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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 expressionin
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 viareceptor a4p1 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 (a-SMA) and VCAM-1 expression, which was associated with a poor prognosisin
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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Abstract

Several studies have indicated that cancer-aseddiairoblasts (CAFs) could promote cancer
progression in many malignancies. However, the @ugisin by which CAFs promote the growth
and metastasis of lung cancer remains poorly defilmethe present study, CAFs and normal
fibroblasts (NFs) were isolated from human lungoegirand adjacent tissue. The data showed that
the conditional medium (CM) of CAFs could incre#ise proliferation, migration and invasion of
lung cancer cells. Vascular cell adhesion moledu g CAM-1) showed a higher expression in
CAF-CM than NF-CM, and blocking VCAM-1 in CAF-CMtahuated the proliferation and
invasion of cancer cells. Further, the results sfbthhat VCAM-1 secreted from CAFs activated
AKT and MAPK signaling via recepta@f1 integrin (very-late antigen (VLA)-4) in lung casc
cells. Moreover, CAFs promoted VCAM-1 expressiod &umor growth in vivo. Additionally,
bioinformatics analysis indicated a positive catiein on the CAF marker protein alpha-smooth
muscle acting-SMA) and VCAM-1 expression, which was associatétl & poor prognosis in
cancer patients. These findings demonstrate teaf @AM-1 secreted from CAFs enhances

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

Lung cancer is the leading cause of cancer deatlesmnibits the highest morbidity and mortality
globally, the overall 5-year survival rate is 15% 2]. Most lung cancer patients die of metastasis,
thus, understanding the mechanism of lung canctastasis is urgently needed[3]. Recent studies
have shown that cancer progression and metastasi®bonly associated with the properties of
tumor cells, but also depend on the tumor micraemment (TME)[4]. Among the stromal cells

of TME, cancer-associated fibroblasts (CAFs) afeminant component, exhibiting a classic
spindle-shape morphology with a potential for plgmalarity and over-expression of marker
proteins including alpha-smooth muscle actif§(MA) and fibroblast-activated protein (FAP)[5,

6]. Accumulating research has demonstrated thatecarells can establish cross-talk with CAFs
to enhance tumor metastasis[7], and a strong agsotbetween CAFs and poor prognosis has

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

CAFs can secrete cytokines, growth factors, CARi§ipeproteins and exosomes to support
cancer cell growth, metastasis and confer chensiegsie to lung cancer[11, 12]. CAFs support
the growth of lung cancer cells in vivo by the stion of the cytokines cardiotrophin-like
cytokine factor 1 (CLCF1) and IL6 that directlymstilate the growth of cancer cells[13], IL-22
secreted from CAFs significantly increases theifen@tion, migration and invasion of lung
cancer cells but reduces apoptosis via the aativati PI3K-Akt-mTOR signaling[14]. A subset
of CAFs, CD90 (+) CAFs, secrete insulin-like grovidlator-11 (IGF-11) activated IGF1R signaling
in cancer cells, induce nanog expression and pmstetnness[15]. Also, IGF-1 and hepatocyte
growth factor(HGF), secreted by CAFs, synergistycialduce Annexin A2(ANXA2) expression,
thus promoting epithelial-mesenchymal transitiokl & and drug resistance in non-small cell
lung cancers (NSCLCs) [16]. Recent research hawdfthat CAFs deliver SNAILL to recipient

cells via exosomes and induce EMT in lung cancks[t&].

To better understand the mechanism of the interactd CAFs with lung cancer cell in growth
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and invasion, the current study demonstrated tiAd-Eonditional medium (CM) enhanced the
proliferation and invasion of the recipient cancelts. Interestingly, we found that vascular cell
adhesion molecule-1 (VCAM-1), secreted from CAFaswpregulated compared with the normal
fibroblasts (NFs), and blocking the expression GAK-1 in CAFs led to the attenuation of the
proliferation and invasion of cancer cells. Morepvee verified that VCAM-1 secreted from

CAFs activated the AKT and MAPK pathway via a reoepheo4pl integrin (also known as
very-late antigen, VLA-4) in cancer cells. In viwge proved that VCAM-1 increased tumor
growth. Collectively, the present work providesig@vidence that VCAM-1, secreted from CAFs,
enhances the growth and invasion of lung cancés, éelplying that VCAM-1 may be a potential

anti-metastasis therapeutic target of lung cancer.

2.Material and methods
2.1 Céll culture and reagents

A549 and H358 cells were obtained from the Ameritgme Culture Collection (ATCC,
Manassas, VA, USA). A549 was cultured in DMEM/F&GIco BRL, Gaithersburg, MD, USA)
supplemented with 10% fetal bovine serum (FBS, btye] Logan, UT, USA), and H358 cells
were cultured in RPMI 1640 (Gibco BRL) supplemenigith 10% FBS at 37 °C in a 5% GO
incubator. Recombinant human VCAM-1(150-04-100) whtained from Peprotech (USA).
VCAM-1(AF809) and Sheep IgG (5-001-A) were purcltesBem R&D system (Minneapolis,

MN, USA).

