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Abstract

:

Mesenchymal stem cells (MSCs) have been shown to suppress tumor growth, inhibit angiogenesis, regulate cellular signaling, and induce apoptosis in cancer cells. We have earlier reported that placenta-derived decidua parietalis mesenchymal stem/stromal cells (DPMSCs) not only retained their functional characteristics in the cancer microenvironment but also exhibited increased expression of anti-apoptotic genes, demonstrating their anti-tumor properties in the tumor setting. In this study, we have further evaluated the effects of DPMSCs on the functional outcome of human breast cancer cell line MDA231. MDA231 cells were exposed to DPMSCs, and their biological functions, including adhesion, proliferation, migration, and invasion, were evaluated. In addition, genomic and proteomic modifications of the MDA231 cell line, in response to the DPMSCs, were also evaluated. MDA231 cells exhibited a significant reduction in proliferation, migration, and invasion potential after their treatment with DPMSCs. Furthermore, DPMSC treatment diminished the angiogenic potential of MDA231 cells. DPMSC treatment modulated the expression of various pro-apoptotic as well as oncogenes in MDA231 cells. The properties of DPMSCs to inhibit the invasive characteristics of MDA231 cells demonstrate that they may be a useful candidate in a stem-cell-based therapy against cancer.
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1. Introduction


In spite of immense scientific, technological, therapeutic, and medical advances, cancer remains the leading cause of deaths worldwide. An estimated 19.3 million new cancer cases and about 10.0 million cancer deaths worldwide were reported in 2020 alone. This number is expected to rise to about 30 million new patients with almost 17 million deaths worldwide by the year 2040 [1]. The traditional treatment options for cancer, such as chemotherapy in combination with radiotherapy and surgery, remain ineffective for certain tumors, in spite of being the first line of treatment [2,3]. For the past decade, the standard treatments and diagnostics have evolved tremendously, yet the overall success remains abysmal. Tumor specificity and heterogeneity remain the main reasons for the efficient outcome of the traditional therapies [3]. Keeping that scenario in mind, many non-conventional therapies have been proposed and tested against various molecular targets in cancer [4]. They include cancer vaccines, monoclonal antibodies, and cell-based therapies, such as chimeric antigen receptor (CAR) T-cell therapy [5]. Because of their enhanced tumor targeting and minimal off-target effects stem cell therapy is gaining ground and is becoming a popular choice for treatment against cancer [6,7].



Stem cells isolated from adult tissues, the mesenchymal stem/stromal cells (MSCs), have enormous potential to be used in stem-cell-based therapies. MSCs are undifferentiated cells isolated from different tissues and organs, including adipose tissue, bone marrow, umbilical cord, dental pulp, placenta, etc. [8]. They grow on plastic and have self-renewal capabilities. They differentiate into other cell lineages such as adipocytes, chondrocytes, and astrocytes [9,10]. Based on their multifaceted characteristics, including the modulation of immune responses and their unique proliferative and migratory potential, they are considered useful for regenerative medicine and as therapeutic agents against various diseases, including cancer. Many studies have shown that MSCs act in an anti-tumorigenic manner to suppress disease progression. In vivo and in vitro studies have shown that MSCs inhibit tumor growth and metastasis through the modulation of immune responses, inhibition of angiogenesis, regulation of cellular signaling, and/or by inducing apoptosis [11].



Various in vitro as well as animal studies have confirmed the anti-tumor effects of MSCs. Multiple studies have demonstrated that MSC therapy decreases the growth of various cancers, including that of the lung, breast, melanoma and glioma, etc. [12,13,14,15]. Subcutaneous MSC injections in melanoma mouse models demonstrated anti-angiogenic properties and initiated apoptosis, resulting in the shrinkage of tumors [16]. In vitro studies using umbilical-cord-derived stem cells showed apoptosis of gliobastoma multiforme (GBM) cell lines mediated through tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) in co-culture experiments [17,18]. Additionally, preconditioned MSCs have been shown to express various soluble factors with pro-apoptotic and anti-proliferative properties, making them favorable for targeted therapies against cancer [19].



