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Abstract

:

The contribution of secretions from tumor-associated macrophage (TAM)-like cells to the stimulation of mechanical property changes in murine breast cancer cells was studied using an in vitro model system. A murine breast cancer cell line (FP10SC2) was stimulated by adding macrophage (J774.2) cultivation medium containing stimulation molecules secreted from the macrophages, and changes in mechanical properties were compared before and after stimulation. As a result, cell elasticity decreased, degradation ability of the extracellular matrix increased, and the expression of plakoglobin was upregulated. These results indicate that cancer cell malignancy is upregulated by this stimulation. Moreover, changes in intercellular adhesion strengths between pairs of cancer cells were measured before and after stimulation using atomic force microscopy (AFM). The maximum force required to separate cells was increased by stimulation with the secreted factors. These results indicate the possibility that TAMs cause changes in the mechanical properties of cancer cells in tumor microenvironments, and in vitro measurements of mechanical property changes in cancer cells will be useful to study interactions between cells in tumor microenvironments.
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1. Introduction


Tumor microenvironments are composed of various cells, including stromal cells, and play critical roles in tumor metastasis [1]. Tumor-associated macrophages (TAMs) in particular are considered to contribute to the upregulation of tumor malignancy [2,3,4], and pathological evidence has indicated that the abundance of TAMs strongly correlates with poor prognosis [5,6,7]. It is known that TAMs and cancer cells can stimulate each other through the secretion of molecules in the tumor microenvironment, as an example of a paracrine loop [3], and this interactive stimulation promotes tumor growth and metastasis. Recently, it was found that a portion of TAMs expressed programmed cell death protein 1 (PD-1), and a relationship between the expression of PD-1 on TAMs and advantageous phenotypes for tumor progression was indicated [8]. Despite the importance of interactive stimulation between TAMs and cancer cells for tumor development, the contribution of this stimulation to the regulation of cancer cell mechanical properties s remains poorly studied.



It is well known that the mechanical properties of cancer cells are strongly correlated with cancer cell malignancy. For example, the elasticity of cancer cells, which is usually quantified by measuring cells’ Young’s moduli, correlates with their metastatic abilities [9,10]. Atomic force microscopy (AFM) is a useful tool to measure the mechanical properties of cells, because the AFM tip can contact cell surfaces directly, and various cell mechanical parameters can be measured quantitatively, including elasticity and adhesive strength [10,11,12,13,14,15,16,17,18]. In our previous study, a method to measure intercellular adhesion strengths between two cells was suggested using an AFM chip with an attached micro-cup [19]. In this study, the contribution of stimulation by secretions from TAM-like macrophages to changes in the mechanical properties of breast cancer cells was studied using this method. Firstly, we established an in vitro model of the macrophage stimulation of cancer cells as a mimic of the stimulation with tumor-conditioned medium [20,21]. Mechanical properties such as intercellular adhesion strength and cell elasticity were measured quantitatively and compared before and after stimulation to evaluate how the stimulation contributed to the regulation of cancer cell malignancy.




2. Materials and Methods


2.1. Cells and the in Vitro Model of Cancer Cell Stimulation


In this study, two cell lines were used. J774.2 cells consist of monocyte macrophages from a BALB/c mouse (DS Pharma Biomedical, Osaka, Japan). This cell line was originally established from ascites and solid tumor [22], and has TAM-like characteristics such as the expression of PD-1 (Supplementary Figure S1) [8]. The other cell line was FP10SC2, a mammary carcinoma from a BALB/c mouse (DS Pharma Biomedical, Osaka, Japan). This cell line was established from 4T1 (a breast cancer cell line) as a highly metastatic cell line [23]. Both cell lines were cultured in commercially available culture media (DMEM for J774.2 and RPMI-1640 for FP10SC2, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) and 50 U/mL penicillin plus 50 µg/mL streptomycin at 37 °C in 5% CO2 conditions.



As an in vitro model of cancer cell stimulation by secreted molecules from TAMs, the culture medium from J774.2 cell was added to the medium of FP10SC2 as follows. J774.2 was incubated in 2 mL of fresh culture medium with 2.5 × 105 cells for 1 day. The medium was then collected, centrifuged in 200 × g for 3 min to remove debris, and the supernatant was used for stimulation (the obtained medium is hereafter referred to as macrophage-conditioned medium (MΦ-CM)). On the other hand, FP10SC2 cells were incubated with 5 × 104 cells for 1 day, the medium was discarded, and MΦ-CM was added to the dish. The dish was incubated for 1 day to stimulate cancer cells with secretions contained in MΦ-CMs (these stimulated cells are hereafter referred to as macrophage-conditioned FP10SC2 (MC-FP10SC2)). As a negative control, culture medium of FP10SC2 cells was exchanged for 2 mL of fresh medium instead of the addition of MΦ-CM, and incubated in the same manner as for MC-FP10SC2 (these control cells are hereafter referred to as FP10SC2).




