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Abstract  

Several studies have indicated that cancer-associated fibroblasts (CAFs) could promote tumor 

progression in many malignancies. However, the mechanism by which CAFs promote the growth 

and metastasis of lung cancer remains poorly defined. In the present study, CAFs and normal 

fibroblasts (NFs) were isolated from human lung cancer and adjacent tissue. The data showed that 

the conditional medium (CM) of CAFs could increase the proliferation, migration and invasion of 

lung cancer cells. Vascular cell adhesion molecule-1 (VCAM-1) showed a higher expression in 

CAF-CM than NF-CM, and blocking VCAM-1 in CAF-CM attenuated the proliferation and 

invasion of cancer cells. Further, the results showed that VCAM-1 secreted from CAFs activated 

AKT and MAPK signaling via receptor α4β1 integrin (very-late antigen (VLA)-4) in lung cancer 

cells. Moreover, CAFs promoted VCAM-1 expression and tumor growth in vivo. Additionally, 

bioinformatics analysis indicated a positive correlation on the CAF marker protein alpha-smooth 

muscle actin (α-SMA) and VCAM-1 expression, which was associated with a poor prognosis in 

cancer patients. These findings demonstrate that the VCAM-1 secreted from CAFs enhances 

growth and invasion by activating the AKT and MAPK signaling of lung cancer cells.  
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1. Introduction 

Lung cancer is the leading cause of cancer death and exhibits the highest morbidity and mortality 

globally, the overall 5-year survival rate is 15% [1, 2]. Most lung cancer patients die of metastasis, 

thus, understanding the mechanism of lung cancer metastasis is urgently needed[3]. Recent studies 

have shown that cancer progression and metastasis are not only associated with the properties of 

tumor cells, but also depend on the tumor microenvironment (TME)[4]. Among the stromal cells 

of TME, cancer-associated fibroblasts (CAFs) are a dominant component, exhibiting a classic 

spindle-shape morphology with a potential for planar polarity and over-expression of marker 

proteins including alpha-smooth muscle actin (α-SMA) and fibroblast-activated protein (FAP)[5, 

6]. Accumulating research has demonstrated that cancer cells can establish cross-talk with CAFs 

to enhance tumor metastasis[7], and a strong association between CAFs and poor prognosis has 

been shown in several types of cancer, including lung cancer[8-10]. 

 

CAFs can secrete cytokines, growth factors, CAF-specific proteins and exosomes to support 

cancer cell growth, metastasis and confer chemoresistance to lung cancer[11, 12]. CAFs support 

the growth of lung cancer cells in vivo by the secretion of the cytokines cardiotrophin-like 

cytokine factor 1 (CLCF1) and IL6 that directly stimulate the growth of cancer cells[13], IL-22 

secreted from CAFs significantly increases the proliferation, migration and invasion of lung 

cancer cells but reduces apoptosis via the activation of PI3K-Akt-mTOR signaling[14]. A subset 

of CAFs, CD90 (+) CAFs, secrete insulin-like growth factor-II (IGF-II) activated IGF1R signaling 

in cancer cells, induce nanog expression and promote stemness[15]. Also, IGF-1 and hepatocyte 

growth factor(HGF), secreted by CAFs, synergistically induce Annexin A2(ANXA2) expression, 

thus promoting epithelial–mesenchymal transition (EMT) and drug resistance in non-small cell 

lung cancers (NSCLCs) [16]. Recent research has found that CAFs deliver SNAIL1 to recipient 

cells via exosomes and induce EMT in lung cancer cells[17].  

 

To better understand the mechanism of the interaction of CAFs with lung cancer cell in growth 



3 

 

and invasion, the current study demonstrated that CAF-conditional medium (CM) enhanced the 

proliferation and invasion of the recipient cancer cells. Interestingly, we found that vascular cell 

adhesion molecule-1 (VCAM-1), secreted from CAFs, was upregulated compared with the normal 

fibroblasts (NFs), and blocking the expression of VCAM-1 in CAFs led to the attenuation of the 

proliferation and invasion of cancer cells. Moreover, we verified that VCAM-1 secreted from 

CAFs activated the AKT and MAPK pathway via a receptor, the α4β1 integrin (also known as 

very-late antigen, VLA-4) in cancer cells. In vivo, we proved that VCAM-1 increased tumor 

growth. Collectively, the present work provides solid evidence that VCAM-1, secreted from CAFs, 

enhances the growth and invasion of lung cancer cells, implying that VCAM-1 may be a potential 

anti-metastasis therapeutic target of lung cancer. 

 

2.Material and methods 

2.1 Cell culture and reagents 

A549 and H358 cells were obtained from the American Type Culture Collection (ATCC, 

Manassas, VA, USA). A549 was cultured in DMEM/F12 (Gibco BRL, Gaithersburg, MD, USA) 

supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA), and H358 cells 

were cultured in RPMI 1640 (Gibco BRL) supplemented with 10% FBS at 37 °C in a 5% CO2 

incubator. Recombinant human VCAM-1(150-04-100) was obtained from Peprotech (USA). 

VCAM-1(AF809) and Sheep IgG (5-001-A) were purchased from R&D system (Minneapolis, 

MN, USA).  

