proliferation of scramble (Scr) and SOX2- 
siRNA-A549 and Lewis cells treated with PBS or FN for 72 h. (D) The relative colony numbers and representative images of scramble (Scr) and SOX2- 
siRNA-A549 and Lewis cells treated with PBS or FN for 72 h. The scale bar is 30 μm. (E) The tumor weight of NSCLC-bearing mice. A total of 1 × 106 

scramble (Scr) or SOX2-siRNA-A549 cells and scramble (Scr) or SOX2-siRNA-Lewis cells pretreated with PBS or FN for 72 h were intratracheally 
instilled into mice. The tumor weight was calculated on day 20 and day 15 respectively. (F) The tumorigenesis of mice intratracheally instilled with 
1 × 105 scramble (Scr) or SOX2-siRNA-A549 cells amd scramble (Scr) or SOX2-siRNA-Lewis cells pretreated with PBS or FN for 72 h. (G) The 
immunofluorescence of SOX2 in tumor tissues of NSCLC patients in stage T0 or T3. Scale bar, 20 μm. Error bars, mean ± SEM; *P < 0.05; **P <
0.01; ns, not statistically significant. LY204002, L. MK2206, M. 
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cells (Fig. 2B). Meanwhile, we also observed the upregulation of integrin αvβ3 at the protein level in the FN treated-group by western 
blotting (Fig. 2C), suggesting that integrin αvβ3 participated in FN-induced tumor cell proliferation. To further demonstrate the role of 
integrin αvβ3, we treated tumor cells with an integrin avβ3 inhibitor, CT, and assess the FN-induced proliferation. CT significantly 
reversed the effects of FN in promoting proliferation and colony formation in A549 and Lewis cells (Fig. 2D, F). Consistently, similar 
results were observed in vivo (Fig. 2E, G). Additionally, we examined the αvβ3 expression in the tumor tissues of patients with NSCLC 
by immunofluorescence. Significantly increased integrin αvβ3 expression was observed in high malignant NSCLC tissues compared to 
low malignant NSCLC tissues (Fig. 2H). Altogether, these results suggested that FN could promote tumor growth via integrin αVβ3. 

3.3. FN facilitates tumor progression via the PI3K/AKT signaling pathway 

As a classical downstream signaling pathway of integrins, the PI3K/AKT pathway plays a vital role in various physiological ac-
tivities, including cell proliferation, survival and migration [22]. Previous studies showed that the PI3K/AKT signaling pathway is 
closely associated with the sustained growth of a variety of solid tumors [23]. Consistently, we observed increased phosphorylated 
PI3K and AKT in FN-treated A549 and Lewis cells at the protein level by western blotting (Fig. 3A), suggesting the activation of the 
PI3K/AKT signaling pathway in NSCLC cells treated with FN. To further verify the role of the PI3K/AKT signaling pathway, we used 
the PI3K inhibitor MK2206 and AKT inhibitor LY294002 to inhibit PI3K/AKT signaling. As expected, inhibition of the PI3K/AKT 
signaling pathway significantly reversed the enhanced proliferation and colony formation abilities induced by FN (Fig. 3B and C). In 
addition, similar results were observed in vivo (Fig. 3D and E). Consistently, increased p-PI3K and p-AKT levels were observed in high 
malignant NSCLC tumor tissues (Fig. 3F). These findings demonstrated that integrin αvβ3 induced tumor progression via the PI3K/AKT 
signaling pathway in NSCLC. 

3.4. FN-induced tumor progression by the activation of PI3K/AKT/SOX2 signal pathway 

Tumor cell pro-survival typically results in the upregulation of stem cell transcription factors, such as SOX2, Oct3/4, c-Myc and 
Nanog [24]. Moreover, AKT-driven phosphorylation was reported to maintain the stability and nuclear localization of SOX2 protein, 
which is functionally associates with enhanced cell proliferation and anti-apoptosis, thereby regulating clonogenicity and tumori-
genicity in cancer [25]. Furthermore, SOX2 has been demonstrated to act as a molecular prognostic factor in NSCLC [26]. To assess 
whether the upregulation of stem cell transcription factors participate in integrin αvβ3/PI3K/AKT-induced tumor cell proliferation, we 
measured the gene expression levels of SOX2, Oct3/4, c-Myc, Tert, KLF4 and Nanog in PBS- or FN-treated A549 and Lewis cells by 