2.2. Measurements of Cell Elasticity


The elasticities of cancer cells (FP10SC2 and MC-FP10SC2) were evaluated quantitatively using Young’s modulus calculated from the approach period of the force curve in AFM measurements (Nanowizard II, JPK, Berlin, Germany). For these measurements, a microbead (10-μm diameter, JSR, Tokyo, Japan) attached to the AFM chip was used [24]. Conditions for the force measurements were as follows: Z scan size 30 μm, Z scan velocity 5 μm/s, and loading force 3 nN. Measurements were performed on a cell surface avoiding the cell nucleus. The measurement was performed once per cell and repeated on 60 individual cells before and after stimulation, and average values were calculated. Spring constants of the AFM cantilevers (DNP, Bruker, Billerica, MA, USA) were calibrated using the thermal fluctuation method, and the typical value was 0.06 N/m. Young’s modulus, E, was calculated using the following Hertzian contact model for a rigid spherical indenter and elastic substrate [25,26]:


  E =   3 F  (  1 −  ϑ 2   )    4  d   3 2     r   1 2       



(1)




with the applied force F, Poisson’s ratio of the cell ν, indentation depth d, and radius of spherical indenter r. Here, the value of ν was 0.5 for all calculations [27,28,29]. For the calculation of d, a contact point between the AFM chip and the cell surface in each force curve was estimated as follows. Values of both average and standard deviation (SD) of the cantilever deflection at the initial 10% of the Z position in the approach period (i.e., the cantilever was far from the cell surface and not contacting at the position) were calculated, and a point at which repulsive deflection of the cantilever became larger than the value of the average plus 5 SD in the approach period was determined as the contact point of the force curve. The typical value of d in each force curve was within a range between 700 and 1200 nm. Then, E was calculated by fitting the approach curve between the contact point and the maximum loading point (i.e., the loading force was 3 nN at the point) with Equation (1) by using software (KaleidaGraph 4, Hulinks, Tokyo, Japan).




2.3. Measurements of Cell Invasiveness


Measurements of cell invasiveness were performed using a commercially available Boyden chamber system (Transwell, 8 µm pore diameter, Corning, Corning, NY, USA) as follows. Firstly, a mixture of extracellular matrix (Matrigel, Corning, Corning, NY, USA) was adjusted to 160 µg/mL in serum-free culture medium, added to the top chamber of the system, incubated for 3 h, and excess medium was removed. Next, MC-FP10SC2 cells were suspended in MΦ-CM at a concentration of 1 × 105 /mL, and 200 µL of the suspension (2 × 104 cells) was added to the top chamber of the system. The cells were incubated for 1 day in cell incubation conditions. After incubation, the top chamber was washed with phosphate-buffered saline (PBS), cells still on the top face of the chamber were discarded by scraping, and the remaining cells (i.e., cells adhering to the reverse face of the top chamber) were fixed with 4% paraformaldehyde in PBS for 10 min in room temperature. The cells were washed with PBS three times, and their nuclei were stained with 4 µM 4’,6-diamidino-2-phenylindole (DAPI, Dojindo, Japan) in PBS for 30 min at room temperature to make cell counting easy. After staining, the number of cells that migrated to the reverse face of the chamber with degradation of the extracellular matrix was counted. About 100 microscopic pictures were taken for an assay, a merged image under whole area of the top chamber was constructed, and numbers of cells were counted. The same experiments were repeated 10 times, and the average is presented. As a control, FP10SC2 cells were suspended in normal culture medium, seeded in the top chamber of the system, and the same measurement as for MC-FP10SC2 was performed.