2.2 Primary cell culture

Primary CAFs and NFs were isolated from lung caacer adjacent normal tissues of three
patients who underwent surgical resection in 2Gt6eaXiangya hospital, Central South
University. The patients did not receive chemothgrar radiation therapy before surgery. The
collection of specimens was approved by the EBmsmittee of Xiangya Hospital, and
informed consent was obtained from all the patidfitsroblasts were isolated as previously
described [18]. Briefly, fresh tissues were minegith surgical blades to dissect off unwanted

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



ml of sterile phosphate buffer saline (PBS, with Aéicillin and streptomycin). Tissue fragments
were digested with 16@0g/ml collagenase A (Sigma Aldrich, St Louis, MO,A)&nd 25ug/mi
hyaluronidase (Sigma Aldrich) for 2 hours at 37 T@en, they were seeded in a T25 culture flask
with 5 ml of RPMI-1640 medium containing 10% FB®€eTculture medium was changed after 48
hours to remove unattached cells and debris inesisspn. Attached cells were cultured for 7-10
days to 1 x 1%cells. Conditioned media (CM) were obtained frorh#8ir serum-starved cells

and preserved at -80.

2.3 Céell viability assay

Cell viability was measured by MTS kit (G5421, Pega, Madison, WI, USA) following the
manufacturer’s instruction. Lung cancer cells warkured in a 96-well plate with CAF-CM or
NF-CM for the indicated time, and then the assdytem was added for an incubation of 1.5
hours under conditions away from light. The Micadpl 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 amde wounded by making a single scratch in
the monolayer with a sterile 20 pipette tip, followed by a wash with 1x PBS toneve
detached cells. The culture medium was then regladth CAF-CM or NF-CM for the
appropriate time. Photographs of the same ardzeoikbund were taken at 100x magnification

using a phase-contrast microscope.

2.5 Céll invasion assay

Lung cancer cell invasion assay was conducted izlngell Matrigel-coated Transwell inserts
(BD BiosciencesSan Diego, CA, USA Cells were trypsinized and re-suspended in sdreen
medium and seeded at 2 ¥*¢@lls in 0.2 ml medium to the upper chamber. Nex,ml

CAF-CM or NF-CM was added to the lower chamber, aifter incubation at 37 °C with 5% GO
for an appropriate time, the cells were staineth @i % crystal violet solution. The cells and
Matrigel on the top surface of the filter were ¢allg removed with a cotton swab. The invasive

cells attached to the bottom surface of the fikere quantified under a light microscope (x200).
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The data are presented as the average numbetofroel randomly chosen fields. Each

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

2.6 Cytokine Antibody Arrays

A Human Cytokine Antibody Arrays kit (ARY022B,&D system, Minneapolis, MN, USA) was
used according to the manufacturer’s instructi@ngfly, the arrays were blocked, incubated with
100 ul of condition medium overnight, followed by biottonjugated antibodies incubation for 2
hours and by HRP-linked secondary antibody for tirhbuminescence analysis of membranes
was visualized with an enhanced chemiluminesceetection kit (Pierce, Rockford, IL, USA),
and quantitative array analysis was performed usmggeJ software (National Institutes of

Health, Bethesda, Maryland, USA).

2.7. Enzyme-linked immunosor bent assay (EL1SA)

The levels of soluble VCAM-1 in the supernatanpamary cell and cancer cell and the plasma
VCAM-1 level of xenograft mice were measured by bnnvCAM-1 ELISA kit (EK0537, Boster,
China), according to the manufacturer's instrustidrne absorbance (450 nm) of each sample was

detected on a standard automatic microplate rg&igfek, USA).

2.8 Quantitative RT-PCR

Total RNA was obtained with total RNA purificatiofl5596026, Thermo Fisher Scientific,
Waltham, MA, USA) and reverse transcription (K16Zhermo Fisher Scientific) according to the
manufacturer’s instructions. Quantitative PCR waedgmed with SYBR Green (4309155, Life
technologies corporation, Gaithersburg, MD, USAhgsn ABI 7500 instrument (Foster city, CA,

USA). The primers are listed in Tablel.