We have earlier reported the isolation and characterization of three types of MSCs from human placentae (pMSCs), which include decidua basalis mesenchymal stem cells (DBMSCs) [20], decidua parietalis mesenchymal stem cells (DPMSCs) [21], and chorionic villus mesenchymal stem cells (CVMSCs) [22]. Their immunomodulatory properties were also studied [23]. More recently, we have reported that DPMSCs retained their functional characteristics (i.e., proliferation, adhesion, migration, and invasion) under sustained exposure to a medium mimicking the cancer microenvironment [24]. In spite of reduced proliferation and adhesion, DPMSCs exhibited enhanced invasive and migratory properties. In addition, continued exposure of DPMSCs to the cancer microenvironment resulted in the increased expression of genes with anti-cancer properties, demonstrating that they not only function normally in the toxic cancer environment but also deliver much-anticipated anti-tumor properties in the tumor setting [24].



Based on these results, and in order to utilize DPMSCs for anti-tumor therapies, it is pertinent to investigate their consequential effects on cancer. Towards that direction, in this study we have evaluated the effects of the cellular component as well as the secretome of DPMSCs on the functional outcomes of human breast cancer cell line MDA-MB-231 (MDA231), and deciphered the basic mechanism behind such changes. In order to observe the specific effects of DPMSCs specifically on human breast cancer cells MDA231 and not on the normal tissues, we used normal human mammary epithelial cells (HMECs) as a control to rule out the negative impact of DPMSCs and its CM on the normal tissues. We performed spatial and temporal treatment of DPMSCs on the MDA231 cell line and evaluated their functional and phenotypic properties, including proliferation, adhesion, migration, and invasion potential. We performed mRNA analysis of some selected genes that play important roles in these functional outcomes. Finally, we analyzed the effect of DPMSCs on MDA231 cells in apoptotic and cell cycle pathways.




2. Materials and Methods


2.1. Ethical Approval and Tissue Collection


The study was approved by the Institutional Review Board (IRB) of King Abdullah International Medical Research Centre (KAIMRC), under proposal number RC20/346/R. Placentae and umbilical cord tissues were collected from human subjects with uncomplicated and healthy pregnancies within 2 h of normal vaginal delivery and with 38–40 weeks of gestation. Informed consent was received from the donors before collection of the placenta. Fetal age and viability were regularly monitored during the gestational period by ultrasound examinations. Research guidelines set by the IRB were strictly followed during the clinical and experimental procedures.




2.2. Cell Lines, Antibodies, and Reagents


The MDA-MB-231 (MDA231) breast cancer cell line (cat#HTB-26) was purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). Human mammary epithelial cells (HMECs) (cat#A10565) were procured from Thermo Fisher Scientific (Waltham, MA, USA). Fluorescent-labeled antibodies for flow cytometry experiments, including GAPDH (cat#AF5718); ICAM (cat#BBA20); PECAM (cat#FAB3567P); integrin α5 (cat#FAB1864P); and EpCAM (cat#FAB9601P) were purchased from R&D Systems (Minneapolis, MN, USA). Antibodies for immunoblotting—P53 (cat#2527), pRb (S807) (cat#8516), Chk1 (cat#2348), cleaved caspase-3 (cat#9664), and β-actin (cat#3700 and cat#8457)—were purchased from Cell Signaling Technologies (Danvers, MA, USA). Anti-rabbit and anti-mouse secondary antibodies (cat#21537 and 21538M) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Protease inhibitor cocktail (cat#P8340) was purchased from Millipore Sigma (Burlington, MA, USA).