 

2.2 Primary cell culture 

Primary CAFs and NFs were isolated from lung cancer and adjacent normal tissues of three 

patients who underwent surgical resection in 2016 at the Xiangya hospital, Central South 

University. The patients did not receive chemotherapy or radiation therapy before surgery. The 

collection of specimens was approved by the Ethics Committee of Xiangya Hospital, and 

informed consent was obtained from all the patients. Fibroblasts were isolated as previously 

described [18]. Briefly, fresh tissues were minced with surgical blades to dissect off unwanted 

tissue (fat, necrotic material) and chopped finely with crossed scalpels to about 1 mm cubes in 5 



4 

 

ml of sterile phosphate buffer saline (PBS, with 1% penicillin and streptomycin). Tissue fragments 

were digested with 160 µg/ml collagenase A (Sigma Aldrich, St Louis, MO, USA) and 25 µg/ml 

hyaluronidase (Sigma Aldrich) for 2 hours at 37 °C. Then, they were seeded in a T25 culture flask 

with 5 ml of RPMI-1640 medium containing 10% FBS. The culture medium was changed after 48 

hours to remove unattached cells and debris in suspension. Attached cells were cultured for 7–10 

days to 1 × 106 cells. Conditioned media (CM) were obtained from 48-hour serum-starved cells 

and preserved at -80 ℃. 

 

2.3 Cell viability assay 

Cell viability was measured by MTS kit (G5421, Promega, Madison, WI, USA) following the 

manufacturer’s instruction. Lung cancer cells were cultured in a 96-well plate with CAF-CM or 

NF-CM for the indicated time, and then the assay solution was added for an incubation of 1.5 

hours under conditions away from light. The Microplate Reader (BioTek ELx800, Winooski, VT, 

USA) was used to measure the results at 490 nm. 

 

2.4 Wound healing assay. 

Cells grew to 80% confluence in a 24-well plate and were wounded by making a single scratch in 

the monolayer with a sterile 200 µl pipette tip, followed by a wash with 1× PBS to remove 

detached cells. The culture medium was then replaced with CAF-CM or NF-CM for the 

appropriate time. Photographs of the same area of the wound were taken at 100× magnification 

using a phase-contrast microscope. 

 

2.5 Cell invasion assay 

Lung cancer cell invasion assay was conducted using 24-well Matrigel-coated Transwell inserts 

(BD Biosciences, San Diego, CA, USA). Cells were trypsinized and re-suspended in serum-free 

medium and seeded at 2 × 105 cells in 0.2 ml medium to the upper chamber. Next, 0.8 ml 

CAF-CM or NF-CM was added to the lower chamber, and after incubation at 37 °C with 5% CO2 

for an appropriate time, the cells were stained with 0.1% crystal violet solution. The cells and 

Matrigel on the top surface of the filter were carefully removed with a cotton swab. The invasive 

cells attached to the bottom surface of the filter were quantified under a light microscope (×200). 
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The data are presented as the average number of cells from randomly chosen fields. Each 

treatment condition was assayed using triplicate filters, and all filters were counted in five areas. 

 

2.6 Cytokine Antibody Arrays 

A Human Cytokine Antibody Arrays kit (ARY022B, R＆D system, Minneapolis, MN, USA) was 

used according to the manufacturer’s instructions. Briefly, the arrays were blocked, incubated with 

100 µl of condition medium overnight, followed by biotin-conjugated antibodies incubation for 2 

hours and by HRP-linked secondary antibody for 1 hour. Luminescence analysis of membranes 

was visualized with an enhanced chemiluminescence detection kit (Pierce, Rockford, IL, USA), 

and quantitative array analysis was performed using ImageJ software (National Institutes of 

Health, Bethesda, Maryland, USA).  

 

2.7. Enzyme-linked immunosorbent assay (ELISA)  

The levels of soluble VCAM-1 in the supernatant of primary cell and cancer cell and the plasma 

VCAM-1 level of xenograft mice were measured by human VCAM-1 ELISA kit (EK0537, Boster, 

China), according to the manufacturer's instructions. The absorbance (450 nm) of each sample was 

detected on a standard automatic microplate reader (BioTek, USA). 

 

2.8 Quantitative RT-PCR 

Total RNA was obtained with total RNA purification (15596026, Thermo Fisher Scientific, 

Waltham, MA, USA) and reverse transcription (K1621, Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Quantitative PCR was performed with SYBR Green (4309155, Life 

technologies corporation, Gaithersburg, MD, USA) using an ABI 7500 instrument (Foster city, CA, 

USA). The primers are listed in Table1.  

 

2.9 Western blotting analysis 

Proteins were extracted from cells in IP lysis buffer (87787, Thermo Fisher Scientific) with a 

cocktail (4693116001, Roche, Basel, Switzerland) and PhosStop (4906845001, Roche). Total cell 

lysates were denatured in sodium dodecyl sulfate (SDS, Sigma-Aldrich) loading buffer and boiled 

for 5 minutes. Samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
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and transferred to polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Billerica, MA, 

USA). Membranes were blocked with 5% milk in Tris-buffered saline–Tween 20 (TBST) and 

incubated overnight at 4 °C with primary antibodies. Membranes were then washed and incubated 

with appropriate horseradish peroxidase-conjugated secondary antibodies for 1 hour at room 

temperature. Membranes were washed again, and bands were visualized with enhanced 

chemiluminescence detection kit (Pierce).The α-SMA (NB-600-531, 1:1000), FAP (NB-110-8534, 