Fig. 5. Combination of integrin αvβ3 inhibitor and chemotherapeutic agents enhances anticancer effects in NSCLC treatment. (A) The 
tumor weight analysis of lung tissues from mice on day 35 after intratracheally instillation withA549 cells and treatment with PBS, PTX or PTX 
combined with CT. (B) The survival time of A549-bearing mice treated with PBS, PTX or PTX combined with CT. (C) The NSCLC tumor weight of 
mice on day 35 after intratracheally instillation with A549 cells and treatment with PBS, MTX or MTX combined with CT. (D) The survival time of 
A549-bearing mice treated with PBS, MTX or MTX combined with CT. (E) The NSCLC tumor weight of mice on day 25 after intratracheally 
instillation with Lewis cells and treatment with PBS, PTX or PTX combined with CT. (F) The survival time of Lewis-bearing mice treated with PBS, 
PTX or PTX combined with CT. (G) The FN-treated NSCLC tumor weight of mice on day 35 after intratracheally instillation with 1 × 106 A549 cells 
and treatment with PBS, PTX or PTX combined with CT. (H) The survival time of FN-treated A549 bearing mice treated with PBS, PTX or PTX 
combined with CT. Error bars, mean ± SEM; *P < 0.05; **P < 0.01; ns, not statistically significant. Cilengitide, CT. 
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real-time PCR. Significantly increased gene expression level of SOX2 was observed in FN-pretreated A549 and Lewis cells compared 
with the PBS-treated group (Fig. 4A). Meanwhile, we found that the expression of KLF4 was upregulated. Herein, we performed 
immunofluorescence staining of KLF4 in tumor tissues from patients. However, no significant difference was observed in those tumor 
tissues from patients (Fig. S1A). We speculated that tumor cells in those tumor tissues might regulated the tumor stemness through 
other transcription factors rather than KLF4. Next, we focus on the role of SOX2 in tumor development. Similar results of real-time PCR 
were observed in immunofluorescence staining assays (Fig. 4B). Therefore, we hypothesized that FN facilitates tumor growth through 
SOX2, as the downstream transcription factor of PI3K/AKT in NSCLC. To further verify this, we silenced SOX2 gene expression in A549 
and Lewis cells using siRNA (Fig. S1B). SOX2 silencing significantly reversed FN-induced cell proliferation and colony-formation 
abilities (Fig. 4C and D) compared with the scramble group. Similar results were observed in vivo (Fig. 4E and F). To further inves-
tigate the potential clinical value, we examined the SOX2 expression levels in tumor tissues of NSCLC patients by immunofluorescence 
staining. Significantly increased SOX2 expression was observed in high malignant tumor tissue compared with low malignant tissues 
(Fig. 4G). Taken together, our findings suggested that FN might activate the integrin αvβ3/PI3K/AKT/SOX2 signaling pathway to 
facilitate the proliferation of NSCLC cells. 

3.5. Combination of integrin αvβ3 inhibitor and chemotherapeutic agents revealed enhanced anticancer effects in vivo 

Considering the role of the integrin αvβ3/PI3K/AKT/SOX2 signaling pathway in FN-induced proliferation, we hypothesized that 
the combination of integrin αvβ3 inhibitor and chemotherapeutic agents might serve as a potential clinical therapeutic strategy in 
NSCLC. To verify this hypothesis, we established an NSCLC mouse model by intratracheally injecting 2 × 106 A549 cells. Subsequently, 
we treated mice with PBS, PTX or PTX combined with CT by intratracheal instillation. Significant tumor suppression effects were 
observed in the PTX combined with CT group compared with the PBS or PTX groups (Fig. 5A). Furthermore, mice treated with CT and 
PTX revealed significantly prolonged survival time compared with the PBS or PTX groups (Fig. 5B). Similar enhanced tumor sup-
pression effects were also observed in MTX combined with CT treatment groups (Fig. 5C and D) and Lewis-bearing mice models 
(Fig. 5E and F). To further investigate the potential clinical value of integrin αvβ3 inhibitor-based combination therapy in relatively 
high malignant patients with NSCLC, we established an FN-treated NSCLC mouse model by instilling 2 × 106 FN-pretreated A549 cells 
through intratracheal instillation. We then treated mice with PBS, PTX or PTX combined with CT by intratracheal instillation. 
Significantly enhanced tumor suppression effects and prolonged survival time were observed in the combination treatment group 
compared with the PBS or PTX groups, whereas single chemotherapy revealed limited anticancer effects (Fig. 5G and H). Taken 
together, these findings suggested that integrin αvβ3 inhibitor improved the outcome of chemotherapeutic agents in NSCLC. 