2.3. Cell Culture and Conditioned Media (CM) Collection


MDA231 cells were cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM-F12) supplemented with 2% penicillin-streptomycin (PEST) (Thermo Fisher Scientific, Waltham, MA, USA), 10% FBS, and 1% GlutaMax (Gibco®, Life Technologies, Waltham, MA, USA) in T-75 tissue culture flasks. HMECs were cultured in MEGM Mammary Epithelial Cell Growth Medium BulletKit (cat#CC-3150) (Lonza, Basel, Switzerland) containing 10% FBS. All cell lines were incubated at 37 °C in humidified air with 5% CO2 and 95% air. The cell medium was changed every 2–3 days, and the cells were passaged with TrypLE Express, Life Technologies, Carlsbad, CA, USA, at 75–90% confluence.



DPMSCs were isolated from the decidua parietalis region of the placenta (lining the main cavity of the pregnant uterus) using the enzyme digestion method, as described earlier [21]. In brief, 10 g of the choriodecidua tissue was manually separated from the amnion, rinsed with phosphate-buffered saline (PBS; pH of 7.4) and minced thoroughly into a tissue paste in PBS. The tissue pellet was collected after centrifugation and incubated with 0.05% trypsin-EDTA (cat#25300054) Life Technologies, Carlsbad, CA, USA and 270 unit/mL DNase I (cat# 18047019) Life Technologies, Carlsbad, CA, USA for 15 min at 37 °C. The digested tissue pellet was washed in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM-F12) containing 10% fetal bovine serum (FBS) for 10 min. After centrifugation the supernatant was discarded and the tissue was strained through a 100 µm straining filter, then washed with PBS and centrifuged. After discarding the supernatant, the pellet was incubated in RBC lysing buffer (cat#sc-3621, Santa Cruz, CA, USA) for 45 min at room temperature. The cells were pelleted and suspended in a DMEM-F12 medium containing 10% MSC Certified FBS (MSC-FBS cat# 12662029, Thermo Fisher Scientific, Waltham, MA, USA), and placed in a cell culture incubator (37 °C, 5% CO2, and 95% air). Cells were harvested and characterized before use. Cells at passage 3 were used in subsequent experiments.



Human umbilical vein endothelial cells (HUVECs) were isolated from umbilical cord veins using already-published methods [25]. Briefly, the umbilical veins were washed thoroughly with PBS, before digesting them with collagenase type II (cat# 17101-015, ThermoFischer Scientific, Riyadh, Saudi Arabia) in PBS solution. The tissue was incubated for 25 min at 37 °C in a humidified incubator with 5% CO2 and 95% air. The liberated HUVECs were collected and resuspended in complete Endothelial Cell Growth Medium (cat# PCS-100-041™, ATCC, Manassas, VA, USA) and cultured at 37 °C in a cell culture incubator. The cells were characterized by flow cytometry before being used in the subsequent studies.



The conditioned medium (CM) was harvested from the culture of DPMSCs using our previously published method [24]. Briefly, 1 × 105 DPMSCs were cultured in a DMEM-F12 culture medium with 10% MSC-FBS, 100 μg/mL L-glutamate, and antibiotics (100 U/L penicillin and 100 μg/mL streptomycin) until cells reached 75% confluency. Cells were washed with PBS before feeding them with fresh medium and further incubated for 72 h (h). The conditioned medium (CM-DPMSCs) was collected, centrifuged to remove the dead cells, and stored at −80 °C for future use.




2.4. Treatment of MDA231 Cells and HMECs with DPMSCs


For direct cell–cell contact (IC) experiments, the culture system consisted of DPMSCs seeded in the reverse side of a 0.4 µm pore size membrane and MDA231 cells/HMECs seeded on the upper chamber (at a ratio of 1:1, 1:2, and 1:4 between DPMSCs to MDA/HMECs) of the membrane in a complete medium. Cells were incubated for 24 h at 37 °C in a cell culture incubator. For the soluble factor (SF) setting, the co-culture system consisted of MDA231 cells/HMECs seeded in the bottom of a 6-well plate and DPMSCs seeded in 0.4 μm pore size transwell membrane (cat# 9300402, cellQART, Northeim, Germany) for 24 h at a DPMSCs:MDA231 cells/HMECs ratio of 1:1, 1:2, and 1:4. For the treatment of MDA231 cells/HMECs with CM-DPMSCs, the CM was initially diluted in a complete medium to a working solution of 20%, 30%, and 40%. The diluted CM was then added to MDA231 cells/HMECs, and the cells were incubated for 72 h at 37 °C, before performing the functional and other assays.