1:100) and Vimentin (NBP1-31327, 1:1000) antibodies were purchased from Novus 

Biologicals(Littleton,CO,USA);PDFGR-α(3174,1:1000),P38(8690,1:1000),p-P38 

(thr180/try182,4511,1:1000) , AKT (9272,1:1000), ERK (4695,1:1000), p-ERK1/2 (4370, 1:1000), 

p-JNK (9251,1:1000), anti-rabbit IgG-HRP (14708,1:2000) and anti-mouse IgG-HRP 

(14709,1:2000) antibodies were obtained from Cell signaling technology (Danvers, MA, USA); 

JNK (SAB4200176,1:1000) antibody was purchased from Sigma-Aldrich; p-Akt (ser473, 

66444-1-IG,1:2000), VLA-4 (26918-1-AP,1:1000), VCAM-1(11444-1-AP,1:500) antibodies were 

purchased from Proteintech (Chicago, IL, USA); Bcl-2 (7382,1:500) antibody was obtained from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA); β-actin (AC026) antibody was purchased from 

ABclonal (Wuhan, China). 

 

2.10 RNA interference 

The small interfering RNA (siRNA) transfected into A549 and H358 cells was Lipofectamine 

2000 reagent (Invitrogen, Carlsbad, CA, USA), and the final concentration of siRNA was 100 

nmol/L. VLA-4 siRNA-1: 5’-GGCUCCAAAGAUAUAAAGATT-3’(forward); 5’-UCUUUAUA 

UCUUUGGAGCCTT-3’ (reverse); siRNA-2:5’-GCCUUCAAUAAAGGAGAAATT-3’ (forward); 

5’-UUUCUCCUUUAUUGAAGGCTT-3’(reverse); siRNA-3:5’-GGAGUUUGCUAAAUUUGA 

ATT-3’(forward); 5’-UUCAAAUUUAGCAAACUCCTT-3’(reverse); and negative control siRNA 

5’-UUCUCCGAACGUGUCACGUTT -3’ (forward); 5’–UUCAAAUUUAGCAAACUCCTT- 

3’(reverse) were purchased from Gene Pharma (Suzhou, China). 

 

2.11 Animal experiments 

All mice were maintained and manipulated according to guidelines established by the Medical 

Research Animal Ethics Committee of Central South University. The mixture of 2 × 106 H358 
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cells with 5 × 105 NFs or 5 × 105 CAFs cells (4:1) was re-suspended in 100 µl PBS and injected 

subcutaneously into six-week-old female athymic nude mice (BALB/C) as previously described 

[19]. Tumor formation was examined every 3 days. The tumor volume was calculated as 

volume(mm3) = d2 × D/2, where d and D were the shortest and the longest diameters, respectively. 

When tumor volume reaching to 60-80 mm3, anti-VCAM-1 or IgG were intraperitoneally injected 

into mice at 50 mg/kg every 3 days for 5 times [20]. At the indicated time points, animals were 

sacrificed, blood collection was used to measure the plasma VCAM-1 level, and tissues were 

collected and fixed with 10% buffered formalin for immunohistochemistry (IHC) analysis.   

 

2.12 Immunohistochemistry (IHC) 

Immunohistochemistry was performed using a Histomouse SP Broad Spectrum DAB kit 

(Invitrogen–Zymed, Carlsbad, CA). After treating with 3% H2O2, the sections were blocked with 

10% goat normal serum, and incubated with appropriate primary antibodies overnight at 4 °C. 

Then, the sections were sequentially incubated with biotin anti-mouse/rabbit IgG for 10 minutes 

and streptomyces anti-biotin-peroxidase for 10 minutes and stained with DAB for 1–3 minutes. 

All immunostained sections were then lightly counterstained with Mayer hematoxylin.  

 

2.13 Bioinformatics analysis 

The gene expression profiles GSE30219 were from the Gene Expression Omnibus database[21]. 

Survexpress was utilized to obtain the relationship between the expression of α-SMA, VCAM-1, 

ITGA4(VLA-4α), ITGB1(VLA-4β) and disease risk. The relevance of α-SMA /VCAM-1, 

VCAM-1/ITGA4(VLA-4 α), VCAM-1/ ITGB1(VLA-4β) in lung cancer patients was evaluated by 

Pearson correlation analysis. Survexpress was also employed to analyze the expression of 

VCAM-1 on the overall survival among lung cancer patients. The clinical and pathological 

features and VCAM-1 expression of patients are shown in Table 2.  

 

2.14 Statistical analysis 

Data analysis was conducted by the SPSS software (version 21.0; SPSS). Statistical differences 

were determined using Student’s t-test. All values are expressed as mean values ± S.E. of three 

individual experiments. A value of p < 0.05 was considered statistically significant. 
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3. Results 

3.1 The conditional medium (CM) of CAFs promotes the proliferation, migration and 

invasion of recipient lung cancer cells 

Primary cells were isolated from lung cancer and adjacent normal tissues of three patients. 

Consistently with previous reports[3], the morphology of the two primary cells is a long-spindle 

shape, suggesting that these cells were fibroblasts (Figure.1A). Western blotting analysis results 

indicated that more α-SMA and FAP were expressed in CAFs than NFs in three paired primary 

cultured cells (Figure.1B). Meanwhile, α-SMA, FAP and PDFGR-α of CAFs were higher than two 

generation NFs (NFs-P2), and the mesenchyme marker vimentin has an equal expression level in 

these two cells (Figure.1C). This indicated that the primary cultured fibroblasts are CAFs and NFs. 