2.9 Western blotting analysis

Proteins were extracted from cells in IP lysis buff87787, Thermo Fisher Scientific) with a
cocktail (4693116001, Roche, Basel, Switzerland) RhosStop (4906845001, Roche). Total cell
lysates were denatured in sodium dodecyl sulfais(SSigma-Aldrich) loading buffer and boiled

for 5 minutes. Samples were separated by SDS-pylgawide gel electrophoresis (SDS-PAGE)
5



and transferred to polyvinylidene fluoride (PVDFembranes (Merck Millipore, Billerica, MA,
USA). Membranes were blocked with 5% milk in Trisflered saline—Tween 20 (TBST) and
incubated overnight at 4 °C with primary antibodigembranes were then washed and incubated
with appropriate horseradish peroxidase-conjugaecbndary antibodies for 1 hour at room
temperature. Membranes were washed again, and baeds visualized with enhanced
chemiluminescence detection kit (Pierce). BH8MA (NB-600-531, 1:1000), FAP (NB-110-8534,
1:100) and Vimentin (NBP1-31327, 1:1000) antibodiesre purchased from Novus
Biologicals(Littleton,CO,USA);PDFGR{3174,1:1000),P38(8690,1:1000),p-P38
(thr180/try182,4511,1:1000) , AKT (9272,1:1000), EERI695,1:1000), p-ERK1/2 (4370, 1:1000),
p-JNK (9251,1:1000), anti-rabbit IgG-HRP (1470800Q) and anti-mouse IgG-HRP
(14709,1:2000) antibodies were obtained from Ciglhaling technology (Danvers, MA, USA);
JNK (SAB4200176,1:1000) antibody was purchased fr8igma-Aldrich; p-Akt (serd73,
66444-1-1G,1:2000), VLA-4 (26918-1-AP,1:1000), VCAM11444-1-AP,1:500) antibodies were
purchased from Proteintech (Chicago, IL, USA); Bgl¥382,1:500) antibody was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USAJctin (AC026) antibody was purchased from

ABclonal (Wuhan, China).

2.10 RNA interference

The small interfering RNA (siRNA) transfected ii649 and H358 cells was Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA), dralfinal concentration of siRNA was 100
nmol/L. VLA-4 siRNA-1: 5-GGCUCCAAAGAUAUAAAGATT-3'(forward); 5-UCUUUAUA
UCUUUGGAGCCTT-3' (reverse); siRNA-2:5-GCCUUCAAUAABGAGAAATT-3' (forward);
5-UUUCUCCUUUAUUGAAGGCTT-3'(reverse); siRNA-3:5-GEBGUUUGCUAAAUUUGA
ATT-3'(forward); 5-UUCAAAUUUAGCAAACUCCTT-3'(revers); and negative control sSiRNA
5-UUCUCCGAACGUGUCACGUTT -3’ (forward); 5-UUCAAAUWAGCAAACUCCTT-

3'(reverse) were purchased from Gene Pharma (Sughiona).

2.11 Animal experiments
All mice were maintained and manipulated accordinguidelines established by the Medical

Research Animal Ethics Committee of Central Soutivetsity. The mixture of 2 x #1358
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cells with 5 x 1ONFs or 5 x 1@ CAFs cells (4:1) was re-suspended in tDPBS and injected
subcutaneously into six-week-old female athymicenodce (BALB/C) as previously described
[19]. Tumor formation was examined every 3 days Tuimor volume was calculated as
volume(mni) = of x D/2, where d and D were the shortest and thgelstdiameters, respectively.
When tumor volume reaching to 60-80 fhanti-VCAM-1 or IgG were intraperitoneally injecte
into mice at 50 mg/kg every 3 days for 5 times [2Q@]the indicated time points, animals were
sacrificed, blood collection was used to measweepthsma VCAM-1 level, and tissues were

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

2.12 Immunohistochemistry (IHC)

Immunohistochemistry was performed using a HistasedsP Broad Spectrum DAB kit
(Invitrogen—Zymed, Carlsbad, CA). After treatingw8% HO,, the sections were blocked with
10% goat normal serum, and incubated with apprppemary antibodies overnight at 4 °C.
Then, the sections were sequentially incubated bvdtin anti-mouse/rabbit IgG for 10 minutes
and streptomyces anti-biotin-peroxidase for 10 meg@nd stained with DAB for 1-3 minutes.

All immunostained sections were then lightly coustigned with Mayer hematoxylin.

2.13 Bioinformatics analysis

The gene expression profiles GSE30219 were fronGhiee Expression Omnibus database[21].
Survexpress was utilized to obtain the relationdl@fween the expression @SMA, VCAM-1,
ITGA4(VLA-40), ITGB1(VLA-4B) and disease risk. The relevance eSMA /VCAM-1,
VCAM-1/ITGA4(VLA-4 a), VCAM-1/ ITGB1(VLA-4pB) in lung cancer patients was evaluated by
Pearson correlation analysis. Survexpress was esployed to analyze the expression of
VCAM-1 on the overall survival among lung cancetigras. The clinical and pathological

features and VCAM-1 expression of patients are shiovlrable 2.