2.4. Immunofluorescence Assays


Molecular expression levels of plakoglobin, desmoglein, E-cadherin, and claudin-4 were evaluated by immunofluorescence measurements as follows. Cancer cells (FP10SC2 and MC-FP10SC2) cultivated on glass-bottomed dishes (AGC Techno Glass, Shizuoka, Japan) with 5 × 104 cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. The cells were washed with PBS and incubated with 2 µg/mL of the primary antibodies (rabbit anti-mouse plakoglobin, Abcam, Cambridge, UK; rabbit anti-mouse desmoglein, Bioss, Woburn, MA, USA; rabbit anti-mouse E-cadherin, Genetex, Owen, CA, USA; or rabbit anti-mouse claudin-4, Bioss, Woburn, MA, USA) in PBS containing 0.4% commercially available skim milk-based blocking reagent (Block Ace, DS Pharma Biomedical, Osaka, Japan) for 1 h at room temperature. After washing with PBS, 2 µg/mL of the secondary antibody (Alexa Fluor 568 donkey anti-rabbit IgG, Thermo Fisher, Waltham, MA, USA) in PBS containing 0.4% of the blocking reagent was applied to the dishes and reacted with the cancer cells for 1 h at room temperature. After washing with PBS, fluorescence observations were performed using an inverted optical microscope (IX-70, Olympus, Tokyo, Japan) combined with a cooled CCD camera (DP30BW, Olympus, Tokyo, Japan) using a 20× objective lens. The exposure time of the camera was set as 3 s. Fluorescence intensities of the obtained cell images were quantified using image processing software (Image J 1.6.0_24, National Institute of Health, Bethesda, MD, USA). In addition, distributions of F-actin in cancer cells were evaluated as follows. Cultivation and fixation of cancer cells were performed the same as for the immunofluorescence assays. After washing with PBS, 0.2% TritonX-100 containing 0.1% sodium dodecyl sulfate (SDS) in PBS was added to the culture dishes and incubated for 2 min for permeabilization. The cells were washed with PBS, 0.4% of the blocking reagent was applied, and they were incubated for 15 min. After washing with PBS, 30 nM rhodamine phalloidin (Thermo Fisher, Waltham, MA, USA) in PBS containing 0.4% of the blocking reagent was applied to the dishes and reacted with the cancer cells for 1 h at room temperature. After washing with PBS, fluorescence observations were performed with a 20× objective lens. Exposure time of the camera was set as 350 ms.




2.5. Measurements of Intercellular Adhesion Strengths by AFM


Measurements of the intercellular adhesion strengths between two cancer cells were performed using a cup-attached AFM chip, as reported previously [19]. The method to fabricate cup-shaped particles was also reported previously [30]. Briefly, polystyrene particles (10 µm diameter, JSR, Tokyo, Japan) were placed on a silicon substrate, and a 100-nm-thick nickel layer was formed on the particles by vapor deposition (VPC-260, ULVAC, Miyazaki, Japan). The polystyrene particles were removed in high-temperature conditions, and cup-shaped particles were obtained. The micro-cup was attached to the apex of an AFM cantilever with epoxy resin using a micromanipulator (MN-4 and MMO-202ND, Narishige, Tokyo, Japan). The fabricated AFM chip is hereafter referred to as the “cup-chip”.



Measurements of adhesion forces between two cancer cells were also performed in the same manner as reported previously [19]. The detailed experimental conditions in this study were as follows. For the pick-up of a cell by using the cup-chip, a cancer cell line (FP10SC2 or MC-FP10SC2) was detached from the bottom of a culture dish by treatment with 2.5 mg/mL trypsin and 380 µg/mL EDTA (Thermo Fisher Scientific, Waltham, MA, USA). A piece of polytetrafluoroethylene (PTFE)-coated glass substrate [29] was mounted on the bottom of another culture dish, on which the same cell line (FP10SC2 or MC-FP10SC2) was cultivated and the cells were still adhered, and the detached cell suspension was added to the PTFE-coated substrate. A cell was picked up using the cup-chip on the PTFE-coated substrate and approached the other cell adhered to the dish bottom, and force curve measurements were performed using an AFM. Conditions of force measurements were as follows: Z scan size 100 μm, Z scan velocity 5 μm/s, loading force 1 nN, and 5 s dwell time, maintaining a constant height of the cantilever at the sample. Measurements were performed on 69 MC-FP10SC2 cells and 89 FP10SC2 cells.




2.6. Data Analysis of AFM Measurements


The obtained force curves were analyzed using the software provided by the manufacturer (JPK Data Processing, JPK, Berlin, Germany). Firstly, a baseline force curve was defined as an average value of the force at a range of Z positions between 90 and 100 µm (i.e., far enough from the cell surface on the dish, and measured two cells that were completely separated) in the retraction period. Next, two parameters were calculated from force curves: the maximum force of separation in the retraction curve, and the separation work. The latter was calculated from an area of hysteresis surrounded between the retraction curve and the baseline in force–extension curves [11,17,18]. Separation work was normalized to the contact area, which was estimated based on a Hertzian contact model [25,26,31] and calculated from the approach period in each force curve.