In the process of cell subculture in vitro, due to the presence of some cytokines in the culture 

serum, NFs could be transformed into CAFs [22]. For this reason, the data also indicated that 

α-SMA expression levels could be increased to their level in CAF when NF was subcultured to 

eighth generations, implying the trend of activation (Figure.1D). For the reliability of the 

experiments, we used NFs from ≤sixth generations of NFs in the following research.  

To explore the effect of CAFs on lung cancer cells, we cultured A549 and H358 cells with the 

CAF-CM and NF-CM, respectively. The viability assay showed that both A549 and H358 cultured 

with CAF-CM could enhance the proliferation of cancer cells more than NF-CM after 48 and 72 

hours (Figure. 1E). Moreover, the data of the wound healing assay showed that both A549 and 

H358 cells cultured with CAF-CM for 48 hours had a more significant migration ability than that 

of NF-CM (p < 0.01) (Figure. 1F). Further, transwell assay was performed to test the invasion 

ability of A549 and H358 cells. As shown in Figure 1G, compared with NF-CM, CAF-CM 

dramatically increased the invasion of lung cancer cells after 48 hours (p < 0.01 and p < 0.001, 

respectively). These data indicate that CAF-CM can promote the proliferation, migration and 

invasion of recipient lung cancer cells.  

 

3.2 Identification of differentially secreted cytokines between CAF-CM and NF-CM 

To identify cytokines secreted by CAFs that play a key role in the proliferation and invasion of 

lung cancer cells, we collected the CM from two paired CAFs and NFs, respectively, and 
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performed a cytokine antibody array analysis, the immunoblot results showed that 11 cytokines 

were highly expressed in CAF-CM compared with NF-CM, including angiogenin, cystatin C, 

CD147, HGF, IGFBP-2, IGFBP-3, MIF, SDF-1, TBSN, VEGF, and VCAM-1(p < 0.01) (Figure 

2A,B). Among these, HGF, VEGF and VCAM-1 were obviously upregulated (p < 0.001). Then, 

the mRNA expression levels in CAFs and NFs were verified by quantitative RT-PCR. It was found 

that the expression of VCAM-1 in CAF was the highest (Figure.2C). Further, ELISA assay results 

showed that the concentration of soluble VCAM-1 was higher in the CAF-CM than in NF-CM (p 

< 0.001) (Figure. 2D). Taken together, VCAM-1 may be an important cytokine for CAF to 

perform its biological functions in lung cancer through the paracrine pathway.  

 

3.3 CAFs promote the proliferation, migration and invasion of lung cancer cells via the 

secretion of VCAM-1 

To further explore the role of VCAM-1in the process of CAFs promoting the proliferation, 

migration and invasion of lung cancer cells, viability, wound healing and transwell assays were 

performed using lung cancer cells co-cultured with NF-CM, CAF-CM, CAF-CM+IgG and 

CAF-CM+VCAM-1 antibodies which could block the expression of VCAM-1 in CAF-CM.  

Meanwhile, there is a certain degree of VCAM-1 expression in CM of cancer cells, but it is 

significantly lower than in CM of CAF (Figure.3A). Consistent with the results in Figure 1, the 

data of the viability assay showed that both A549 and H358 cell proliferation was enhanced more 

in CAF-CM than in NF-CM. Further, the data indicated that the proliferation of A549 and H358 

cells was remarkably decreased when blocking the VCAM-1 expression in CAF-CM using 

VCAM-1 antibody (p < 0.001) (Figure.3B). Moreover, the wound healing assay results suggested 

that anti-VCAM-1 antibody could also attenuate the migration of A549 and H358 cells cultured 

with CAF-CM (p < 0.05 and p < 0.001, respectively) (Figure.3C). To demonstrate the role of 

VCAM-1 on CAF-driven cancer cell invasion, as shown in Figure.3D, compared with the 

CAF-CM+IgG group, adding anti-VCAM-1 antibody could drastically decrease the invasion 

ability of lung cancer cells (p < 0.01and p < 0.001, respectively).  

As a secreted protein, recombinant human VCAM-1 was used to assess the effect of VCAM-1 on 

the proliferation, migration and invasion of lung cancer cells. The proliferation of A549 and H358 

cells were increased in a dose-dependent manner in response to VCAM-1 (p < 0.001) (Figure.3E). 
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Simultaneously, in the migration and invasion experiments, VCAM-1 drastically facilitated the 

migration and invasion of A549 and H358 (Figure.3F, G). These data indicate that VCAM-1 is a 

critical cytokine in CAF-CM which can promote lung cancer cell proliferation, migration and 

invasion. 

 

3.4 CAF-derived VCAM-1 activates the AKT, JNK and P38 pathway via receptor VLA-4 

Previous studies have demonstrated that VCAM-1 is involved in promoting cancer metastasis in 

some cancers, including lung cancer[23], and VCAM-1 mediated the cancer metastasis mainly 

depending on the binding receptor VLA-4 and further activates the PI3K/AKT[24], MAPK[25, 

26], Bcl-2[27] and ERK[28] pathways. In the present study, firstly, we analyzed which signaling 

pathway of lung cells activated by VCAM-1 was derived from CAFs. As shown in Figure 4A, 

after culturing A549 and H358 cells with CAF-CM, compared with the NF-CM group, the 

CAF-CM could induce the upregulation of the phosphorylation of AKT, JNK and P38, which 

gradually increased as the treatment time is increased from 1 day to 3 days, but this did not change 

the levels of total AKT, JNK and P38. However, CAF-CM has no influence on Bcl-2 in A549 and 

