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The coxsackie and adenovirus receptor (CAR) is a member of the junctional adhesion molecule (JAM) family of adhesion receptors and is localised to epithelial cell tight and adherens junctions. CAR has been shown to be highly expressed in lung cancer where it is proposed to promote tumor growth and regulate epithelial mesenchymal transition (EMT), however the potential role of CAR in lung cancer metastasis remains poorly understood. To better understand the role of this receptor in tumor progression, we manipulated CAR expression in both epithelial-like and mesenchymal-like lung cancer cells. In both cases, CAR overexpression promoted tumor growth in vivo in immunocompetent mice and increased cell adhesion in the lung after intravenous injection without altering the EMT properties of each cell line. Overexpression of WTCAR resulted in increased invasion in 3D models and enhanced β1 integrin activity in both cell lines, and this was dependent on phosphorylation of the CAR cytoplasmic tail. Furthermore, phosphorylation of CAR was enhanced by substrate stiffness in vitro, and CAR expression increased at the boundary of solid tumors in vivo. Moreover, CAR formed a complex with the focal adhesion proteins Src, Focal Adhesion Kinase (FAK) and paxillin and promoted activation of the Guanine Triphosphate (GTP)-ase Ras-related Protein 1 (Rap1), which in turn mediated enhanced integrin activation. Taken together, our data demonstrate that CAR contributes to lung cancer metastasis via promotion of cell-matrix adhesion, providing new insight into co-operation between cell-cell and cell-matrix proteins that regulate different steps of tumorigenesis.
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Introduction

Lung cancer is the leading cause of cancer death worldwide (1). Despite advances in treatment options, prognosis remains poor as lung cancer is mainly diagnosed at advanced stages (2). To metastasise, tumor cells must undergo a multi-step process defined as the metastatic cascade. Metastasis requires cell detachment from the primary tumor, local invasion, intravasation and survival in the vasculature, extravasation, and colonisation of a secondary site (3). Adhesion molecules play a crucial role in all the metastatic steps as they regulate adhesive properties and integrate extracellular cues with cell intrinsic signalling to regulate other cellular functions (4). Numerous previous studies have suggested that metastasis requires cancer cells to undergo epithelial to mesenchymal transition (EMT) whereby cell-cell adhesions are downregulated to promote a more pro-migratory phenotype. However, recent studies have highlighted the dynamic nature of these phenotypic transitions. Indeed, recent studies discovered the existence of a wide spectrum of intermediate states whereby a mix of epithelial and mesenchymal markers are expressed (5).

Members of the Junctional Adhesion Molecule (JAM) family are aberrantly expressed in several types of cancer where they play a dual role. JAMs are type I transmembrane glycoproteins characterised by the presence of two extracellular immunoglobulin (Ig)-like domains and include JAM-A, JAM-B, JAM-C and Coxsackie and Adenovirus Receptor (CAR) (6). CAR was originally identified as a docking receptor for adenovirus type 2 and 5 and coxsackie B virus and subsequently recognized as a key regulator of cell-cell adhesion (7, 8). CAR is comprised of an extracellular domain (containing D1 and D2 domains), a transmembrane region and an unstructured cytoplasmic tail (9). CAR is found at both tight and adherens junctions where it regulates cell-cell adhesion via homodimerization in trans between CAR D1 domains present on adjacent cells and/or via cytoplasmic interactions with other adhesion molecules such as Zonula Occludens 1 (ZO-1), E-cadherin and β-catenin (10–13). Phosphorylation at Ser290/Thr293 residues in the CAR cytoplasmic tail by Protein Kinase C δ (PKCδ) plays a crucial role in its CAR-dependent adhesion dynamics, leading to enhanced E-cadherin endocytosis (10). Moreover, CAR associates with β integrins, and this requires the CAR cytoplasmic domain (14). CAR has also been implicated in regulation of cell-extracellular matrix (ECM) adhesion as increased activation of β1 and β3 integrins was shown to be a direct consequence of CAR-induced p44/42 activation (14). CAR interactions with the actin cytoskeleton suggest that it might be involved in additional processes such as cell migration. Indeed, CAR binds actin and microtubules and it interacts with the F-actin regulatory kinase Rho-associated Protein Kinase (ROCK) (15–17).

In addition to regulating cell-cell homeostasis, CAR is emerging as a key player in disease states such as inflammation and cancer (8). Phosphorylation of the cytoplasmic tail of CAR promotes trans-epithelial migration of leukocytes in inflammation (18). CAR levels are altered at both early and late tumor stages and variability in its role in tumor progression may depend on pre-existing endogenous CAR levels (19, 20). Like other JAMs, CAR has a dual role as it presents both a tumor suppressive and tumor promoting role according to the type of cancer (17, 21). CAR expression is upregulated in lung squamous cell carcinoma and adenocarcinomas and CAR expression level is correlated with poorer prognosis (22, 23). This makes CAR an attractive target for cancer treatment. In line with this, inhibition of CAR expression in lung cancer cells decreases tumor volume in Severe Combined Immuno Deficiency (SCID) mice and high CAR expression promotes expression of mesenchymal markers, suggesting it could play a role in EMT (20). CAR depletion in human lung cancer cells results in reduced anchorage-independent growth and tumor growth in mice (24). CAR not only contributes to tumor development, but also to treatment resistance as it has been identified as a marker of cancer stem cells in non-small lung cancer (25).

In this study we aimed to define whether changes to CAR levels as observed in lung cancer, could contribute to the metastatic potential via regulation of cell-cell and cell-ECM adhesion. Our data demonstrate that CAR overexpression promotes cell adhesion to ECM proteins and cell invasion into 3D collagen gels without affecting classical epithelial to mesenchymal transition (EMT) markers. Overexpression of WTCAR promotes tumor growth in vivo and cell adhesion in the lung after intravenous injection. Mechanistically, we show that phosphorylation of CAR is responsive to increasing extracellular stiffness. Overexpression of WTCAR results in increased β1 integrin activity through activation of the GTPase Ras-related Protein 1 (Rap1), leading to enhanced CAR-dependent adhesion. Immunoprecipitation experiments further show that CAR forms a complex with the focal adhesion proteins Src, Focal Adhesion Kinase (FAK) and paxillin and that this requires phosphorylation of CAR. Taken together, these data suggest that CAR contributes to lung cancer metastasis via promotion of cell-matrix adhesion.



Methods


Antibodies and Reagents

Anti-integrin β1 (12G10, Santa Cruz), anti-active β1 integrin (9EG7, Merck Millipore), anti β-catenin [Santa Cruz (IF) and BD Bioscience (WB)], anti-CAR antibody (Santa-Cruz), anti E-Cadherin (Abcam), anti-FAK (Cell signalling), anti-green fluorescent protein (GFP) (26), anti- Heat Shock Cognate 70kDa (HSC70) (Sigma-Aldrich), anti-paxillin (BD Bioscience), anti phospho-FAK (Y397, Cell signalling), anti-phospho-paxillin (Y118, Cell signalling), anti-phospho-src (Y418, Millipore), anti-rap1 A/B (R&D Systems) and anti-src (Millipore) antibodies were used for western blot. Adenovirus Type5 fiberknob (Ad5FK) was produced and purified as previously described (27). CAR thr290/ser293 polyclonal antibody was developed by Perbioscience (Thermofisher) using the peptide Ac-RTS (28)AR(pS)YIGSNH-C and was affinity purified before use. DAPI (Sigma Aldrich) was used as nuclear stain for immunofluorescence. Anti-mouse-HRP, anti-rabbit-HRP, anti-goat-HRP were from DAKO, anti-mouse-568, anti-rabbit-568, anti-goat-568 and phalloidin-647 were all obtained from Invitrogen. Inhibitors to FAK (PF228), Rap1A (GGTI298) and src (PP2) were all obtained from Tocris.



Plasmids and Primers

CAR phospho-mutants (T290A & S293A, non-phosphorylated (AACAR) and T290D & S293D, phospho-mimetic (DDCAR) in both GFP lentiviral backbones and Glutathione S-transferase (GST) expression vectors were described previously (10). RalGDS-RBD-GST construct was kindly gifted by Dr Ritu Garg (King’s College London). Luciferase-mStrawberry lentiviral plasmid and pMDL, RSV-Rev and CMV-VSVG packaging plasmids were kindly gifted by Dr Scott Lyons (Cold Spring Harbor Laboratories). The CXADR CRISPR Guide RNA targeting sequence TAGATACGCAGTTTCCCCTT cloned into pSpCas9 BB-2A-GFP (PX458) lentiviral construct and acquired from Genscript. The following primers were used for qPCR: CAR primer forward 5’ AAGTGACGCGAGTTCACCTG 3’CAR primer reverse 5’AGATGTTCAAGACCTGTACACTG 3’ 18S primer forward 5’-CCCATCACCATCTTCCAGGAGC -3’ 18S primer reverse 5’-CCAGTGAGCTTCCCGTTCAGC -3’.