2.14 Statistical analysis
Data analysis was conducted by the SPSS softwarsign 21.0; SPSS). Statistical differences
were determined using Student’s t-test. All valaesexpressed as mean values + S.E. of three

individual experiments. A value of p < 0.05 was sidered statistically significant.
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3. Reaults

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

invasion of recipient lung cancer cells

Primary cells were isolated from lung cancer anghaaht normal tissues of three patients.
Consistently with previous reports[3], the morplgylaf the two primary cells is a long-spindle
shape, suggesting that these cells were fibrob{&gsire.1A). Western blotting analysis results
indicated that more-SMA and FAP were expressed in CAFs than NFs igetlpaired primary
cultured cells (Figure.1B). Meanwhile;SMA, FAP and PDFGR:-of CAFs were higher than two
generation NFs (NFs-P2), and the mesenchyme maikentin has an equal expression level in
these two cells (Figure.1C). This indicated thatphimary cultured fibroblasts are CAFs and NFs.
In the process of cell subculture in vitro, duetlie presence of some cytokines in the culture
serum, NFs could be transformed into CAFs [22]. tfis reason, the data also indicated that
a-SMA expression levels could be increased to tlesiel in CAF when NF was subcultured to
eighth generations, implying the trend of activati@Figure.1D). For the reliability of the
experiments, we used NFs frafsixth generations of NFs in the following research.

To explore the effect of CAFs on lung cancer ceils, cultured A549 and H358 cells with the
CAF-CM and NF-CM, respectively. The viability assstyowed that both A549 and H358 cultured
with CAF-CM could enhance the proliferation of cancells more than NF-CM after 48 and 72
hours (Figure. 1E). Moreover, the data of the wohedling assay showed that both A549 and
H358 cells cultured with CAF-CM for 48 hours hadhare significant migration ability than that
of NF-CM (p < 0.01) (Figure. 1F). Further, transhwedsay was performed to test the invasion
ability of A549 and H358 cells. As shown in Figut&, compared with NF-CM, CAF-CM
dramatically increased the invasion of lung caresdis after 48 hours (p < 0.01 and p < 0.001,
respectively). These data indicate that CAF-CM papmote the proliferation, migration and

invasion of recipient lung cancer cells.

3.2 ldentification of differentially secreted cytokines between CAF-CM and NF-CM
To identify cytokines secreted by CAFs that pldses role in the proliferation and invasion of

lung cancer cells, we collected the CM from twa@aiCAFs and NFs, respectively, and
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performed a cytokine antibody array analysis, thenunoblot results showed that 11 cytokines
were highly expressed in CAF-CM compared with NF-@héluding angiogenin, cystatin C,
CD147, HGF, IGFBP-2, IGFBP-3, MIF, SDF-1, TBSN, VEGnd VCAM-1(p < 0.01) (Figure
2A,B). Among these, HGF, VEGF and VCAM-1 were olmaty upregulated (p < 0.001). Then,
the mRNA expression levels in CAFs and NFs werdigdrby quantitative RT-PCR. It was found
that the expression of VCAM-1 in CAF was the high@sgure.2C). Further, ELISA assay results
showed that the concentration of soluble VCAM-1 Wwigher in the CAF-CM than in NF-CM (p
< 0.001) (Figure. 2D). Taken together, VCAM-1 maydm important cytokine for CAF to

perform its biological functions in lung cancerdhgh the paracrine pathway.

3.3 CAFspromote the proliferation, migration and invasion of lung cancer cellsviathe
secretion of VCAM-1

To further explore the role of VCAM-1in the procegsCAFs promoting the proliferation,
migration and invasion of lung cancer cells, vigyilwound healing and transwell assays were
performed using lung cancer cells co-cultured WEtCM, CAF-CM, CAF-CM+IgG and
CAF-CM+VCAM-1 antibodies which could block the eggsion of VCAM-1 in CAF-CM.
Meanwhile there is a certain degree of VCAM-1 expressionlih @ cancer cells, but it is
significantly lower than in CM of CAF (Figure.3A%.onsistent with the results in Figure 1, the
data of the viability assay showed that both A5d® H358 cell proliferation was enhanced more
in CAF-CM than in NF-CM. Further, the data indichtbat the proliferation of A549 and H358
cells was remarkably decreased when blocking thAM expression in CAF-CM using
VCAM-1 antibody (p < 0.001) (Figure.3B). Moreoviére wound healing assay results suggested
that anti-VCAM-1 antibody could also attenuate ithigration of A549 and H358 cells cultured
with CAF-CM (p < 0.05 and p < 0.001, respectivéligure.3C). To demonstrate the role of
VCAM-1 on CAF-driven cancer cell invasion, as shawirigure.3D, compared with the
CAF-CM+IgG group, adding anti-VCAM-1 antibody couddastically decrease the invasion
ability of lung cancer cells (p < 0.01and p < 0.0&kpectively).

As a secreted protein, recombinant human VCAM-1 ugzsl to assess the effect of VCAM-1 on
the proliferation, migration and invasion of lur@ncer cells. The proliferation of A549 and H358

cells were increased in a dose-dependent manmesponse to VCAM-1 (p < 0.001) (Figure.3E).
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Simultaneously, in the migration and invasion eipents, VCAM-1 drastically facilitated the
migration and invasion of A549 and H358 (Figure B, These data indicate that VCAM-1 is a
critical cytokine in CAF-CM which can promote luogncer cell proliferation, migration and

invasion.