H358 cells. Meanwhile, the phosphorylation of ERK was gradually increased in A549 cells, and 

the expression of total ERK exhibited similar changes. However, the opposite results were 

observed in H358 cells. These results suggested CAFs mainly activate AKT and MAPK signaling 

pathways in lung cancer cells. We then analyzed whether CAFs activate AKT and MAPK 

signaling through VCAM-1/VLA-4 pathways. As shown in Figure.4B, C, there are VLA-4 protein 

expression in cancer cells, and upregulation of VLA-4 in A549 and H358 cells was induced by 

exogenous VCAM-1 in a dose-dependent manner. Simultaneously, the JNK, AKT, P38 signaling 

pathway was also activated. To further analyze the role of the VLA-4 receptor in the 

VCAM-1-mediated signaling pathway, we used siRNA to knock down the VLA-4 expression of 

recipient lung cancer cells. Quantitative RT-PCR and Western blot results indicated that the all 

three target VLA-4 siRNAs had an obvious inhibitory effect (Figure.4D, E). Furthermore, the 

inhibition of VLA-4 could reduce the phosphorylation of AKT, JNK and P38, and no significant 

difference was shown in the total AKT, JNK and P38 in A549 and H358 cells after being cultured 

with CAF-CM for 3 days (Figure.4F). Taken together, these findings suggest that CAF activates 

AKT and MAPK signaling pathways in lung cancer cells via the VCAM-1/VLA-4 axis.  
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Next, we investigated whether VLA-4 is involved in VCAM-1-mediated cancer cell progression. 

As results shown in Figure.5A, the promoting effect of CAF-CM on cancer cell growth was 

remarkably decreased when VLA-4 was knockdown using siRNA in cancer cell (p < 0.001). And 

the facilitating effect of CAF-CM on A549 and H358 cell migration and invasion was 

predominantly abrogated in the cancer cells with VLA-4 knockdown (p < 0.001) (Figure.5B, C). 

Hence, these data further confirm that VCAM-1-mediated VLA-4 involves in cancer cell 

progression. 

 

3.5 VCAM-1 secreted from CAFs enhances tumor growth in vivo  

To further investigate whether CAFs stimulate tumor progress in vivo, we co-cultured the H358 

cells and CAFs or NFs at a ratio of 4:1, and then subcutaneously inoculated them into the nude 

mice to establish the xenograft tumor, followed by the treatment of VCAM-1Ab. As shown in 

Figure 6A, B, the tumor volumes of H358 cells in the CAFs group were exclusively larger than 

those of H358 cells in the NFs group, and these were 2–3-fold larger than H358 cells in the NFs 

group after 4 weeks (p < 0.001). And treatment with a VCAM-1 neutralizing antibody blocked the 

stimulatory effects of CAFs on the xenograft tumor growth in vivo (p < 0.001). The tumor weights 

of H358 cells with CAFs were also heavier than of H358 cells with NFs (p < 0.01), and the 

VCAM-1 antibody group showed more significant decrease of the xenograft tumor weight than 

control group (p < 0.01) (Figure.6C). Meanwhile, there was no significant difference in mice body 

weight between the four groups (Figure.6D). Moreover, co-inoculation of CAFs and H358 cells 

promote the plasma VCAM-1 level, which could be effectively inhibited by VCAM-1 antibodies 

(p < 0.01) (Figure.6E). Further, the IHC analysis of tissue showed α-SMA, 

VCAM-1,VLA-4,p-AKT,p-JNK,p-P38 were higher in the H358+CAFs group than in H358+NFs 

group, and decreased expression of VCAM-1,VLA-4,p-AKT,p-JNK,p-P38 in VCAM-1 antibody 

treatment group (Figure.6F). Taken together, in vivo data shown here support the view that 

VCAM-1 derived from CAFs promotes the growth and metastasis of lung cancer cell. 

 

3.6 VCAM-1 secreted from CAFs has a poor prognosis in patients  

To further investigate the correlations between VCAM-1 expression and the malignancy and 

prognosis of lung cancer patients, we investigated 264 lung cancer patients from the GEO dataset 
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(GSE30219), which contains both tumor gene expression patterns and patient clinical pathological 

data. The risk assessment data showed that a higher expression of VCAM-1, α-SMA, 

ITGA4(VLA-4α) and ITGB1(VLA-4β) exhibited a higher risk (p < 0.001) (Figure.7A, B, C, D). 

To analyze the relationship between α-SMA /VCAM-1, VCAM-1/ITGA4(VLA-4α), VCAM-1/ 

ITGB1(VLA-4β), the Pearson correlation results showed that these two molecules had a positive 

correlation (p < 0.001) (Figure.7 E, F, G). Of the 264 patients, 30 exhibited low levels of VCAM-1, 

and 234 remained at a high level. The difference of survival rate between the high VCAM-1 group 

and low VCAM-1 group was statistically significant (p = 0.004563) (Figure.7H). As shown in 

Table 2, the VCAM-1 expression was significantly correlated with cancer distinct metastasis. 

These data indicate that the VCAM-1 secreted from CAFs has a poor prognosis in patients and 

suggest the potential value of VCAM-1 as a prognostic biomarker and therapeutic target. 

 

4. Discussion 

Numerous evidence has demonstrated that CAFs play a critical role in cancer procession, 

including altering the immune response and inflammation, maintaining stemness and metabolism, 

inhibiting apoptosis, and enhancing proliferation, invasion and metastasis, and so on[29, 30]. 