Cell Culture

LLC1 murine Lewis Lung Carcinoma epithelial cells (29), CMT-167 murine carcinoma alveogenic epithelial cells (30) were a kind gift from Prof K.Hodivala-Dilke (Barts Cancer Institute, QMUL, London) and Human Embryonic Kidney 293T (HEK293T) cells (purchased from ATCC) were cultured in high glucose DMEM containing 10% FCS, supplemented with 2mM glutamine. HEK293T packaging cells were used to generate lentiviral particles for CAR and GFP lentiviral expression using GFP, WTCAR-GFP and AACAR-GFP constructs. CAR-CRISPR cell lines were established via transient transfection of LLC and CMT parental cells with CXADR CRISPR Guide RNA vector carrying a GFP tag. The GFP-tagged cells were sorted 24 h post-transfection using flow cytometry to obtain a homogenous but non-clonal cell population. CMT and LLC cells were treated with Ad5 FK (100μg/mL for 2.5h), FAK inhibitor (PF228; 1μM for 4h), Rap1A inhibitor (GGTI298, 10μM for 30min) or Src inhibitor (PP2, 5μM for 4h). PP2 also inhibits Lck and Fyn members of the Src family of tyrosine kinases (31) but PP2 has been previously shown to effectively inhibit Src activity (32) at concentrations used here (33). Effective inhibition of Src was proven by reduced pY418Src. Ad5FK was used at concentrations previously shown to block CAR homodimerisation (18). GGTI298 has been effectively used to inhibit Rap1 processing (34, 35).



Generation of Lentiviral Virus From HEK-293T Cells

HEK-293T cells were plated at 40% confluency 24 hours prior to transfection. A transfection mixture containing a total of 7.5 μg DNA (2.1 µg pCMV8.91, 0.7 µg pMD.G and 3.75 µg of various lentiviral constructs) was mixed in 500 µL of OptiMEM. Subsequently, 22.5 µL of PEI transfection reagent was added in the transfection mixture (3:1 ratio to total DNA). The DNA-PEI mix was vortexed and incubated for 15 minutes at room temperature before being added to HEK-293T cells with OptiMEM. After incubation with the transfection mixture for 5 hours at 37°C, OptiMEM was replaced with complete media. Lentivirus was harvested after 48 hours by removing the media and centrifugation at 1200 rpm for 3 minutes to remove any HEK293T cells. Viruses were then filtered through 0.4 µm sterile filters and stored in 1 mL aliquots at -80°C.



Lentiviral Infection to Generate Stable Cell Lines

CMT and LLC cells were plated to 40% confluency 24 hours prior to viral infection. Polybrene (8 mg/mL) was added into normal growth media to increase the efficiency of viral infection. 1-4 mL of lentivirus were added to the cells and left to incubate at 37°C for 24-72 hours. Media was replaced 24-48 hours post-infection to remove the virus and cells were grown and passaged.



GFP-Trap Immunoprecipitation

LLC and CMT cells expressing GFP-tagged proteins were lysed in IP lysis buffer (pH 7.4, 50 mM Tris, 150 mM NaCl, 50mM NaF, 1 mM EDTA, 1% Triton X-100, 1% NP40, PI cocktail). Lysates were incubated with 1:1 of GFP-trap®beads (Chromotek) and agarose resin on a rotator at 4°C for 2 hours. Beads were washed with IP lysis buffer and immunocomplexes were separated using SDS-PAGE and immunoblotted for either β1 integrin, FAK, paxillin, Src or GFP.



GST Pulldown Assay

GST-fusion constructs were expressed in E. coli BL21 competent cells using conditions recommended by the manufacturer (Amersham Pharmacia Biotech). Pulldown assays were carried out using WTCAR-GST, AACAR-GST and DDCAR-GST cytoplasmic tail constructs as previously described (10). LLC and CMT cells were cultured in 10 cm dishes until 100% confluent and lysed in 500 µl IP buffer containing protease and phosphatase inhibitor cocktails (1:100). Cell lysate proteins were collected as supernatant after centrifuging at 13,000 rpm for 10 minutes at 4°C. 50 μl of each lysate was kept aside for use in loading controls while the rest were incubated with pre-washed GST or CAR-GST beads for 3 hours at 4°C on a rotator. Following incubation, the unbound fractions were removed and the beads washed three times with IP buffer before boiling for 5 minutes in 50 μl of 2X SDS sample loading buffer containing β-mercaptoethanol (1:50). 40 μl of samples were loaded onto 10% polyacrylamide gels and immunoblotted.



Western Blotting

CMT and LLC cells were lysed in RIPA buffer (pH 7.4, 10 mM Tris Base, 150 mM NaCl, 1mM EDTA, 1% Triton X- 100) containing β-mercaptoethanol (1:100). Lysates were subjected to SDS-PAGE and blotted using PVDF membrane. Blots were blocked and probed using 5% skimmed milk powder or Bovine Serum Albumin in TBS-0.1% Tween. Proteins were detected by ECL chemiluminescence kit (BioRad) and directly imaged using the BioRad imager digital imaging system.



Immunofluorescence

CMT and LLC cells were plated on 13mm coverslips and incubated overnight in normal growth media. Cells were washed 1x with PBS and then fixed using 4%PFA in PBS for 10 minutes at room temperature and then washed three times with PBS. Cells were then stored or permeabilised using 0.25% TritonX-100 in PBS for 5 minutes and washed again three times with PBS. Following permeabilization, coverslips were blocked with 5% BSA/PBST for 1 hour at room temperature. Incubation of cells with primary antibody diluted in 5% BSA/PBST was then carried out in a dark humid chamber placed at 4°C overnight. Cells were incubated with secondary antibodies and DAPI diluted in 5% BSA/PBST for 1h at room temperature. Coverslips were mounted on slides using FluorSafe mounting media (Calbiochem).



Confocal Microscopy

The slides were analysed using a A1R laser scanning confocal microscope (Nikon) with a 60x/1.4Plan-APOCHROMAT oil immersion objective. Images were acquired in ND2 format, exported as TIFFs, and analysed in Image J. Confocal microscopy Images of fixed cells were acquired on a Nikon A1R inverted confocal microscope (Nikon Instruments UK) with an environmental chamber maintained at 37°C/5% CO2. Images were taken using a 40x or 60x Plan Fluor oil immersion objective (numerical aperture of 1 and 1.4, respectively). Excitation wavelengths of 488 nm (diode laser), 561 nm (diode laser) or 640 nm (diode laser) were used. In experiments where multiple cell lines were analysed from the same cell type, all images were acquired at identical laser settings to permit comparison of intensities. Images were acquired using NIS-Elements imaging software (v4) and were saved in Nikon Elements in the.ND2 format. Image processing was carried out in Fiji processing software (36).



Fluorescence Recovery Activated Photo Bleaching (FRAP)

CMT cells expressing WTCAR-GFP and AACAR-GFP were used for FRAP experiments. CMT cells expressing WTCAR-GFP were treated with DMSO/anti-src (PP2, for 4h) and used for FRAP experiments in presence of anti-Src/DMSO. Regions of interest (23) were drawn across CAR-positive cell-cell junctions and photobleached by a bleach pulse (0.5 second) at 80% laser intensity at 488 nm. Recovery of fluorescence within the ROI was monitored over 6 min. Background and reference ROIs were selected for background and reference correction. 10 cell-cell junctions were averaged to generate one FRAP curve for a single experiment. Fluorescence recovery of CAR-GFP was analysed using the NIS-Elements Advanced Research software. The experimental data were fitted using the one-phase decay in Graphpad Prism.



Cell Matrix Adhesion Assay

CMT and LLC cells were plated on Collagen (Rat Tail Type I) or Matrigel and allowed to adhere for 2h at 37°C. Cells were fixed with 4%PFA and nuclei were stained via incubation with DAPI (1:1000) for 10min. Fluorescent images were acquired on Evos FL Auto 2 fluorescent microscope (Invitrogen). Tile-scans were obtained using a 4x air objective with 3.2 MP CMOS camera. Excitation using DAPI LED light cube was used. Images were acquired using EVOS software (v2). Tiles were knitted into.TIFF files using FIJI software and total cell count was obtained by thresholding for nuclear stain followed by automated counting. 35mm low stiffness μ-dishes (1.5kPa and 28 kPa) were obtained from Ibidi.



Cell Proliferation Assay

LLC and CMT cells were fixed with 4% PFA/PBS for 10 min at 4h, 24h and 48h post-plating. Nuclei were stained with DAPI to enable cell quantification. Images were acquired as described for cell matrix adhesion assay.