3.4 CAF-derived VCAM-1 activatesthe AKT, JNK and P38 pathway via receptor VLA-4
Previous studies have demonstrated that VCAM-tvislved in promoting cancer metastasis in
some cancers, including lung cancer[23], and VCANe&diated the cancer metastasis mainly
depending on the binding receptor VLA-4 and furthetivates the PISK/AKT[24], MAPK]25,
26], Bcl-2[27] and ERK][28] pathways. In the presstudy, firstly, we analyzed which signaling
pathway of lung cells activated by VCAM-1 was dedvrom CAFs. As shown in Figure 4A,
after culturing A549 and H358 cells with CAF-CM,nepared with the NF-CM group, the
CAF-CM could induce the upregulation of the phosgplation of AKT, JNK and P38, which
gradually increased as the treatment time is isegdérom 1 day to 3 days, but this did not change
the levels of total AKT, JNK and P38. However, CEM has no influence on Bcl-2 in A549 and
H358 cells. Meanwhile, the phosphorylation of EREsvgradually increased in A549 cells, and
the expression of total ERK exhibited similar chesigHowever, the opposite results were
observed in H358 cells. These results suggesteds@fsinly activate AKT and MAPK signaling
pathways in lung cancer cellde then analyzed whether CAFs activate AKT and MAPK
signaling through VCAM-1/VLA-4 pathways. As shownRigure.4B, C, there are VLA-4 protein
expression in cancer cells, and upregulation of MLy A549 and H358 cells was induced by
exogenous VCAM-1 in a dose-dependent manner. Samedtusly, the JNK, AKT, P38 signaling
pathway was also activated. To further analyzedheof the VLA-4 receptor in the
VCAM-1-mediated signaling pathway, we used siRNAnock down the VLA-4 expression of
recipient lung cancer cells. Quantitative RT-PCR Western blot results indicated that the all
three target VLA-4 siRNAs had an obvious inhibiteffect (Figure.4D, E). Furthermore, the
inhibition of VLA-4 could reduce the phosphorylatiof AKT, JNK and P38, and no significant
difference was shown in the total AKT, JNK and R88549 and H358 cells after being cultured
with CAF-CM for 3 days (Figure.4F). Taken togethhgse findings suggest that CAF activates

AKT and MAPK signaling pathways in lung cancer sefla the VCAM-1/VLA-4 axis.
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Next, we investigated whether VLA-4 is involvedM@&AM-1-mediated cancer cell progression.
As results shown in Figure.5A, the promoting efl@cCAF-CM on cancer cell growth was
remarkably decreased when VLA-4 was knockdown usiRNA in cancer cell (p < 0.001). And
the facilitating effect of CAF-CM on A549 and H368ll migration and invasion was
predominantly abrogated in the cancer cells witihv_knockdown (p < 0.001) (Figure.5B, C).
Hence, these data further confirm that VCAM-1-mextia/LA-4 involves in cancer cell

progression.

3.5VCAM-1 secreted from CAFsenhancestumor growth in vivo

To further investigate whether CAFs stimulate tumargress in vivo, we co-cultured the H358
cells and CAFs or NFs at a ratio of 4.1, and théscstaneously inoculated them into the nude
mice to establish the xenograft tumor, followedly treatment of VCAM-1Ab. As shown in
Figure 6A, B, the tumor volumes of H358 cells i tBAFs group were exclusively larger than
those of H358 cells in the NFs group, and these ®eB-fold larger than H358 cells in the NFs
group after 4 weeks (p < 0.001). And treatment @ithiCAM-1 neutralizing antibody blocked the
stimulatory effects of CAFs on the xenograft turggywth in vivo (p < 0.001). The tumor weights
of H358 cells with CAFs were also heavier than 86Bl cells with NFs (p < 0.01), and the
VCAM-1 antibody group showed more significant dese of the xenograft tumor weight than
control group (p < 0.01) (Figure.6C). Meanwhilesrnwas no significant difference in mice body
weight between the four groups (Figure.6D). Morepwe-inoculation of CAFs and H358 cells
promote the plasma VCAM-1 level, which could beeefively inhibited by VCAM-1 antibodies

(p < 0.01) (Figure.6E). Further, the IHC analydisissue showed-SMA,
VCAM-1,VLA-4,p-AKT,p-IJNK,p-P38 were higher in the338+CAFs group than in H358+NFs
group, and decreased expression of VCAM-1,VLA-4H-INK,p-P38 in VCAM-1 antibody
treatment group (Figure.6F). Taken together, imdata shown here support the view that

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

3.6 VCAM-1 secreted from CAFshas a poor prognosisin patients
To further investigate the correlations between WEA expression and the malignancy and

prognosis of lung cancer patients, we investigd@tllung cancer patients from the GEO dataset
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(GSE30219), which contains both tumor gene exmagsitterns and patient clinical pathological
data. The risk assessment data showed that a Egperssion of VCAM-1g-SMA,
ITGA4(VLA-40) and ITGB1(VLA-4) exhibited a higher risk (p < 0.001) (Figure.7A,@ D).