Although some studies have found that CAFs are involved in the growth and metastasis of lung 

cancer[3, 14, 31], the role of CAFs in lung cancer and its mechanism have still not been fully 

elucidated. Here, we further confirm that CAFs increase the growth, migration and invasion of 

lung cancer cells in vitro and in vivo, and clarify the important role of CAFs in the 

microenvironment of lung cancer. 

 

CAFs have been reported to secrete cytokines including growth factor, chemokine, and 

inflammatory factors to stimulate the signaling pathways and biological functions of cancer [11, 

32]. Previous research has indicated that several cytokines were upregulated in CAFs and 

participated in promoting lung cancer growth and metastasis, such as IL-6, IL-22, HGF and 

TGF-β1[3, 14, 16, 33, 34]. In the present work, we identified a novel cytokine, VCAM-1, which is 

a transmembrane immunoglobulin and is considered to be a cell adhesion molecule, which was 

over-expressed in the supernatant of CAFs, blocking the expression of VCAM-1 in CAF-CM, and 

the proliferation and invasion of cancer cells co-cultured with CAF-CM was attenuated. 
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Meanwhile, from the screening results, we identified some differential expression cytokines, such 

as HGF, which—consistent with the previous reports—are secreted from CAFs and increased the 

expression and phosphorylation of ANXA2 and thus induced EMT and EGFR-TKI resistance in 

lung cancer[16]. However, we also observed that IL-6, which was highly secreted by CAFs and 

mediated chemoresistance in NSCLC by increasing EMT signaling in the previous reports[35], 

was not significant in our experiment. We consider that this difference between our results and the 

previous reports may be due to the origin of CAFs derived from diverse patients. 

 

VCAM-1 is a member of the transmembrane immunoglobulin superfamily, which contains a 

cytoplasmic domain, a transmembrane region and several extracellular Ig-like domains. The 

extracellular domains one and four have been revealed as binding sites for VLA-4, which is the 

predominant receptor for VCAM-1[20]. VCAM-1 is known to exist as both a transmembrane 

protein and in a soluble form. The soluble form of VCAM-1, which generated from proteolytic 

cleaving of extracellular domains of full-length VCAM-1, still can bind to its ligands[23]. In 

tumorigenesis, a series of studies confirmed that VCAM-1 contributes to progress and metastasis 

in many cancers[26, 36-38]. However, the role of VCAM-1 in the tumor microenvironment of 

lung cancer has not been investigated. The current study showed that VCAM-1 secreted from 

CAFs enhances the proliferation, migration and invasion of lung cancer cells. Furthermore, the 

data from the animal experiment demonstrated that CAFs could increase the tumor volume of lung 

cancer cells in mice. A possibility should be noted that, in vivo experiments, the full-length 

VCAM-1 of CAFs can stimulate the growth and invasion of cancer cells adjacent to CAFs through 

cell attachment. Additionally, bioinformatics analysis indicated that VCAM-1 was associated with 

a poor prognosis in lung cancer patients. 

  

One of the concerned problems is the molecular mechanism to cause the increase of soluble 

VCAM-1 in CAFs in this study. It has been found that NFs can be induced by some cytokines in 

tumor microenvironment, such as TGF-β, PDGF, bFGF, etc., which are secreted by tumor cells, 

resulting in up-regulation of a series of signaling pathways, such as NF-κB, ERK and Akt, and 

activated NFs into CAFs[5]. Interestingly, these pathways have been also shown to regulate 

VCAM-1 expression[39]. Therefore, we speculate that NFs under activation process by MAPK 
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and NF- κB signaling, probably simultaneously promotes the expression and secretion of 

VCAM-1 of the CAFs, which in turn promotes the tumorigenesis and metastasis of tumor cells. 

However, this meaningful question needs further study. 

  

Previous studies have proved that VCAM-1 mediated cancer progress, mainly depending on the 

binding receptor VLA-4 and further activating numerous pathways[40, 41]. VCAM-1 triggers Akt 

activation via VLA-4 and provides a survival and metastasis advantage to breast cancer cells[24]. 

The VCAM-1/VLA-4 axis plays a key role in Wnt-induced secreted protein-1 (WISP-1) 

regulating the adhesion of prostate cancer cells to osteoblasts via the MAPK pathway, and 

matricellular protein SPARC-induced paracellular permeability is dependent on the endothelial 

VCAM-1 and p38 MAPK signaling in human pulmonary melanoma[25, 26]. The 

VLA-4-mediated upregulation of the Bcl-2/Bax ratio contributes to the anti-apoptotic effect in B 

cell chronic lymphocytic leukemia (B-CLL) cells[27]. Tumoral microvesicles (TMVs) transported 

VCAM-1 from melanoma cancer cells and promote the transformation of normal fibroblasts to 

tumor-associated fibroblasts by activating ERK1/2 via VLA-4[28]. In current study, the results 

showed that VCAM-1 secreted from CAF-CM and bound to the VLA-4 receptor, subsequently 

activated AKT, JNK and P38 in A549 and H358 cells. However, CAF-CM has no influence on 

Bcl-2. Meanwhile, the phosphorylation of ERK is variable in different lung cancer cells. These 

findings suggest that CAFs activate the AKT and MAPK signaling pathways in lung cancer cells 

via the VCAM-1/VLA-4 axis.  