Inverted Invasion Assay

Transwell inserts with 8 μm wide pores were filled with a gel comprised of Collagen (Rat Tail Type I 1.6 mg/mL), Fibronectin (10μg/mL) and FCS (2%). LLC and CMT cells plated on top of each transwell were left to invade through the gel for 72h following a FCS concentration gradient. Transwells were fixed with 4%PFA and nuclei stained with DAPI. Confocal sections were taken every 1.5 μm in 5 independent fields per transwell with a 20x dry objective in a Nikon Eclipse Ti-E inverted microscope with A1R Si Confocal system using Nikon Software Elements. To quantify invasion levels, images acquired in the DAPI channel were imported on Fiji software. Cell count was obtained by thresholding for nuclear stain followed by automated counting. The percentage of total invading cells present at each depth in the collagen gel was determined. This was done by dividing the number of cells present in each layer by the sum of invading cells present in all layers.



Spheroid Assays

CMT cells were re-suspended in DMEM supplemented with 0.5% FCS and methylcellulose (37) to generate spheroids via the hanging drop method. Spheroids were left to form for 48 h at 37°C. A collagen mix containing 2 mg/ml collagen (Rat Tail Type I collagen), 20 mM Hepes, 10 mM fibronectin, 17.5 mM NaOH and OptiMEM was made to embed the spheroids. Phase-contrast images were acquired using the Evos FL Auto 2 fluorescent microscope with a 10x objective at 0, 24 and 48 hours. Cell invasion was quantified using Fiji software. The acquired images (.TIFF format) were imported in Fiji, a region of interest was manually drawn around each spheroid and the area quantified. 0h post-embedding spheroids were only comprised of a spheroid core, whereas 24 and 48 h post-embedding cells started leaving the core and spheroids were comprised of invading cells in addition to a spheroid core. Regions of interest were drawn around the entire spheroid (including invading cells). Spheroid cell invasion was quantified by dividing the spheroid area at 24h or 48 h by the spheroid area measured at 0h post-embedding.



In-Vivo Experiments

The use of animals for this study was approved by the Ethical Review Committee at King’s College London and the Home Office, UK. All animals were housed in the Biological Support Unit (BSU) located in New Hunt’s House at King’s College London. All experiments were carried out under project license no. P9672569A and personal license no. I83A1F143. For subcutaneous tumors, 7.5x106 CMT or LLC cells were re-suspended in 200 μl PBS. Cells were injected subcutaneously into the shaved flank of immunocompetent C57BL/6 mice (male, 7-8 weeks old, 20 g weight). Tumors were allowed to grow until they reached a maximum diameter of 20 mm. A Vernier caliper was used to measure perpendicular tumor diameter every three days and tumor volumes were calculated using the following formula: V = (W(2) × L)/2. For experimental metastasis models, 7.5x105 CMT or LLC cells expressing a luciferase mStrawberry-tagged construct were re-suspended in 150 μl of PBS and injected into the mouse tail vein of immunocompetent C57BL/6 mice (male, 7-8 weeks old, 20 g weight). To detect luminescent cells, each mouse was injected intra-peritoneally with 200 μl of D-luciferin (PerkinElmer, 0.15 mg Luciferin/g body weight) PBS solution before in vivo imaging. Mice were imaged at 4h and 24h post-injection using the IVIS spectrum imaging system (PerkinElmer) (38). A region of interest was drawn around each luminescent signal present in the lung and quantified using the Living Image® software and measured in Total Flux [= radiance (photons/sec) in each pixel summed over the ROI area (cm2) x 4π].



Tissue Processing

Tumors extracted from mice were fixed with 4%PFA prior to paraffin wax embedding. 10 μm thick sections were obtained and used for DAB staining. Paraffin-embedded sections were dewaxed and antigen retrieval was carried out via 20min incubation with sodium citrate buffer (0.0874 M sodium citrate, 0.0126 M citric acid, pH 6) in a pressure cooker at 95°C. Endogenous peroxidase activity was blocked via 10 min incubation in hydrogen peroxide (3% in TBS). Non-specific binding was blocked via incubation with TBS-1%BSA-1%FBS blocking solution. Tissues were incubated with primary antibody at 4°C overnight. Secondary HRP-conjugated antibody was added for 1h at room temperature. DAB staining was visualised by adding DAB developing solution for up to 20 min (Dako, Liquid DAB+Substrate Chromogen system). Tissues were counterstained using haematoxylin for 1 sec. Tissues were dehydrated and mounted with DPX mounting medium (Sigma-Aldrich).



Statistical Analysis

Data values are expressed as mean ± standard error of mean (s.e.m). All statistical tests were performed using GraphPad Prism, version 8. Student’s t-test was used for comparing two groups for statistical analysis. One or two-way analysis of variance (ANOVA) with post hoc test was used for multiple comparisons. Statistically significant values were taken as * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 and were assigned in specific figures and experiments as shown.




Results


CAR Regulates Lung Cancer Cell Invasion But Does Not Alter EMT Phenotypes

To explore whether CAR plays a role in tumorigenesis and EMT we generated a panel of epithelial-like CMT 167 mouse lung adenocarcinoma cells overexpressing WT or AACAR (Figure 1A) and where CAR is removed using CRISPR (Figures 1B–E). As a cell-cell adhesion molecule, CAR has previously been suggested to play a role in EMT. Notably we did not observe any changes in cell-cell adhesion behaviour under normal growth conditions. However, to more formally address whether changes to EMT may be occurring, we assessed expression of key characterised EMT markers E-Cadherin, β-catenin and vimentin in these cells. Confocal images demonstrated colocalization of both WTCAR and AACAR with E-Cadherin at cell-cell adhesion sites (Supplementary Figure 1A). Overexpression or deletion of CAR did not change levels or localisation of E-cadherin or β-catenin as quantified from confocal images and western blots (Supplementary Figures 1A–C). Moreover, vimentin was detected in CMT 167 cells, despite their epithelial-like appearance, but the expression of this protein was unaltered following manipulation of CAR levels (Supplementary Figure 1D), further indicating that CAR does not contribute to EMT changes. Whilst our data from fixed cells suggested that WTCAR and AACAR were similarly distributed at cell-cell adhesions, we postulated, based on our previous data in normal lung epithelial cells, that dynamics of CAR itself would be altered upon phosphorylation of the cytoplasmic tail (10). Analysis of CAR dynamics at the plasma membrane using fluorescence recovery after photobleaching (FRAP) revealed significantly slower recovery of AACAR compared to WTCAR at cell-cell adhesions (Supplementary Figures 1E, F) indicating phosphorylation promotes CAR movement at the membrane but that this does not result in a tangible change in cell-cell adhesion properties. Functional analysis of this panel of cells showed a doubling time of approximately 48 hours in parental cells that did not significantly change in CAR overexpressing or CRISPR cells over this time (Figure 1F). However, subcutaneous injection of cells into immunocompetent mice revealed a significant increase in tumor growth in vivo in WTCAR and AACAR cells, with WTCAR cells showing the highest proliferative potential (Figure 1G). This data demonstrates that higher levels of CAR promote tumor growth, and this may be specific to 3D microenvironments. To determine whether this enhanced proliferative capacity correlated with invasive potential, we analysed invasion as measured using 3D inverted invasion assays and 3D spheroids. In both cases, WTCAR and AACAR promoted invasion in CMT cells compared to controls (Figures 1H–K). Collectively these data demonstrate that enhancing CAR expression can drive a pro-tumorigenic phenotype within 3D environments.




Figure 1 | CAR promotes lung cancer progression. (A) Representative Western blots of specified proteins in CMT 167 cells, parental (P), GFP expressing (G), WTCAR-GFP (WT) and AACAR-GFP (36). (B) Representative Western blots of CAR levels in parental (P) and 2 different CAR CRISPR CMT 167 cell populations (CR1, CR2). (C) Graph shows quantification of CAR levels as in (B) from 4 independent experiments. (D) Representative confocal images of parental and CAR CRISPR cells stained for CAR (green) and DAPI (blue). Scale bars are 10 μm. (E) CAR transcript levels in parental and CRISPR cells by qPCR relative to 18S control. Pooled data from 3 independent experiments. (F) Proliferation in specified CMT 167 cells 24h and 48h post-plating. Data is representative of 3 independent experiments and from 4 replicates per cell line per time point. (G) Tumor volume in mice subcutaneously injected with specified CMT 167 cells. Violin plots shown with each point represents one animal (n=5 per group). (H) Representative confocal images of nuclei stained in specified CMT 167 cell lines at intervals through 3D inverted invasion assay. Scale bars are 50 μm. (I) Quantification of invasion data from (H) at different depth intervals, pooled from 4 different wells per condition, representative of 3 independent experiments. (J) Representative phase contrast widefield images of specified CMT 167 cell spheroids images over time. Scale bars are 100 μm. (K) Quantification of spheroid area over time relative to time 0. 10 spheroids per cell line analysed; representative of 3 independent experiments. All values are mean ± SEM. P values *p < 0.05,**p < 0.01, ***p < 0.0005, ****p < 0.0001.