To analyze the relationship betwae®SMA /VCAM-1, VCAM-1/ITGA4(VLA-40), VCAM-1/
ITGB1(VLA-4p), the Pearson correlation results showed thaettves molecules had a positive
correlation (p < 0.001) (Figure.7 E, F, G). Of @& patients, 30 exhibited low levels of VCAM-1,
and 234 remained at a high level. The differencguofival rate between the high VCAM-1 group
and low VCAM-1 group was statistically significgipt= 0.004563) (Figure.7H). As shown in
Table 2, the VCAM-1 expression was significantlyretated with cancer distinct metastasis.
These data indicate that the VCAM-1 secreted fraxkr€has a poor prognosis in patients and

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

4. Discussion

Numerous evidence has demonstrated that CAFs metical role in cancer procession,
including altering the immune response and inflatimna maintaining stemness and metabolism,
inhibiting apoptosis, and enhancing proliferatimvasion and metastasis, and so on[29, 30].
Although some studies have found that CAFs areligbin the growth and metastasis of lung
cancer[3, 14, 31], the role of CAFs in lung carard its mechanism have still not been fully
elucidated. Here, we further confirm that CAFs @age the growth, migration and invasion of
lung cancer cells in vitro and in vivo, and clarilfie important role of CAFs in the

microenvironment of lung cancer.

CAFs have been reported to secrete cytokines imgugtowth factor, chemokine, and
inflammatory factors to stimulate the signalinghyedtys and biological functions of cancer [11,
32]. Previous research has indicated that sevetakioes were upregulated in CAFs and
participated in promoting lung cancer growth andasisis, such as IL-6, IL-22, HGF and
TGF$1[3, 14, 16, 33, 34]. In the present work, we iifeatt a novel cytokine, VCAM-1, which is
a transmembrane immunoglobulin and is consider&e t cell adhesion molecule, which was
over-expressed in the supernatant of CAFs, blockiagexpression of VCAM-1 in CAF-CM, and

the proliferation and invasion of cancer cells atiteed with CAF-CM was attenuated.
12



Meanwhile, from the screening results, we iderdifeme differential expression cytokines, such
as HGF, which—consistent with the previous repoise-secreted from CAFs and increased the
expression and phosphorylation of ANXA2 and thuluged EMT and EGFR-TKI resistance in
lung cancer[16]. However, we also observed tha&,liahich was highly secreted by CAFs and
mediated chemoresistance in NSCLC by increasing Bidialing in the previous reports[35],
was not significant in our experiment. We consithait this difference between our results and the

previous reports may be due to the origin of CA&swed from diverse patients.

VCAM-1 is a member of the transmembrane immunodlotauperfamily, which contains a
cytoplasmic domain, a transmembrane region andaesracellular Ig-like domains. The
extracellular domains one and four have been redess binding sites for VLA-4, which is the
predominant receptor for VCAM-1[20]. VCAM-1 is knovio exist as both a transmembrane
protein and in a soluble form. The soluble fornV&AM-1, which generated from proteolytic
cleaving of extracellular domains of full-length ¥®1-1, still can bind to its ligands[23]. In
tumorigenesis, a series of studies confirmed ti@&AM-1 contributes to progress and metastasis
in many cancers[26, 36-38]. However, the role ofAXEC1 in the tumor microenvironment of

lung cancer has not been investigated. The custady showed that VCAM-1 secreted from
CAFs enhances the proliferation, migration and siMa of lung cancer cells. Furthermore, the
data from the animal experiment demonstrated t@dtsCould increase the tumor volume of lung
cancer cells in mice. A possibility should be nateat, in vivo experiments, the full-length
VCAM-1 of CAFs can stimulate the growth and invasad cancer cells adjacent to CAFs through
cell attachment. Additionally, bioinformatics ansilyindicated that VCAM-1 was associated with

a poor prognosis in lung cancer patients.

One of the concerned problems is the molecular ar@s to cause the increase of soluble
VCAM-1 in CAFs in this study. It has been foundtthécs can be induced by some cytokines in
tumor microenvironment, such as TGFPDGF, bFGF, etc., which are secreted by tumds,cel
resulting in up-regulation of a series of signalpaghways, such as NéB, ERK and Akt, and
activated NFs into CAFs[5]. Interestingly, theséhpaays have been also shown to regulate

VCAM-1 expression[39]. Therefore, we speculate tigs under activation process by MAPK
13



and NF-«B signaling, probably simultaneously promotes thgression and secretion of
VCAM-1 of the CAFs, which in turn promotes the tumgenesis and metastasis of tumor cells.