3. Results


Figure 1 shows a schematic image of a cancer cell stimulated by secreted molecules from TAM-like macrophages in vitro as a mimic of stimulation with tumor-conditioned medium [20,21]. FP10SC2 cells were stimulated for 1 day by adding MΦ-CM containing molecules secreted from TAM-like macrophages to the culture dish. The term of the stimulation was also tried for 4 days; however, results were almost the same as for 1 day of stimulation. This indicates that the stimulation for 1 day is enough, and the following discussions were carried out using results for 1 day of stimulation. The stimulated FP10SC2 cells are referred to as MC-FP10SC2 in this study.



It was considered that cancer cell elasticity had a correlation with the ability of tumor metastasis, because softer cells could be expected to migrate through small gaps in tissues more smoothly, reach capillary vessels, and enter the blood circulation system [9,10]. In this study, changes in Young’s modulus before and after the stimulation with MΦ-CM were measured using a colloidal probe in the AFM. Figure 2 shows results of these measurements. The average Young’s modulus of MC-FP10SC2 decreased by 0.67 times compared with that before stimulation (i.e., FP10SC2), indicating that the elasticity of cancer cells decreased as a result of stimulation with MΦ-CM.



In the process of tumor metastasis, cancer cells in a primary tumor migrate with the degradation of extracellular matrices to reach blood vessels. Therefore, the degradation ability of extracellular matrices is critically correlated with the invasive ability. Changes in the degradation ability of cancer cells induced by stimulation with MΦ-CM were evaluated using a Boyden chamber system. Figure 3 shows the results of an assay. The number of MC-FP10SC2 cells that migrated to the reverse face of the chamber with the degradation of extracellular matrices increased by 3.0 times on average compared with that of FP10SC2, indicating that the invasive ability of the cancer cells was increased by stimulation with MΦ-CM.



It is known that highly malignant cancer cells form clusters in the blood (i.e., clusters of circulating tumor cells (CTC clusters)) [32,33,34]. A proportion of these cells were found to highly express plakoglobin, and high expression levels correlated with poor prognosis [32]. The change in expression levels of plakoglobins before and after the MΦ-CM stimulation was measured to evaluate the contribution of stimulation for the upregulation of plakoglobin expression. Figure 4 shows immunofluorescence images of plakoglobins before and after stimulation. Though distribution and localization were not significantly changed by the stimulation, the expression of plakoglobin in cancer cells clearly increased by stimulation with MΦ-CM.



Adhesion strengths between two MC-FP10SC2 cells were measured using the cup-chip in AFM measurements, and compared with that between two FP10SC2 cells. There is no serious damage done by the pickup of a cell using the cup-chip [30]. Figure 5 shows the results of the measurements. In this study, two parameters—maximum adhesion force and separation work—were used as evaluation parameters. The maximum adhesion force generally represented the maximum number of simultaneous bond breaks of adhesion molecules on the cell surface at the same time point, and separation work represented the total number of bond breaks in the contact area. In comparison with FP10SC2, the maximum adhesion force between two MC-FP10SC2 cells increased by 1.4 times on average (Figure 5a). On the other hand, separation work between two MC-FP10SC2 cells was almost the same as that before stimulation (Figure 5b). According to the former result, adhesion forces between two breast cancer cells were increased by stimulation with MΦ-CM.




4. Discussion


In this study, we focused on changes in the mechanical properties of breast cancer cells by stimulation with MΦ-CM. As a result, cancer cell elasticity decreased, invasive ability increased, and plakoglobin expression increased with stimulation. These results strongly suggest that malignancy in breast cancer cells increased with stimulation by MΦ-CM. MΦ-CM contained molecules secreted from TAM-like macrophages; therefore, it was likely that the measured changes resulted from the secretion of molecules by macrophages. The obtained results were consistent with the abundance of TAMs correlating with poor prognosis [5,6,7].