CAR Expression Promotes Cell-Matrix Adhesion

As our data demonstrated no change in cell-cell adhesion but enhanced invasion when CAR is overexpressed, we next explored whether CAR may be mediating a pro-invasive phenotype through contributions to cell-matrix adhesion. We firstly explored whether initial attachment to ECM proteins was altered across the CMT cell panel with a particular focus on those ECM proteins within the stroma (collagen I) or surrounding the solid tumor (basement membrane). WTCAR overexpression promoted initial CMT cell attachment to both Collagen I and Matrigel as measured 2 hours post-plating (Figure 2A). To explore whether this phenotype was associated with higher levels of active β1 integrins, that are the major receptor family for these ECM proteins, cells were fixed and stained with an antibody that recognizes the active conformation of these receptors (9EG7). Images revealed that neither WTCAR-GFP nor AACAR-GFP localised to active integrin containing adhesions (Figure 2B). However, quantification of data revealed that WTCAR but not AACAR expressing cells showed a significant enhancement in larger activeβ1 integrin containing focal adhesions (Figures 2C, D). In agreement with this, we also observed significantly increased activeβ1 integrins in solid tumors following subcutaneous injection of WTCAR overexpressing cells (Figures 2E, F). To test whether CAR engagement in trans at cell-cell adhesions contributed to this integrin-based adhesion phenotype, we treated cells with recombinant Ad5FK to block CAR in trans binding as we have previously (18). Ad5FK enhanced active β1 integrins in both parental and WTCAR expressing CMT cells (Figure 2G), suggesting CAR-CAR homodimers need to be disengaged at cell-cell adhesions for CAR to promote cell-matrix adhesion. To determine if this enhanced adhesion phenotype was also seen in vivo, we performed IV injections of CMT cells expressing a luciferase reporter and analysed retention of cells in the lung over 24 hours. Significantly enhanced retention of WTCAR cells in lung was seen after 24 hours (Figures 2H, I) suggesting enhanced cell-matrix stability leads to increased metastatic potential.




Figure 2 | CAR promotes cell-matrix adhesion. (A) Graphs showing % adhesion to collagen and Matrigel of indicated cell lines 2h post-plating. Data is from 3 wells per cell line, representative of 3 independent experiments. (B) Representative confocal images of WTCAR-GFP and AACAR-GFP CMT cells (CAR; green) stained for active β1 integrins (9EG7; magenta). Scale bars are 20 μm. (C) Representative confocal images of indicated cell lines stained for active β1 integrins (9EG7). Scale bars are 50 μm. (D) Quantification of images as in (C) from at least 10 different fields of view. Data is presented as % of active integrin adhesions categorised in sizes. Representative of 3 independent experiments. (E) Representative confocal images of tissues from subcutaneous tumors of indicated cell lines, stained for active integrins (9EG7, red) and DAPI (blue). Scale bars are 50 μm. (F) Quantification of images as shown in (D or E)?. Data is from 6 tumors per cell line, and 4 fields of view per tumor. (G) Quantification of 9EG7 staining as in (B,C what about 9eg7 fk images)? from parental or WTCAR-GFP cells with or without Ad5FK pre-incubation. Data is from at least 10 different fields of view per condition. Data is presented as % of active integrin adhesions categorised in sizes. Representative of 3 independent experiments. (H) Images of indicated cell lines expressing luciferase 24 hours after intravenous injection into animals. Representative of 2 independent experiments. (I) Quantification of data as in (H) Violin plots shown with each point represents one animal (n=4-5 per group). All values are mean ± SEM. P values *p < 0.05,**p < 0.01, ***p < 0.0005, ****p < 0.0001.





CAR Expression Promotes Adhesion and Invasion in Mesenchymal Cells

Our data show that CAR engagement at junctions negatively regulates the ability of epithelial-like carcinoma cells to activate integrins and undergo invasion. We therefore hypothesised that overexpressing CAR in mesenchymal lung cancer cells would promote adhesion and invasion. To test this, we generated LLC mouse lung carcinoma cells overexpressing WT and AACAR (Figure 3A), noting these cells express significantly reduced endogenous CAR compared to CMT 167 cells. Both WTCAR and AACAR localised to the membrane and was enriched at sites of transient cell-cell contact (Figure 3B). Analysis following subcutaneous injection of these cells revealed enhanced tumor growth in WTCAR overexpressing cells (Figure 3C), similar to that seen in CMT cells (Figure 1G). WTCAR overexpression also enhanced initial LLC cell attachment to Collagen I and Matrigel (Figure 3D). To determine whether CAR was associated with integrin-containing focal adhesions in mesenchymal lung cancer cells, WTCAR-GFP and AACAR-GFP overexpressing cells were stained with antibody to active β1 integrins. Images demonstrated no clear colocalisation of CAR and β1 integrins in either cell line (Figure 3E). However, significantly enhanced β1 integrin activation was measured in WTCAR-GFP overexpressing cells with a smaller increase seen in AACAR cells (Figure 3F) as also seen in CMT cells. WT and AACAR overexpression also enhanced LLC cell invasion in 3D inverted invasion assays (Figure 3G). Finally, WTCAR overexpression increased LLC cell retention in the lung following IV injection as measured using luciferase reporters (Figures 3H, I). These data suggest that overexpression of CAR in mesenchymal cancer cells enhances cell-matrix adhesion and invasion, suggesting CAR-dependent effects on these phenotypes do not require CAR localisation to adherens and tight junctions.




Figure 3 | CAR promotes adhesion and invasion in mesenchymal cells. (A) Representative Western blots of specified proteins in LLC cells, parental, GFP expressing, WTCAR-GFP and AACAR-GFP. (B) Representative confocal images of WTCAR-GFP and AACAR-GFP expressing LLC cells. CAR is shown in green and DAPI in blue. Scale bars are 10 μm. (C) Tumor volume in mice subcutaneously injected with specified CMT 167 cells. Violin plots shown with each point represents one animal (n=7-8 per group). (D) Graphs showing % adhesion to collagen and Matrigel of indicated cell lines 2h post-plating. Data is from 3 wells per cell line, representative of 3 independent experiments. (E) Representative confocal images of WTCAR-GFP and AACAR-GFP LLC cells (CAR; green) stained for active β1 integrins (9EG7; magenta). Scale bars are 10 μm. (F) Quantification of images of specified cell lines stained for active β1 integrins (9EG7). Data is from at least 10 fields of view (5-10 cells per field) per condition. Representative of 3 independent experiments. (G) Quantification of inverted invasion data from specified cell lines at different depth intervals, pooled from 4 different wells per condition, representative of 3 independent experiments. (H) Images of indicated cell lines expressing luciferase 24 hours after intravenous injection into animals. Representative of 2 independent experiments. (I) Quantification of data as in (H). Violin plots shown with each point represents one animal (n=4-5 per group). All values are mean ± SEM. P values *p < 0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001.





CAR Is Expressed Highly at Tumor Boundaries and Is Mechano-Responsive

Our data demonstrate that high expression of CAR positively regulates tumor cell-matrix adhesion, and this may be distinct from the known role of CAR at cell-cell adhesion sites. To determine whether CAR expression levels correlated with sites of cell-matrix adhesion in tumors, we stained for CAR in tissue sections from subcutaneous CMT and LLC cell tumors from immunocompetent mice. An increase in CAR levels was observed at the edge of solid tumors where cells contact the ECM in both cell types (Figure 4A). Moreover, phosphorylated CAR was also readily detected at the boundary of these tissues (Figure 4B). In addition to the biochemical properties of the ECM, the stiffness of the matrix surrounding the tumor is increasingly recognized as a key factor contributing to tumor growth and invasive potential (40). Enhanced stiffness in the tumor microenvironment is sensed through integrin-based focal adhesions and has been associated with increased invasion in several tumor types. Given our data demonstrating that CAR contributes to cell-matrix interactions in a phosphorylation-dependent manner, we next determined whether CAR phosphorylation was responsive to changes in the matrix properties. To define this, we analysed CAR phosphorylation in cells plated on substrates of differing biomechanical properties; 1.5kPa (normal lung tissue stiffness), 28kPa (stiffness detected in several lung cancers) or glass (>1Gpa, standard non-physiological substrate). We analysed levels of pCAR as a function of CAR expression on a cell-by-cell basis to control for any variation in CAR expression levels. Data revealed significantly enhanced levels of CAR phosphorylation in cells on stiffer ECM (Figures 4C) and this correlated with higher CAR:P-CAR colocalization co-efficient in both CMT and LLC cells (Figure 4D). These data show that properties of the surrounding ECM can lead to altered levels and localisation of phosphorylated CAR, potentially promoting CAR-dependent cell-matrix adhesion and invasion.