However, this meaningful question needs furthed\stu

Previous studies have proved that VCAM-1 mediatetter progress, mainly depending on the
binding receptor VLA-4 and further activating numes pathways[40, 41]. VCAM-1 triggers Akt
activation via VLA-4 and provides a survival andtasasis advantage to breast cancer cells[24].
The VCAM-1/VLA-4 axis plays a key role in Wnt-inded secreted protein-1 (WISP-1)
regulating the adhesion of prostate cancer celisteoblasts via the MAPK pathway, and
matricellular protein SPARC-induced paracellulampeability is dependent on the endothelial
VCAM-1 and p38 MAPK signaling in human pulmonarylar®mal[25, 26]. The
VLA-4-mediated upregulation of the Bcl-2/Bax rationtributes to the anti-apoptotic effect in B
cell chronic lymphocytic leukemia (B-CLL) cells[27Tumoral microvesicles (TMVs) transported
VCAM-1 from melanoma cancer cells and promote thegformation of normal fibroblasts to
tumor-associated fibroblasts by activating ERK1I&#2WLA-4[28]. In current study, the results
showed that VCAM-1 secreted from CAF-CM and bounthe VLA-4 receptor, subsequently
activated AKT, JNK and P38 in A549 and H358 cdflewever, CAF-CM has no influence on
Bcl-2. Meanwhile, the phosphorylation of ERK isiadte in different lung cancer cells. These
findings suggest that CAFs activate the AKT and MAdgfignaling pathways in lung cancer cells

via the VCAM-1/VLA-4 axis.

In summary, we found that VCAM-1 secreted from CAli®ugh binding with VLA-4 in cancer
cells enhances the growth, migration and invasfdara cancer by activating the MAPK and
JNK pathway (Figure 71). Our results provide aéretinderstanding of how CAFs work in the
tumor microenvironment in lung cancer, and VCAM-aynibe a novel drug target to inhibit
cancer metastasis. Based on its active involveiahe progress of lung cancer cells, VCAM-1

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

Gene Forward sequence (5'to 3) Reverse sequehtte3H

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 Characteristicsand VCAM-1 expression of the study patients

HighVCAM-1 Low VCAM-1

Clinic patholo P
pathology N (%) N (%)
Male 199(89.24) 24(10.76)
Gender 0.4728
Female 35(85.37) 6(14.63)
<60 93(84.55) 17(15.45)
Age 0.1145%
>60 140(90.50) 13(8.50)
T1-T2 191(87.61) 27(12.39)
Tumor stage 0.1305°
T3-T4 42(95.45) 2(4.55)
Nodes stage N1-N3 66(90.41) 7(9.59) '
Distant MO 230(89.49) 27(10.51) 00126+
Metastasisstage  M1-M3 2(50) 2(50)

3The clinic pathology of one patient is unknow; ® The clinic pathology of two patientsis unknow;
¢ 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 ;
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Figurelegends

Fig.1. The conditional medium (CM) of cancer-associated fibroblasts (CAFs) promotesthe
proliferation, migration and invasion of recipient lung cancer cells. (A) The representative
microscope images of primary culture cells CAFs aodnal fibroblasts (NFs) isolated from lung
cancer tissues. Scale bar, 100. (B) Western blot analysis of the CAF marker eirot
alpha-smooth muscle actin-6MA) and fibroblast-activated protein (FAP) ingbrpairs of
primary cells. (C) Western blot analysis of the Of&rker proteiru-SMA, FAP, platelet-derived
growth factor receptor-alpha (PDGé&FRand the mesenchyme marker Vimentin. (D) Westéoh b
analysis forn-SMA in the increasing generation of NFs. (E@3ncer cells cultured with
CAF-conditional medium (CM) or NF-CM. (E) MTS assags used to analyze the cell
proliferation of A549 and H358 cells. (F) Cell mibyi ability was measured by wound healing
assay in A549 and H358 cells. The percentage ohdialosure was determined at 48 hours;
representative photographs are presented (x40 fiwagioin). (G) Cell invasion was measured by
the transwell assay in A549 and H358 cells aftehd@s; representative photographs are
presented (x200 magnification). Results are presess 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 supamtabf NFs and CAFs. The cytokines with
significant changes are marked with a square frgBleThe statistical analysis of the gray-scale
of 12 selected cytokines in CAFs and NFs are listé@ quantitative analysis of protein spots was
performed using ImageJ software. (C) QuantitativePRR quantified the expression of 11
cytokines in CAFs and NFs. (D) Soluble VCAM-1 irethupernatant of two pairs of primary cell
NFs and CAFs was detected using ELISA. Resultspaesented as the mean + SD of three

independent experiments. *p < 0.05, **p < 0.01,3* 0.001, ns: not significant.