According to the results in Figure 5, the maximum adhesion force to separate cancer cells increased by 1.4 times, although there was no significant difference in separation work before and after stimulation with MΦ-CM. Separation work generally reflects the binding energy of two cells over their contact area, whereas work also includes deforming cell morphology and elongating cell membranes, such as a membrane tethers [16,18,35]. Strict discrimination of work between cell separation and deformation is difficult; therefore, the obtained results in Figure 5b contain the work of cell deformation. When the work of cell deformation was larger than that for two-cell separation, differences in work before and after stimulation were reduced even when the work to separate two cells was increased by stimulation. This may be why there was no significant difference in Figure 5b. On the other hand, maximum adhesion force generally reflects the strength of cell adhesion when the binding events occur uniformly over a contact area. Although various receptors are localized on the cell membrane, their size is nanoscopic and the size of the contact area in this study was on the scale of square micrometers. Therefore, it may be assumed that the biological properties of the cell membrane over the contact area were almost uniform in our experimental system, and the maximum adhesion force was a good index to compare adhesion strengths between two cells.



As shown in Figure 5, intercellular adhesion forces increased by stimulation with MΦ-CM. We evaluated changes in the expression levels of E-cadherin, desmoglein, and claudin-4, which are typical cell-adhesion-related receptors, depending on stimulation with MΦ-CM to find key mediators of the increase in adhesion force (Supplementary Figure S2). However, there were no clear differences in expression in these three receptors between FP10SC2 and MC-FP10SC2. In addition, distributions of F-actins in the two cancer cells were observed with fluorescence measurements (Supplementary Figure S3); however, there were also no clear differences between FP10SC2 and MC-FP10SC2. These results indicate that the increase in intercellular adhesion force induced by stimulation with MΦ-CM may be mediated by molecules other than these receptors.




5. Conclusions


In conclusion, we measured changes in the mechanical properties of breast cancer cells before and after stimulation with MΦ-CM in vitro. As a result, cell elasticity decreased, invasive ability increased, and plakoglobin expression was upregulated, strongly suggesting that cancer cell malignancy was increased by this stimulation. In addition, intercellular adhesion forces between the cancer cells increased with stimulation. Taken together, these results suggest that cancer cell malignancy was upregulated by TAM-like macrophage stimulation.
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Figure 1. Schematic image of the in vitro stimulation model. Tumor-associated macrophage (TAM)-like macrophages (J774.2) were cultivated for 1 day, then the macrophage-conditioned culture medium (MΦ-CM) was collected and added to a culture dish on which cancer cells (FP10SC2) were growing. The cancer cells were cultured for 1 day to stimulate the cells with secretion molecules from the macrophages contained in the applied medium. After stimulation, the mechanical properties of the cancer cells were measured. 
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Figure 2. Changes in the Young’s modulus of cancer cells before and after stimulation with MΦ-CM. (a) Typical force–indentation curve (solid line) and a result of fitting based on Hertzian contact model (dashed line). R2 = 0.952. (b) Comparison of Young’s moduli before (FP10SC2) and after the stimulation (macrophage-conditioned FP10SC2—MC-FP10SC2). P < 0.01. 
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Figure 3. Evaluation of the degradation ability of extracellular matrices. (a) Schematic image of Boyden chamber system. (b) Typical images of migrated cancer cells with degradations of extracellular matrices. Bars: 1 mm. (c) Changes in the degradation abilities of extracellular matrices before and after stimulation with MΦ-CM measured using a Boyden chamber system. Values were normalized with an average value of FP10SC2. Standard deviations are indicated as error bars in the graph. P < 0.05. 
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Figure 4. Immunofluorescence images of plakoglobin molecules on (a) FP10SC2 and (b) MC-FP10SC2 cells. Bars: 100 µm. (c) Comparison of relative fluorescence intensities between FP10SC2 and MC-FP10SC2 cells. N = 50 and N = 35 for FP10SC2 and MC-FP10SC2, respectively. P < 0.01. 






Figure 4. Immunofluorescence images of plakoglobin molecules on (a) FP10SC2 and (b) MC-FP10SC2 cells. Bars: 100 µm. (c) Comparison of relative fluorescence intensities between FP10SC2 and MC-FP10SC2 cells. N = 50 and N = 35 for FP10SC2 and MC-FP10SC2, respectively. P < 0.01.



[image: Micromachines 10 00738 g004]







[image: Micromachines 10 00738 g005 550] 





Figure 5. Measurements of changes in intercellular adhesion strengths. (a) Experimental design of the measurement system. A cancer cell was picked up using the cup-chip in the AFM, brought closer to another cancer cell, and force measurements were carried out. (b,c) Typical force curves obtained at the separation between two FP10SC2 cells (b) and two MC-FP10SC2 cells (c). (d,e) The boxplots of maximum adhesion forces (d) and separation work (e) of FP10SC2 and MC-FP10SC2 cells. P < 0.01 for (d). 
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