Figure 4 | CAR is a mechano-responsive protein. (A) Representative images of sections from tumors formed following subcutaneous injection of LLC or CMT cells stably expressing WTCAR-GFP, stained for CAR (top panels, brown) or H&E (bottom panels). (B) Representative images of P-CAR staining of frozen sections of tumors formed following subcutaneous injection of CMT WTCAR-GFP expressing cell. Top panel shows P-CAR alone, bottom panel P-CAR (39), CAR-GFP (green) and DAPI (blue). (C) Representative confocal images of indicated cell lines plated on 1.5 kPa or 28 kPa stiffness plates, stained for P-CAR (bottom panels) and DAPI (blue). CAR is shown in green. Graphs beneath each image set show quantification of P-CAR from at least 10 fields of view per cell line, representative of 3 independent experiments. (D) Quantification of colocalization between CAR and P-CAR from images as in (C) from CMT and LLC cells expressing WTCAR-GFP. All values are mean ± SEM. P values *p < 0.05, **p < 0.01, ****p < 0.0001.





CAR Forms a Complex With Focal Adhesion Proteins and Promotes Rap1 Activity

In order to understand whether the observed CAR-dependent changes to cell-matrix adhesion were due to CAR physically engaging with focal adhesion proteins, we performed CAR immunoprecipitation experiments and probed for candidate proteins. We chose to focus on β1 integrins, Src, FAK and paxillin as these are core components of most focal adhesions formed in cells on collagen substrates and represent key regulatory elements to control of adhesion formation and dynamics. WTCAR, but not AACAR formed a complex with both β1 integrins (Figure 5A) and key focal adhesion components Src, FAK and paxillin (Figure 5B). Moreover, in vitro binding assays using the CAR cytoplasmic tail confirmed binding to FAK, Src and paxillin (Figure 5C) and further demonstrated dependence on phosphorylation of CAR at T290/S293 for these interactions as significantly lower binding was seen with AACAR vs WT or DD (phospho-mimic) CAR proteins (Figure 5D). To determine whether activity of these adhesion proteins may contribute to CAR-dependent cell-matrix adhesion, cells were treated with the Src inhibitor PP2 and the FAK inhibitor PF573228 (Figures 5E, F). Analysis of activeβ1 integrins revealed significantly reduced CAR-dependent β1 activation in the presence of both inhibitors (Figure 5G) indicating these proteins may be mediating CAR-dependent adhesion effects. To determine if Src activity might additionally play a role in controlling CAR mobility at the membrane, and thus its influence on cell-ECM adhesion, FRAP analysis was performed on WTCAR-GFP expressing cells in the presence of vehicle control or PP2. PP2 treatment resulted in significantly reduced CAR mobility at cell-cell adhesions (Figure 5H), supporting the notion that CAR-Src complex and Src activity may regulate the CAR-dependent effects on cell-ECM adhesion. Rap1 has also been previously shown to act downstream of the related family member JAM-A and controls integrin activation (41, 42). We therefore assessed Rap1 activity in the CMT 167 cell panel to understand if this GTPase may play a role downstream of CAR in driving integrin activity. WTCAR, but not AACAR overexpression led to significantly enhanced Rap1 activity as measured using pulldown assays, whereas depletion of CAR reduced Rap1 activity (Figures 5I, J). To further determine whether this enhanced activation of Rap1 contributed to CAR-dependent β1 integrin activation, cells were treated with the Rap1 inhibitor GGTI298 and adhesion to collagen I was tested as in previous experiments. Data revealed that treatment of cells with GGTI298 lead to suppression of CAR-induced adhesion (Figure 5K) indicating that enhanced integrin activation downstream of CAR is mediated by increased activity of Rap1. This data demonstrates that CAR acts to co-ordinate focal adhesion signalling through Src and Rap1.




Figure 5 | CAR forms a complex with focal adhesion proteins. (A) Representative western blot of immunoprecipitation of β1 integrins from specified cell lines probed for β1 integrin and GFP. Representative of 5 independent experiments. (B) Western blots of immunoprecipitation of GFP or GFP-CAR from lysates from specified cell lines probed for indicated focal adhesion proteins and GFP. Representative of 5 independent experiments. (C) Western blots of GST pulldowns using GST only or GST-CAR cytoplasmic tail (WT, AA, DD) using from lysates from CMT parental cells probed for indicated focal adhesion proteins and GST. (D) Quantification of blots as in C from 5 independent experiments. (E, F) Western blot of lysates from CMT parental cells treated with Src inhibitor [PP2, 1μM, (E)] or FAK inhibitor [PF228, 1μM, (F)] probed for indicated proteins. (G) Quantification of active β1 integrins (9EG7) from images of specified CMT cell lines treated with DMSO, PP2 or PF228. Data is from at least 10 fields of view (5-10 cells per field) per condition. Representative of 3 independent experiments. (H) Quantification of recovery curves of fluorescence intensity for FRAP data from WTCAR-GFP CMT cells +/-PP2. Data is from at least 15 different ROIs per cell line, shown as mean +/-SEM, representative of 3 independent experiments. (I) Representative Western blots of lysates from Rap1 activity pulldown assays from specified CMT cell lines, probed for Rap1 and GST. (J) Quantification of data as in (I), pooled from 5 independent experiments. (K) Quantification of CMT parental and WTCAR-GFP cell adhesion to Matrigel after 2h, following pre-treatment with DMSO or Rap1 inhibitor (GGTI298, 5μM) normalised to control. Data is from 3 wells per cell line, representative of 3 independent experiments. All values are mean ± SEM. P values *p < 0.05, **p < 0.01, ***p < 0.0005, ****p < 0.0001.






Discussion

Our study provides evidence that CAR contributes to several aspects of lung cancer progression including tumor growth, adhesion and invasion. Importantly, we show these effects of CAR overexpression do not require formation of adherens or tight junctions, where CAR has been previously studied. Multiple studies have investigated the role of CAR in tumor growth; however, these reports did not analyse whether CAR homodimerization in trans and factors dictated by the tumor microenvironment influenced this phenotype. We propose a model based on our data (Figure 6) whereby CAR activates the integrin-regulator Rap1 and associates with focal adhesion molecules and β1 integrins to influence cell-matrix adhesion leading to enhanced tumor invasion and metastasis. CAR may undergo dimerization in cis to bring scaffold molecule MAGI-1 and Rap GEF PDZGEF-2 together to activate Rap1. We speculate that phospho-CAR is more mobile on the membrane, and under these conditions can distally regulate integrin activity, without localizing to focal adhesions, via recruitment of focal adhesion molecules and/or β1 integrins to the membrane.




Figure 6 | 
  Working model for CAR-dependent regulation of lung cancer cell adhesion. Phosphorylated CAR promotes β1 integrin and Rap1 activation. Similarly to JAM-A, dimerised CAR may promote interaction of scaffold protein MAGI-1 and the Rap1 GEF PDZ-GEF2, resulting in Rap1 activation. CAR-mediated Rap1 activation promotes cell-ECM adhesion and may enhanceβ1 integrin activity. The latter may in turn be involved in CAR-mediated promotion of cell invasion. Phosphorylated CAR may recruit β1 integrins and/or focal adhesion components Src, FAK and Paxillin to the membrane to regulate cell-cell adhesion and to distally control focal adhesion activity. Figure created with BioRender.com.



CAR expression levels have been shown to differ depending on the stage of cancer progression. For example, CAR up-regulation has been implied to promote carcinogenesis in early-stage breast cancer and breast cancer precursor cells (43, 44). However, CAR is downregulated in advanced disease stages displaying loss of differentiation in several tumor types (21, 45–48). Similarly, CAR levels are high during early carcinogenesis in colon adenomas and decreased during cancer dissemination in colon cancer metastases (49). However, changes in expression and function of CAR during carcinogenesis may be tumor-specific and both positive and negative expression contribute to different aspects of tumor progression (19). Our data demonstrate that CAR expression levels are highest at the boundary between the tumor edge and the stroma, in agreement with another recent study (28). Moreover, we show that CAR is a mechanosensitive protein and undergoes enhanced phosphorylation in response to stiffness. This coupled with our discovery that CAR can promote integrin activation and enhanced adhesion both in vitro and in vivo suggests that CAR may be upregulated both in levels and activation status prior to invasion where it plays a role in enabling tumor cell escape into the stroma. Our data further suggest that this may be enhanced in tumors with stiffer extracellular matrix environments, as it has been shown for other proteins such as Programmed Death-Ligand 1 (PD-L1) (50). Whilst the precise mechanisms by which CAR levels and phosphorylation are controlled by mechanical properties of the matrix remain unclear, this does point towards a bi-directional interplay between integrins (as key membrane associated force-sensing molecules) and CAR in the control of tumor cell invasion.