Fig.3. CAFspromotethe proliferation, migration and invasion of lung cancer cellsviathe
secretion of VCAM-1. (A) Soluble VCAM-1 was measured by ELISA in th@stnatant of NFs,
CAFs, CAFs treated with IgG or VCAM-1 neutralizatiantibody (5ug/ul) and A549 and H358

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



neutralization antibody (5ug/ul), respectively. (BT S assay was performed to examine the
proliferation ability of A549 and H358 cells aftelocking the VCAM-1 of CAF-CM. (C) Cell
motility ability was measured by wound healing #98aA549 and H358 cells after blocking the
VCAM-1 of CAF-CM. The percentage of wound closuraswrespectively, determined at 24
hours and 48 hours after blocking the VCAM-1 of GBM, representative photographs are
presented (x40 magnification). (D) Cell invasiorswaeasured by the transwell assay in A549
and H358 cells after 48 hours; representative rafths are presented (X200 magnification).
(E-G) Cancer cells cultured with different concatioms of recombinant human VCAM-1. (E)
MTS assay was performed to examine the prolifemaiaility of A549 and H358 cells. (F) Cell
motility ability was measured by wound healing 9822549 and H358 cells after 24 hours,
representative photographs are presented (x40 fiwagioin). (G) Cell invasion was measured by
the transwell assay in A549 and H358 cells aftehd@s, representative photographs are
presented (x200 magnification). Results are presest the mean £SD of three independent

experiments. *p < 0.05, *p < 0.01, ***p < 0.001s:mot significant.

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

very-late antigen (VLA)-4. (A) Western blot analyzed several pathways comdlatith VCAM-1
that promote the migration and invasion of lungceaicells. (B) Western blot analyzed the
protein expression of VLA-4 in NFs, CAFs, A549 d#a58 cells. (C) Western blot analysis of
AKT, JNK and P38 in lung cancer cell after treatingith recombinant human VCAM-1 for 3
days. (D) Western blot analyzed the expressionL&-¥ after siRNA treatment. (E) Quantitative
RT-PCR was used to test the effect of three siRMAH49 and H358 cells. **p < 0.01, ***p <
0.001, ns: not significant. (F) Western blot anatythe expression of AKT, JNK and P38 after
VLA-4 inhibition in A549 and H358 cells cultured thiCAF-CM for 3 days. UN, untreated; NC,

negative control.

Fig.5. VLA-4 isrequired for CAF-CM promotesthelung cancer proliferation, invasion and
migration
After cancer cell was transfected with siRNA tamygt/LA-4 for 24 hours. (A) MTS assay

analyzed the proliferation ability of A549 and H3&Is cultured with CAF-CM or NF-CM. (B)



Cell motility ability was measured by wound healamgay in A549 and H358 cells cocultured
with NF-CM and CAF-CM. The percentage of wound agleswas determined after 24 hours,
representative photographs are presented (x40 fiwagioin). (C) Cell invasion was measured by
the transwell assay in A549 and H358 cells with@©I¥i-and CAF-CM treatment after 48 hours,
representative photographs are presented (x200ificatjon). Results are presented as the mean
+SD of three independent experiments. UN, untredi€] negative control. *p < 0.05, **p <

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

Fig.6. VCAM-1 secreted from CAFs enhancestumor growth in vivo. (A) At the experimental
end point, tumor xenografts were dissected andoginaphed. (B) Tumor volume was measured
every 3 days after injection of tumor cells. Intirmbral injection of IgG or VCAM-1
neutralization antibody were performed after thduvolume reaching to 60-80 MinC) Tumor
weight was measured at the experimental end p@infThe mice weight was measured at the
experimental end point. (E) VCAM-1 levels in plasfram the tumor-bearing mice were
measured using ELISA. (F) Representative immunobigmistry (IHC) staining af-SMA,
VCAM-1, VLA-4, p-AKT, p-JNK, p-P38 expression of B8 xenografts in groups indicated in

(A). Scale bar, 20Qm. *p < 0.05, **p < 0.01, **p < 0.001, ns: not sidicant.

Fig.7. VCAM-1 derived from CAFshasa poor prognosisin patients. (A, B, C, D) The risk
analysis in relation ta-SMA, VCAM-1, ITGA4 (VLA-4a) and ITGB1(VLA-8) expression from
GEO datasets, respectively. (E, F, G) Correlatismvbernu-SMA and VCAM-1, VCAM-1 and
ITGA4 (VLA-40), and VCAM-1 and ITGB1(VLA-8) expression levels in the lung cancer tissues
(n = 264) were estimated by the Pearson correlatiatysis, respectively. (H) Overall survival
rates of lung cancer patients with low (n = 30high (n = 234) expression levels of VCAM-1
were estimated with the Kaplan—Meier method byrkgk test. (1) A schematic model shows that
VCAM-1 secreted by CAFs is identified as a micraeswvment modifier for lung cancer

progression.



Highlights

-Vascular cell adhesion molecule-1 (VCAM-1) seadtem cancer associated fibroblasts (CAFs)
promotes lung cancer cells proliferation, migrato invasion.

-CAFs activated AKT and MAPK signaling via VCAM-éaeptor4Bl integrin (very-late

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

-VCAM-1 expression was associated with a poor pweigin lung cancer patients.
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