  

In summary, we found that VCAM-1 secreted from CAFs through binding with VLA-4 in cancer 

cells enhances the growth, migration and invasion of lung cancer by activating the MAPK and 

JNK pathway (Figure 7I). Our results provide a better understanding of how CAFs work in the 

tumor microenvironment in lung cancer, and VCAM-1 may be a novel drug target to inhibit 

cancer metastasis. Based on its active involvement in the progress of lung cancer cells, VCAM-1 

may also serve as a predictive and prognostic biomarker.  
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Table 1. Primers used in this study 

 

 

Gene Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’) 

Actin CTACCTCATGAAGATCCTCACC AGTTGAAGGTAGTTTCGTGGAT 

TBSN GGCACCAACCGCATTCCAGAG GCACAGCATCCACCAGGTCTTG 

VEGF GCCTTGCCTTGCTGCTCTACC AGACATCCATGAACTTCACCACTTCG 

VCAM-1 ACCACATCTACGCTGACAATGAATCC AACACTTGACTGTGATCGGCTTCC 

SDF-1 TCGTGGTCGTGCTGGTCCTC TTGAGATGCTTGACGTTGGCTCTG 

MIF GCAGAACCGCTCCTACAGCAAG TGGCCGCGTTCATGTCGTAATAG 

IGFBP-3 ACTACGAGTCTCAGAGCACAGATACC AGCACATTGAGGAACTTCAGGTGATTC 

IGFBP-2 AACAGTGCAAGATGTCTCTGAACGG GCCTCCTGCTGCTCATTGTAGAAG 

HGF TCCAAGGTCAAGGAGAAGGCTACAG GAGTCATGTCATGCTCGTGAGGATAC 

CD147 GCCTGGTACAAGATCACTGACTCTG CTGCGAGGAACTCACGAAGAACC 

Cystatin C GGTGAACTACTTCTTGGACGTGGAG CAGATGTGGCTGGTCATGGAAGG 

Angiogenin GGCAACAAGCGCAGCATCAAG TGGCTCGGTACTGGCATGGAG 

VLA-4 CTGTGATGCCTTACATTAGCAC ATCCAAATTTCCAGATATGCGC 



Table2: Clinicopathologic Characteristics and VCAM-1 expression of the study patients 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a The clinic pathology of one patient is unknow; b The clinic pathology of two patients is unknow; 
c The clinic pathology of three patients is unknow. 

P value represents the probability from a chi-square test for VCAM-1 levels between variable 

subgroups. *P < 0.05 

Abbreviations: VCAM-1, Vascular Cell Adhesion Molecule-1； 

Clinic pathology 
 High VCAM-1 Low VCAM-1 

P 
 N (%) N (%) 

Gender 
Male 199(89.24) 24(10.76) 

0.4728 
Female 35(85.37) 6(14.63) 

Age 
<60 93(84.55) 17(15.45) 

0.1145a 
≥60 140(90.50) 13(8.50) 

Tumor stage 
T1-T2 191(87.61) 27(12.39) 

0.1305b 
T3-T4 42(95.45) 2(4.55) 

Regional Lymph 

Nodes stage 

N0 167(88.36) 22(11.64) 
0.6352b 

N1-N3 66(90.41) 7(9.59) 

Distant 

Metastasis stage 

M0 230(89.49) 27(10.51) 
0.0126*c 

M1-M3 2(50) 2(50) 

















Figure legends 

Fig.1. The conditional medium (CM) of cancer-associated fibroblasts (CAFs) promotes the 

proliferation, migration and invasion of recipient lung cancer cells. (A) The representative 

microscope images of primary culture cells CAFs and normal fibroblasts (NFs) isolated from lung 

cancer tissues. Scale bar, 100 µm. (B) Western blot analysis of the CAF marker protein 

alpha-smooth muscle actin (α-SMA) and fibroblast-activated protein (FAP) in three pairs of 

primary cells. (C) Western blot analysis of the CAF marker protein α-SMA, FAP, platelet-derived 

growth factor receptor-alpha (PDGFRα) and the mesenchyme marker Vimentin. (D) Western blot 

analysis for α-SMA in the increasing generation of NFs. (E-G) Cancer cells cultured with 

CAF-conditional medium (CM) or NF-CM. (E) MTS assay was used to analyze the cell 

proliferation of A549 and H358 cells. (F) Cell motility ability was measured by wound healing 

assay in A549 and H358 cells. The percentage of wound closure was determined at 48 hours; 

representative photographs are presented (×40 magnification). (G) Cell invasion was measured by 

the transwell assay in A549 and H358 cells after 48 hours; representative photographs are 

presented (×200 magnification). Results are presented as the mean ± SD of three independent 

experiments. **p < 0.01, ***p < 0.001. 

 

Fig.2. Identification of differentially secreted cytokines between CAF-CM and NF-CM.  

(A) Representative cytokine arrays for the supernatant of NFs and CAFs. The cytokines with 

significant changes are marked with a square frame. (B) The statistical analysis of the gray-scale 

of 12 selected cytokines in CAFs and NFs are listed. The quantitative analysis of protein spots was 

performed using ImageJ software. (C) Quantitative RT-PCR quantified the expression of 11 

cytokines in CAFs and NFs. (D) Soluble VCAM-1 in the supernatant of two pairs of primary cell 

NFs and CAFs was detected using ELISA. Results are presented as the mean ± SD of three 

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant. 