2.5. Cellular Proliferation by MTS Assay


The proliferation of MDA231 cells and HMECs treated with DPMSCs and untreated controls was measured with an MTS kit (CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay, cat#G5421, Promega, Germany). MDA231 cells/HMECs were cultured with DPMSCs at different ratios and/or different concentrations of CM-DPMSCs at DPMSCs:MDA231 cells/HMECs (1:1, 1:2, 1:4, and 2:1) and CM-DPMSCs at 20%, 30%, and 40%. All cultures were performed in a culture medium as described above. MDA231 cell/HMEC proliferation was then assessed after 72 h of treatment using an MTS kit as instructed by the manufacturer. Briefly, the cells were incubated in an MTS solution for 4 h at 37 °C and the absorbance was recorded at 490 nm using an ELISA plate reader (Spectra MR, Dynex Technologies, Denkendorf, Germany). Results from triplicate samples were presented as mean ± standard errors. DPMSCs used in these experiments were initially treated with 25 μg/mL mitomycin C at 37 °C for 1 h to cease their proliferation, as previously described [24].




2.6. xCELLigence: Impedence-Based Assays


Various cellular functions, including the adhesion, proliferation, migration, and invasion, of MDA231 cells treated with or without DPMSCs were examined using an xCELLigence Real-Time Cell Analyzer system (RTCA-DP version; Roche Diagnostics, Mannheim, Germany). This is a widely used real-time cell analysis system that monitors continuous cellular events by recording label-free changes in electrical impedance, which is reported as the cell index [26,27,28].



For proliferation and adhesion, “E-Plate 16” (cat#05469813001, Roche Diagnostics, Basel, Switzerland) was used. Briefly, 100 μL of medium (with or without CM-DPMSCs) was added to each well of the plate and background impedance was recorded, as previously described [29]. The cells of each experimental group (treated with DPMSCs and untreated control) were seeded in four wells, and the plate was incubated at room temperature for 30 min (in order to reach an equilibrium) before placing it in the xCELLigence system at 37 °C in a cell culture incubator. The cell index was monitored for 72 h. Cellular adhesion was measured after 2 h, and the rate of cell proliferation was calculated after 72 h. Data were analyzed using RTCA xCELLigence, (Roche, Basel, Switzerland) software (version 1.2.1), and final data for proliferation were demonstrated after normalizing them with the adhesion data. Data for both adhesion and proliferation are expressed as mean normalized cell index with ± standard errors.



Specially designed 16-well plates, “CIM-16” (cat#05665825001, Roche Diagnostics, Basel, Switzerland), were used to record the migration potential of DPMSC-treated and untreated MDA231 cells. The CIM-16 migration plates have upper and lower chambers separated by a porous polyethylene terephthalate (PET) membrane (pore size of 8 μm) in conjunction with microelectrodes [29]. To the wells of the upper chamber 50 μL of pre-warmed serum-free media was added, and the plates were placed in the RTCA device and incubated at 37 °C in a cell culture incubator for 1 h to obtain equilibrium. MDA231 cells (treated or untreated controls) were seeded at a density of 20 × 103 in the upper chamber of the plate in 100 μL of medium. The plates were incubated at room temperature for 30 min to allow the cells to adhere to the membrane. A complete medium supplemented with 10% FBS was added to the lower chamber as a chemo-attractant for the migrating cells. The impedance value of each well was captured by the xCELLigence system after every 15 min for 24 h, as described above.