Our identification of CAR in complex with several key focal adhesion proteins would indicate CAR-dependent adhesion and migration may operate through direct co-operation with integrin-associated proteins. We additionally demonstrated a dependence upon phosphorylation of the CAR cytoplasmic tail for formation of these complexes. However, CAR is not clearly or robustly localised to focal adhesions at the basal surface of adherent cells, either in CMT 167 or LLC cell lines. This suggests that this complex may form at cell-cell junctions or within intracellular endocytic compartments. Indeed, FAK and Src have been shown to localise to cell-cell contacts in other cell types and immuno-precipitate with E-cadherin, α-catenin and β-catenin (10, 51–53). Both α-catenin and β-catenin have been suggested as potential interacting partners of CAR and may therefore mediate formation of this multi-protein complex (54, 55). FAK, Src and paxillin also associate with integrins and recent work from our lab and others have shown that integrins localise to cell-cell contacts in several epithelial-like cells (32, 56, 57). Moreover, we show that Src activity can help to promote CAR stability at cell-cell adhesion sites, indicating formation of this complex may in turn control CAR localisation. Given that our data show CAR forms a complex with total β1 integrins, we postulate that FAK, Src and paxillin may be recruited to cell junctions by CAR via β1 integrins to regulate cell-cell adhesion, as well as controlling levels of active integrins at the cell-matrix interface. It would be interesting to investigate traffic of integrins in live cells, given that recent evidence also suggests integrins can remain as active signalling proteins in endocytic compartments in cancer cells (58).

Our data show that Rap1 mediates CAR-dependent increase in cell-ECM adhesion and that CAR over-expression increases Rap1 activity. Rap1 has been suggested to induce integrin-mediated cell-ECM adhesion through enhanced integrin avidity and affinity for extracellular ligands, possibly via Rap1-GTP Interacting Adaptor Molecule (RIAM)-mediated recruitment of talin to integrin complexes (42). Other junctional molecules such as JAM-A, Nectin and E-cadherin can also regulate Rap1 activity, and dimerised JAM-A can induce Rap1 activation by bringing Afadin and PDZ-Guanine Exchange Factor 2 (GEF2) in the same complex (41, 59–61). VE-cadherin-induced Rap1 activation was shown to occur via Membrane Associated Guanylate kinase with Inverted orientation 1 (MAGI-1) which localises to cell-cell junctions and forms a complex with PDZ-GEF2 (62). It is possible that CAR regulates Rap1 activity by creating a complex with MAGI-1 and PDZ-GEF2, and similar to JAM-A, this complex could be formed via dimerization of CAR molecules and binding of partners through CAR PDZ-binding domains. Taken together, these data suggest that CAR could facilitate the formation of a complex between the Rap GEF PDZ-GEF2 and the scaffold protein MAGI-1 to activate Rap1 and regulate β1 integrin activity and cell adhesion.

In summary, we have identified a new role for CAR in mediating cell-matrix adhesion and invasion of lung cancer cells through co-operation with integrin-based adhesions and mechanosensing. Our work paves the way for future studies to explore the relationship between organisation of the extracellular matrix and CAR levels/phosphorylation in human tumors to determine whether this receptor represents a potential therapeutic target to prevent lung cancer cell metastasis.
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Supplementary Figure 1 | – Manipulation of CAR does not alter key EMT markers (A) Representative confocal images of specified cell lines fixed and stained for E-Cadherin (shown as single channel black and white, magenta in merged image) and DAPI (blue). GFP is shown in green in merged channel. Scale bars are 10 μm. (B) Quantification of E-cadherin intensity from line scans perpendicular to junctions in all cell lines from images as in (A). Data from at least 30 junctions per cell line, representative of 3 independent experiments. (C) Western blots of lysates from indicated cell lines probed for E-cadherin, β-catenin and HSC70. Values shown beneath graph are from densitometry analysis of E-Cadherin blots normalised to parental cells from 4 independent experiments +/-SEM. (D) Western blots of lysates from indicated CMT cells probed for vimentin and HSC70. Representative of 4 independent experiments. (E) Representative confocal images of FRAP analysis of WTCAR-GFP vs AACAR-GFP over time. (F) Graph shows recovery curves of fluorescence intensity for each cell line from data as in (E). Data is from at least 15 different ROIs per cell line, shown as mean +/-SEM, representative of 3 independent experiments. P values ***p < 0.0005, ****p < 0.0001.



Abbreviations

Ad5FK, Adenovirus 5 FiberKnob; CAR, Coxsackie and Adenovirus Receptor; ECM, ExtraCellular Matrix; EMT, Epithelial-Mesenchymal Transition; FAK, Focal Adhesion Kinase; FRAP, Fluorescence Recovery After Photobleaching; GEF, Guanine Nucleotide-Exchange Factor; GFP, Green Fluorescent Protein; GST, Glutathione S-transferase; GTP, Guanine Triphosphate; HSC70, Heat Shock Cognate 70kDa; JAM, Junctional Adhesion Molecule; MAGI-1, Membrane Associated Guanylate kinase with Inverted orientation 1; PD-L1, Programmed Death-Ligand 1; PKC, Protein Kinase C; Rap1, Ras-related Protein 1; RIAM, Rap1-GTP Interacting Adaptor Molecule; ROCK, Rho-associated Protein Kinase; SCID, Severe Combined ImmunoDeficiency; ZO-1, Zonula Occludens 1.



References

1. World Health Organisation. Cancer Today. (2020).

2. Lemjabbar-Alaoui, H, Hassan, OU, Yang, YW, and Buchanan, P. Lung Cancer: Biology and Treatment Options. Biochim Biophys Acta (2015) 1856(2):189–210. doi: 10.1016/j.bbcan.2015.08.002

3. van Zijl, F, Krupitza, G, and Mikulits, W. Initial Steps of Metastasis: Cell Invasion and Endothelial Transmigration. Mutat Res (2011) 728(1-2):23–34. doi: 10.1016/j.mrrev.2011.05.002

4. Okegawa, T, Pong, RC, Li, Y, and Hsieh, JT. The Role of Cell Adhesion Molecule in Cancer Progression and its Application in Cancer Therapy. Acta Biochim Pol (2004) 51(2):445–57. doi: 10.18388/abp.2004_3583

5. Lu, W, and Kang, Y. Epithelial-Mesenchymal Plasticity in Cancer Progression and Metastasis. Dev Cell (2019) 49(3):361–74. doi: 10.1016/j.devcel.2019.04.010

6. Lauko, A, Mu, Z, Gutmann, DH, Naik, UP, and Lathia, JD. Junctional Adhesion Molecules in Cancer: A Paradigm for the Diverse Functions of Cell-Cell Interactions in Tumor Progression. Cancer Res (2020) 80(22):4878–85. doi: 10.1158/0008-5472.CAN-20-1829

7. Bergelson, JM, Cunningham, JA, Droguett, G, Kurt-Jones, EA, Krithivas, A, Hong, JS, et al. Isolation of a Common Receptor for Coxsackie B Viruses and Adenoviruses 2 and 5. Science (1997) 275(5304):1320–3. doi: 10.1126/science.275.5304.1320

8. Ortiz-Zapater, E, Santis, G, and Parsons, M. CAR: A Key Regulator of Adhesion and Inflammation. Int J Biochem Cell Biol (2017) 89:1–5. doi: 10.1016/j.biocel.2017.05.025

9. Cohen, CJ, Shieh, JT, Pickles, RJ, Okegawa, T, Hsieh, JT, and Bergelson, JM. The Coxsackievirus and Adenovirus Receptor is a Transmembrane Component of the Tight Junction. Proc Natl Acad Sci USA (2001) 98(26):15191–6. doi: 10.1073/pnas.261452898

10. Morton, PE, Hicks, A, Nastos, T, Santis, G, and Parsons, M. CAR Regulates Epithelial Cell Junction Stability Through Control of E-Cadherin Trafficking. Sci Rep (2013) 3:2889. doi: 10.1038/srep02889

11. Huang, K, Ru, B, Zhang, Y, Chan, WL, Chow, SC, Zhang, J, et al. Sertoli Cell-Specific Coxsackievirus and Adenovirus Receptor Regulates Cell Adhesion and Gene Transcription via Beta-Catenin Inactivation and Cdc42 Activation. FASEB J (2019) 33(6):7588–602. doi: 10.1096/fj.201801584R

12. Garrido-Urbani, S, Bradfield, PF, and Imhof, BA. Tight Junction Dynamics: The Role of Junctional Adhesion Molecules (JAMs). Cell Tissue Res (2014) 355(3):701–15. doi: 10.1007/s00441-014-1820-1

13. Matthaus, C, Langhorst, H, Schutz, L, Juttner, R, and Rathjen, FG. Cell-Cell Communication Mediated by the CAR Subgroup of Immunoglobulin Cell Adhesion Molecules in Health and Disease. Mol Cell Neurosci (2017) 81:32–40. doi: 10.1016/j.mcn.2016.11.009

14. Farmer, C, Morton, PE, Snippe, M, Santis, G, and Parsons, M. Coxsackie Adenovirus Receptor (CAR) Regulates Integrin Function Through Activation of P44/42 MAPK. Exp Cell Res (2009) 315(15):2637–47. doi: 10.1016/j.yexcr.2009.06.008

15. Fok, PT, Huang, KC, Holland, PC, and Nalbantoglu, J. The Coxsackie and Adenovirus Receptor Binds Microtubules and Plays a Role in Cell Migration. J Biol Chem (2007) 282(10):7512–21. doi: 10.1074/jbc.M607230200