4. Discussion 

FN has emerged as a significant extracellular driver of malignancy in recent years. Previous studies reported that FN plays a crucial 
role in various malignant behaviors in solid tumors, including tumor invasion and cancer cell migration and proliferation [12,27]. 
Although the integrin β3 receptor has been reported to play a key role in the binding and activation of intercellular signaling pathways, 
the molecular mechanism underlying FN-facilitating tumor cell proliferation remains poorly characterized [11,28]. Recent studies 
suggested that FN could interact with integrin α5β1 to activate focal adhesion kinase (FAK), resulting in a downstream invasion 
cascade [29]. However, the molecular mechanism underlying FN-facilitating tumor cell proliferation remains poorly characterized, 
even though the integrin β3 receptor has been reported to play a key role in the binding and activation of intercellular signaling 
pathways [30]. 

The significant finding in this study lies in the identification that FN promoted tumor growth through its interaction with integrin 
αvβ3, further activating the downstream PI3K/AKT signaling pathway and upregulating SOX2 expression, eventually leading to the 
sustained proliferation and enhanced tumorigenesis in cancer cells. Previous reports revealed that several cytokines, such as IGF2, 
could facilitate NSCLC stemness via the PI3K/AKT signaling pathway [31,32]. Additionally, AKT signaling is markedly associated with 
the development of drug resistance in various tumor types, including lung cancer [33,34]. We associated FN with the PI3K/AKT 
signaling pathway, which further revived the underlying mechanism of ECM-induced tumor development. Accordingly, an intriguing 
question arising from these discoveries is the cellular source of FN in the tumor microenvironment. Previous reports hypothesized that 
FN largely originated from the tumor cells themselves, since many tumors could produce FN when samples were cultured ex vivo [35]. 
However, there are various types of cells in the tumor microenvironment, including immune cells, endothelial cells and fibroblasts 
[36]. In this study, we verified that FN was mainly produced by CAFs, instead of tumor or immune cells in tumor tissues. Fundamental 
understanding of FN-promoted tumor growth and the underlying molecular pathway can lead to the development of molecular tar-
geted combination therapy in patients with NSCLC. More importantly, previous studies demonstrated that traditional chemotherapy or 
single CT treatment failed in tumor suppression treatment. In this study, we provided evidence that the combination of the integrin 
αvβ3 inhibitor CT and chemotherapeutic agents showed significant tumor suppressive effects in NSCLC treatment, which suggested a 
potential combination therapeutic strategy for patients with NSCLC and the clinical application of integrin αvβ3 inhibitors. 

Based on the limitations of previous reports, we aimed to provide a more comprehensive understanding of the role of FN in NSCLC 
development. Firstly, our study disclosed the association between FN and sustained tumor growth, demonstrating that elevated FN 
expression by CAFs could result in malignant NSCLC development. Secondly, we explored the underlying mechanism of tumor pro-
gression induced by FN. It was showed that FN promoted tumor cell proliferation through activation of the PI3K/AKT/SOX2 signaling 
pathway in NSCLC. Thirdly, it was further identified that the combination of CT and chemotherapeutic agents could significantly 
improve the outcome in NSCLC treatment. Compared to single CT or chemotherapeutic agents, the combination strategy is more 
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suitable in clinical NSCLC treatment and provides an innovative approach. Finally, FN expression levels in NSCLC tissues might serve 
as a potential biomarker for clinical NSCLC progression analysis. However, non-cancer cells have not been examined for the expression 
of integrins or FN, which should be further analyzed before clinical biomarkers detection. And the role of other extracellular matrix 
proteins in the progression of NSCLC, such as type V collagen, should be further investigated. Additionally, the combination of CT and 
chemotherapy should be further validated in further clinical trials. 

In summary, this study elucidated the role of FN in the NSCLC development. FN could regulate NSCLC progression through the 
integrin αvβ3/PI3K/AKT/SOX2 signaling pathway. Inhibition of integrin αvβ3 significantly suppressed NSCLC growth, which might 
serve as a novel therapeutic strategy in the NSCLC treatment. 
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