 

Fig.3. CAFs promote the proliferation, migration and invasion of lung cancer cells via the 

secretion of VCAM-1. (A) Soluble VCAM-1 was measured by ELISA in the supernatant of NFs, 

CAFs, CAFs treated with IgG or VCAM-1 neutralization antibody (5ug/ul) and A549 and H358 

cells. (B-D) Cancer cells cultured with CAF-CM, NF-CM, CAF-CM+IgG and VCAM-1 



neutralization antibody (5ug/ul), respectively. (B) MTS assay was performed to examine the 

proliferation ability of A549 and H358 cells after blocking the VCAM-1 of CAF-CM. (C) Cell 

motility ability was measured by wound healing assay in A549 and H358 cells after blocking the 

VCAM-1 of CAF-CM. The percentage of wound closure was, respectively, determined at 24 

hours and 48 hours after blocking the VCAM-1 of CAF-CM, representative photographs are 

presented (×40 magnification). (D) Cell invasion was measured by the transwell assay in A549 

and H358 cells after 48 hours; representative photographs are presented (×200 magnification). 

(E-G) Cancer cells cultured with different concentrations of recombinant human VCAM-1. (E) 

MTS assay was performed to examine the proliferation ability of A549 and H358 cells. (F) Cell 

motility ability was measured by wound healing assay in A549 and H358 cells after 24 hours, 

representative photographs are presented (×40 magnification). (G) Cell invasion was measured by 

the transwell assay in A549 and H358 cells after 48 hours, representative photographs are 

presented (×200 magnification). Results are presented as the mean ±SD of three independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant. 

 

Fig.4. CAF-derived VCAM-1 activates the AKT, JNK and P38 pathway via receptor 

very-late antigen (VLA)-4. (A) Western blot analyzed several pathways correlated with VCAM-1 

that promote the migration and invasion of lung cancer cells. (B) Western blot analyzed the 

protein expression of VLA-4 in NFs, CAFs, A549 and H358 cells. (C) Western blot analysis of 

AKT, JNK and P38 in lung cancer cell after treatment with recombinant human VCAM-1 for 3 

days. (D) Western blot analyzed the expression of VLA-4 after siRNA treatment. (E) Quantitative 

RT-PCR was used to test the effect of three siRNAs in A549 and H358 cells. **p < 0.01, ***p < 

0.001, ns: not significant. (F) Western blot analyzed the expression of AKT, JNK and P38 after 

VLA-4 inhibition in A549 and H358 cells cultured with CAF-CM for 3 days. UN, untreated; NC, 

negative control. 

 

Fig.5. VLA-4 is required for CAF-CM promotes the lung cancer proliferation, invasion and 

migration 

After cancer cell was transfected with siRNA targeting VLA-4 for 24 hours. (A) MTS assay 

analyzed the proliferation ability of A549 and H358 cells cultured with CAF-CM or NF-CM. (B) 



Cell motility ability was measured by wound healing assay in A549 and H358 cells cocultured 

with NF-CM and CAF-CM. The percentage of wound closure was determined after 24 hours, 

representative photographs are presented (×40 magnification). (C) Cell invasion was measured by 

the transwell assay in A549 and H358 cells with NF-CM and CAF-CM treatment after 48 hours, 

representative photographs are presented (×200 magnification). Results are presented as the mean 

±SD of three independent experiments. UN, untreated; NC, negative control. *p < 0.05, **p < 

0.01, ***p < 0.001, ns: not significant. 

 

Fig.6. VCAM-1 secreted from CAFs enhances tumor growth in vivo. (A) At the experimental 

end point, tumor xenografts were dissected and photographed. (B) Tumor volume was measured 

every 3 days after injection of tumor cells. Intratumoral injection of IgG or VCAM-1 

neutralization antibody were performed after the tumor volume reaching to 60-80 mm3. (C) Tumor 

weight was measured at the experimental end point. (D) The mice weight was measured at the 

experimental end point. (E) VCAM-1 levels in plasma from the tumor-bearing mice were 

measured using ELISA. (F) Representative immunohistochemistry (IHC) staining of α-SMA, 

VCAM-1, VLA-4, p-AKT, p-JNK, p-P38 expression of H358 xenografts in groups indicated in 

(A). Scale bar, 200 µm. *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant.  

 

Fig.7. VCAM-1 derived from CAFs has a poor prognosis in patients. (A, B, C, D) The risk 

analysis in relation to α-SMA, VCAM-1, ITGA4 (VLA-4α) and ITGB1(VLA-4β) expression from 

GEO datasets, respectively. (E, F, G) Correlation between α-SMA and VCAM-1, VCAM-1 and 

ITGA4 (VLA-4α), and VCAM-1 and ITGB1(VLA-4β) expression levels in the lung cancer tissues 

(n = 264) were estimated by the Pearson correlation analysis, respectively. (H) Overall survival 

rates of lung cancer patients with low (n = 30) or high (n = 234) expression levels of VCAM-1 

were estimated with the Kaplan–Meier method by log-rank test. (I) A schematic model shows that 

VCAM-1 secreted by CAFs is identified as a microenvironment modifier for lung cancer 

progression. 



Highlights 

·Vascular cell adhesion molecule-1 (VCAM-1) secreted from cancer associated fibroblasts (CAFs) 

promotes lung cancer cells proliferation, migration and invasion. 

·CAFs activated AKT and MAPK signaling via VCAM-1 receptor α4β1 integrin (very-late 

antigen (VLA)-4) in lung cancer cells.  

·VCAM-1 expression was associated with a poor prognosis in lung cancer patients.   
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