16. Huang, KC, Yasruel, Z, Guerin, C, Holland, PC, and Nalbantoglu, J. Interaction of the Coxsackie and Adenovirus Receptor (CAR) With the Cytoskeleton: Binding to Actin. FEBS Lett (2007) 581(14):2702–8. doi: 10.1016/j.febslet.2007.05.019

17. Saito, K, Sakaguchi, M, Iioka, H, Matsui, M, Nakanishi, H, Huh, NH, et al. Coxsackie and Adenovirus Receptor is a Critical Regulator for the Survival and Growth of Oral Squamous Carcinoma Cells. Oncogene (2014) 33(10):1274–86. doi: 10.1038/onc.2013.66

18. Morton, PE, Hicks, A, Ortiz-Zapater, E, Raghavan, S, Pike, R, Noble, A, et al. TNFalpha Promotes CAR-Dependent Migration of Leukocytes Across Epithelial Monolayers. Sci Rep (2016) 6:26321. doi: 10.1038/srep26321

19. Reeh, M, Bockhorn, M, Gorgens, D, Vieth, M, Hoffmann, T, Simon, R, et al. Presence of the Coxsackievirus and Adenovirus Receptor (CAR) in Human Neoplasms: A Multitumour Array Analysis. Br J Cancer (2013) 109(7):1848–58. doi: 10.1038/bjc.2013.509

20. Veena, MS, Qin, M, Andersson, A, Sharma, S, and Batra, RK. CAR Mediates Efficient Tumor Engraftment of Mesenchymal Type Lung Cancer Cells. Lab Invest (2009) 89(8):875–86. doi: 10.1038/labinvest.2009.56

21. Anders, M, Vieth, M, Rocken, C, Ebert, M, Pross, M, Gretschel, S, et al. Loss of the Coxsackie and Adenovirus Receptor Contributes to Gastric Cancer Progression. Br J Cancer (2009) 100(2):352–9. doi: 10.1038/sj.bjc.6604876

22. Chen, Z, Wang, Q, Sun, J, Gu, A, Jin, M, Shen, Z, et al. Expression of the Coxsackie and Adenovirus Receptor in Human Lung Cancers. Tumour Biol (2013) 34(1):17–24. doi: 10.1007/s13277-012-0342-2

23. Wunder, T, Schmid, K, Wicklein, D, Groitl, P, Dobner, T, Lange, T, et al. Expression of the Coxsackie Adenovirus Receptor in Neuroendocrine Lung Cancers and its Implications for Oncolytic Adenoviral Infection. Cancer Gene Ther (2013) 20(1):25–32. doi: 10.1038/cgt.2012.80

24. Pike, R, Ortiz-Zapater, E, Lumicisi, B, Santis, G, and Parsons, M. KIF22 Coordinates CAR and EGFR Dynamics to Promote Cancer Cell Proliferation. Sci Signal (2018) 11(515). doi: 10.1126/scisignal.aaq1060

25. Zhang, X, Fang, B, Mohan, R, and Chang, JY. Coxsackie-Adenovirus Receptor as a Novel Marker of Stem Cells in Treatment-Resistant Non-Small Cell Lung Cancer. Radiother Oncol (2012) 105(2):250–7. doi: 10.1016/j.radonc.2012.09.002

26. Li, X, Stankovic, M, Lee, BP, Aurrand-Lions, M, Hahn, CN, Lu, Y, et al. JAM-C Induces Endothelial Cell Permeability Through its Association and Regulation of {Beta}3 Integrins. Arterioscler Thromb Vasc Biol (2009) 29(8):1200–6. doi: 10.1161/ATVBAHA.109.189217

27. Kirby, I, Davison, E, Beavil, AJ, Soh, CP, Wickham, TJ, Roelvink, PW, et al. Mutations in the DG Loop of Adenovirus Type 5 Fiber Knob Protein Abolish High-Affinity Binding to its Cellular Receptor CAR. J Virol (1999) 73(11):9508–14. doi: 10.1128/JVI.73.11.9508-9514.1999

28. McGraw, JM, Thelen, F, Hampton, EN, Bruno, NE, Young, TS, Havran, WL, et al. JAML Promotes CD8 and Gammadelta T Cell Antitumor Immunity and is a Novel Target for Cancer Immunotherapy. J Exp Med (2021) 218(10). doi: 10.1084/jem.20202644

29. Bertram, JS, and Janik, P. Establishment of a Cloned Line of Lewis Lung Carcinoma Cells Adapted to Cell Culture. Cancer Lett (1980) 11(1):63–73. doi: 10.1016/0304-3835(80)90130-5

30. Franks, LM, Carbonell, AW, Hemmings, VJ, and Riddle, PN. Metastasizing Tumors From Serum-Supplemented and Serum-Free Cell Lines From a C57BL Mouse Lung Tumor. Cancer Res (1976) 36(3):1049–55.

31. Hanke, JH, Gardner, JP, Dow, RL, Changelian, PS, Brissette, WH, Weringer, EJ, et al. Discovery of a Novel, Potent, and Src Family-Selective Tyrosine Kinase Inhibitor. Study of Lck- and FynT-Dependent T Cell Activation. J Biol Chem (1996) 271(2):695–701. doi: 10.1074/jbc.271.2.695

32. Howden, JD, Michael, M, Hight-Warburton, W, and Parsons, M. Alpha2beta1 Integrins Spatially Restrict Cdc42 Activity to Stabilise Adherens Junctions. BMC Biol (2021) 19(1):130.

33. Kim, NH, Park, KS, Cha, SK, Yoon, JH, Yeh, BI, Han, KH, et al. Src Family Kinase Potentiates the Activity of Nicotinic Acetylcholine Receptor in Rat Autonomic Ganglion Innervating Urinary Bladder. Neurosci Lett (2011) 494(3):190–5. doi: 10.1016/j.neulet.2011.03.009

34. Ke, Y, Karki, P, Zhang, C, Li, Y, Nguyen, T, Birukov, KG, et al. Mechanosensitive Rap1 Activation Promotes Barrier Function of Lung Vascular Endothelium Under Cyclic Stretch. Mol Biol Cell (2019) 30(8):959–74. doi: 10.1091/mbc.E18-07-0422

35. Llavero, F, Luque Montoro, M, Arrazola Sastre, A, Fernandez-Moreno, D, Lacerda, HM, Parada, LA, et al. Epidermal Growth Factor Receptor Controls Glycogen Phosphorylase in T Cells Through Small GTPases of the RAS Family. J Biol Chem (2019) 294(12):4345–58. doi: 10.1074/jbc.RA118.005997

36. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: An Open-Source Platform for Biological-Image Analysis. Nat Methods (2012) 9(7):676–82. doi: 10.1038/nmeth.2019

37. Haeger, JD, Hambruch, N, Dilly, M, Froehlich, R, and Pfarrer, C. Formation of Bovine Placental Trophoblast Spheroids. Cells Tissues Organs (2011) 193(4):274–84. doi: 10.1159/000320544

38. Lim, E, Modi, KD, and Kim, J. In Vivo Bioluminescent Imaging of Mammary Tumors Using IVIS Spectrum. J Vis Exp (2009) 26. doi: 10.3791/1210

39. Calderwood, DA, Fujioka, Y, De Pereda, JM, Garcia-Alvarez, B, Nakamoto, T, Margolis, B, et al. Integrin Beta Cytoplasmic Domain Interactions With Phosphotyrosine-Binding Domains: A Structural Prototype for Diversity in Integrin Signaling. Proc Natl Acad Sci USA (2003) 100(5):2272–7. doi: 10.1073/pnas.262791999

40. Deville, SS, Cordes, N, and Extracellular, T. Cellular, and Nuclear Stiffness, a Trinity in the Cancer Resistome-A Review. Front Oncol (2019) 9:1376. doi: 10.3389/fonc.2019.01376

41. Severson, EA, Lee, WY, Capaldo, CT, Nusrat, A, and Parkos, CA. Junctional Adhesion Molecule A Interacts With Afadin and PDZ-GEF2 to Activate Rap1A, Regulate Beta1 Integrin Levels, and Enhance Cell Migration. Mol Biol Cell (2009) 20(7):1916–25. doi: 10.1091/mbc.e08-10-1014

42. Bos, JL. Linking Rap to Cell Adhesion. Curr Opin Cell Biol (2005) 17(2):123–8. doi: 10.1016/j.ceb.2005.02.009

43. Anders, M, Hansen, R, Ding, RX, Rauen, KA, Bissell, MJ, and Korn, WM. Disruption of 3D Tissue Integrity Facilitates Adenovirus Infection by Deregulating the Coxsackievirus and Adenovirus Receptor. Proc Natl Acad Sci USA (2003) 100(4):1943–8. doi: 10.1073/pnas.0337599100

44. Bruning, A, Stickeler, E, Diederich, D, Walz, L, Rohleder, H, Friese, K, et al. Coxsackie and Adenovirus Receptor Promotes Adenocarcinoma Cell Survival and is Expressionally Activated After Transition From Preneoplastic Precursor Lesions to Invasive Adenocarcinomas. Clin Cancer Res (2005) 11(12):4316–20. doi: 10.1158/1078-0432.CCR-04-2370

45. Rauen, KA, Sudilovsky, D, Le, JL, Chew, KL, Hann, B, Weinberg, V, et al. Expression of the Coxsackie Adenovirus Receptor in Normal Prostate and in Primary and Metastatic Prostate Carcinoma: Potential Relevance to Gene Therapy. Cancer Res (2002) 62(13):3812–8.

46. Sachs, MD, Rauen, KA, Ramamurthy, M, Dodson, JL, De Marzo, AM, Putzi, MJ, et al. Integrin Alpha(V) and Coxsackie Adenovirus Receptor Expression in Clinical Bladder Cancer. Urology (2002) 60(3):531–6. doi: 10.1016/S0090-4295(02)01748-X

47. Matsumoto, K, Shariat, SF, Ayala, GE, Rauen, KA, and Lerner, SP. Loss of Coxsackie and Adenovirus Receptor Expression is Associated With Features of Aggressive Bladder Cancer. Urology (2005) 66(2):441–6. doi: 10.1016/j.urology.2005.02.033

48. Wunder, T, Schumacher, U, and Friedrich, RE. Coxsackie Adenovirus Receptor Expression in Carcinomas of the Head and Neck. Anticancer Res (2012) 32(3):1057–62.

49. Stecker, K, Vieth, M, Koschel, A, Wiedenmann, B, Rocken, C, and Anders, M. Impact of the Coxsackievirus and Adenovirus Receptor on the Adenoma-Carcinoma Sequence of Colon Cancer. Br J Cancer (2011) 104(9):1426–33. doi: 10.1038/bjc.2011.116

50. Miyazawa, A, Ito, S, Asano, S, Tanaka, I, Sato, M, Kondo, M, et al. Regulation of PD-L1 Expression by Matrix Stiffness in Lung Cancer Cells. Biochem Biophys Res Commun (2018) 495(3):2344–9. doi: 10.1016/j.bbrc.2017.12.115

51. Koenig, A, Mueller, C, Hasel, C, Adler, G, and Menke, A. Collagen Type I Induces Disruption of E-Cadherin-Mediated Cell-Cell Contacts and Promotes Proliferation of Pancreatic Carcinoma Cells. Cancer Res (2006) 66(9):4662–71. doi: 10.1158/0008-5472.CAN-05-2804

52. Playford, MP, Vadali, K, Cai, X, Burridge, K, and Schaller, MD. Focal Adhesion Kinase Regulates Cell-Cell Contact Formation in Epithelial Cells via Modulation of Rho. Exp Cell Res (2008) 314(17):3187–97. doi: 10.1016/j.yexcr.2008.08.010

53. Palovuori, R, Sormunen, R, and Eskelinen, S. SRC-Induced Disintegration of Adherens Junctions of Madin-Darby Canine Kidney Cells is Dependent on Endocytosis of Cadherin and Antagonized by Tiam-1. Lab Invest (2003) 83(12):1901–15. doi: 10.1097/01.LAB.0000107009.75152.03

54. Stecker, K, Koschel, A, Wiedenmann, B, and Anders, M. Loss of Coxsackie and Adenovirus Receptor Downregulates Alpha-Catenin Expression. Br J Cancer (2009) 101(9):1574–9. doi: 10.1038/sj.bjc.6605331

55. Walters, RW, Freimuth, P, Moninger, TO, Ganske, I, Zabner, J, and Welsh, MJ. Adenovirus Fiber Disrupts CAR-Mediated Intercellular Adhesion Allowing Virus Escape. Cell (2002) 110(6):789–99. doi: 10.1016/S0092-8674(02)00912-1

56. Chattopadhyay, N, Wang, Z, Ashman, LK, Brady-Kalnay, SM, and Kreidberg, JA. Alpha3beta1 Integrin-CD151, a Component of the Cadherin-Catenin Complex, Regulates PTPmu Expression and Cell-Cell Adhesion. J Cell Biol (2003) 163(6):1351–62. doi: 10.1083/jcb.200306067

57. Schoenenberger, CA, Zuk, A, Zinkl, GM, Kendall, D, and Matlin, KS. Integrin Expression and Localization in Normal MDCK Cells and Transformed MDCK Cells Lacking Apical Polarity. J Cell Sci (1994) 107(Pt 2):527–41. doi: 10.1242/jcs.107.2.527

58. Mana, G, Valdembri, D, and Serini, G. Conformationally Active Integrin Endocytosis and Traffic: Why, Where, When and How? Biochem Soc Trans (2020) 48(1):83–93. doi: 10.1042/BST20190309

59. Fukuyama, T, Ogita, H, Kawakatsu, T, Fukuhara, T, Yamada, T, Sato, T, et al. Involvement of the C-Src-Crk-C3G-Rap1 Signaling in the Nectin-Induced Activation of Cdc42 and Formation of Adherens Junctions. J Biol Chem (2005) 280(1):815–25. doi: 10.1074/jbc.M411099200

60. Guo, XX, An, S, Yang, Y, Liu, Y, Hao, Q, and Xu, TR. Rap-Interacting Proteins Are Key Players in the Rap Symphony Orchestra. Cell Physiol Biochem (2016) 39(1):137–56. doi: 10.1159/000445612

61. Asuri, S, Yan, J, Paranavitana, NC, and Quilliam, LA. E-Cadherin Dis-Engagement Activates the Rap1 GTPase. J Cell Biochem (2008) 105(4):1027–37. doi: 10.1002/jcb.21902

62. Sakurai, A, Fukuhara, S, Yamagishi, A, Sako, K, Kamioka, Y, Masuda, M, et al. MAGI-1 is Required for Rap1 Activation Upon Cell-Cell Contact and for Enhancement of Vascular Endothelial Cadherin-Mediated Cell Adhesion. Mol Biol Cell (2006) 17(2):966–76. doi: 10.1091/mbc.e05-07-0647



Author Disclaimer: The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of Health and Social Care.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Owczarek, Ortiz-Zapater, Kim, Papaevangelou, Santis and Parsons. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-829313-g005.jpg
. wiom mow ©
o o o 5]
e -
ancrrTR——
—_ ol
o l—
o1
. o mcan
o o o .
e [ ] ™ puso_e2 o
B e Al P
puit__ SV i
s -
I -]
B I St L E
ancr
4 E .
o[- o pueo e H
prasa e .
N eboria m swoma m
- o T VTORG
i -
| .
' > -
e S ~ 1}
,i‘.
K o1 o
i“‘ —— s
i' .
,E.,
v o o





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        CAR Co-Operates With Integrins to Promote Lung Cancer Cell Adhesion and Invasion

      

        		

          Introduction

        



        		

          Methods

        

          		

            Antibodies and Reagents

          



          		

            Plasmids and Primers

          



          		

            Cell Culture

          



          		

            Generation of Lentiviral Virus From HEK-293T Cells

          



          		

            Lentiviral Infection to Generate Stable Cell Lines

          



          		

            GFP-Trap Immunoprecipitation

          



          		

            GST Pulldown Assay

          



          		

            Western Blotting

          



          		

            Immunofluorescence

          



          		

            Confocal Microscopy

          



          		

            Fluorescence Recovery Activated Photo Bleaching (FRAP)

          



          		

            Cell Matrix Adhesion Assay

          



          		

            Cell Proliferation Assay

          



          		

            Inverted Invasion Assay

          



          		

            Spheroid Assays

          



          		

            In-Vivo Experiments

          



          		

            Tissue Processing

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            CAR Regulates Lung Cancer Cell Invasion But Does Not Alter EMT Phenotypes

          



          		

            CAR Expression Promotes Cell-Matrix Adhesion

          



          		

            CAR Expression Promotes Adhesion and Invasion in Mesenchymal Cells

          



          		

            CAR Is Expressed Highly at Tumor Boundaries and Is Mechano-Responsive

          



          		

            CAR Forms a Complex With Focal Adhesion Proteins and Promotes Rap1 Activity

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-829313-g002.jpg
o mom o

28h postinjection

parental





OEBPS/Images/fonc.2022.829313_cover.jpg
, frontiers
in Oncology

CAR Co-Operates With Integrins to
Promote Lung Cancer Cell Adhesion
and Invasion





OEBPS/Images/fonc-12-829313-g001.jpg





OEBPS/Images/fonc-12-829313-g004.jpg
ucWTCARGFP. CMTWICARGFP.

uewrcR.Gr
ieo) s

cuTWICARGFP
Ry

C _cuTparental
PO

°
o

€

i3o

5

i






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-829313-g006.jpg
=%

oy
fery

\

Cob M aihesion convssion





OEBPS/Images/fonc-12-829313-g003.jpg