For the monitoring of cellular invasion, HUVECs at a density of 2 × 104 cells were added to a 16-well culture E-Plate to create a monolayer of cells. DPMSC-treated or untreated control MDA231 cells at a density of 1 × 104 cells were added to the HUVEC monolayer, as described earlier [30]. After 48 h, the cell invasion index (mean ± standard errors) was measured by calculating the normalized cell index at pausing time (15–20 h) of HUVEC growth. All experiments were performed with four sets of MDA231 cells treated independently with DPMSCs isolated from four different placentae.




2.7. Cell Migration, Invasion, and Angiogenesis Assays


The effect of DPMSCs on the migratory, invasiveness, and angiogenesis potential of MDA231 cells was further evaluated by the transwell and tube formation assays. For the migration assay, the cells were made to pass through 8 mm pore polycarbonate transwell inserts, and for invasion assay, the inserts were coated with Matrigel (cat#356235, BD Biosciences, San Jose, CA, USA). DPMSC-treated and untreated MDA231 cells were seeded with serum-free DMEM-F12 medium at a concentration of 2.5 × 103 cells/mL in the upper chamber of the inserts. A complete medium with 20% FBS was used as a chemo-attractant added to the lower chamber of the plate. After incubation for 24 h in a humidified cell incubator, the migrated/invaded cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. The cells were stained with 0.1% crystal violet and visualized as well as photographed under a light microscope (250× magnification). The rate of migration and invasion was determined after counting the migrated/invaded cells.



For the tube formation assay, 100 μL of Matrigel (cat#CLS356230, Merck, St. Louis, MO, USA) was plated into individual wells of a 96-well tissue culture plate and allowed to polymerize overnight at 37 °C in a cell culture incubator. Five experimental groups were used in the tube formation experiments. They included the DPMSCs as a control; the HUVECs as a positive control for tube formation; untreated MDA231 cells; MDA231 cells cultured in 40% CM-DPMSCs; and MDA231 cells co-cultured with DPMSCs at a ratio of 1:1. The cells were seeded at a density of 3 × 104 cells per well in a complete medium on the polymerized Matrigel and incubated for 14 h for tube formation. The tubes were visualized under an inverted Nikon ECLIPSE Ti U microscope (Nikon, Japan). Photomicrographs were recorded using a Nikon DS-Qi1 camera (Nikon, Japan), and nodes of the capillary network were counted. The results were presented as mean ± standard deviation. Experiments were conducted in triplicate and repeated at least three times.




2.8. RNA Expression Profiling by Real-Time PCR Analysis (RT-qPCR)


We used a Human Breast Cancer RT2 Profiler Kit (cat# PAHS-131Z, Qiagen, Hilden, Germany) to perform RNA expression profiling of MDA231 cells after treatment with DPMSCs or without treatment in a real-time polymerase chain reaction (RT-PCR) assay.



Total RNA was isolated from treated and untreated MDA231 cells using an RNEasy Mini Kit (cat#74104, Qiagen, MD, USA). It was transcribed into single-stranded cDNA using the FastLane cDNA Analysis Kit (cat#215011, Qiagen, MD, USA). An RT-PCR reaction was performed to detect the expression of 84 genes related to human breast cancer using a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA). Data were analyzed by calculating ΔΔ−2 values and expressed as fold change expression, as compared to the relative expression of housekeeping genes (GAPDH or β-actin) used as an internal control. Experiments were performed in triplicate and repeated three times using DPMSCs isolated from three different placentae.




2.9. Flow Cytometry


MDA231 cells treated with DPMSCs or untreated controls were harvested, and 1 × 105 cells were stained using fluorescent-conjugated monoclonal antibodies against the specific adhesion molecule as described above in the “antibodies and reagents” section, and as described before [30]. Briefly, the cells were incubated with respective antibodies for 30 min and washed with cold PBS at 8 °C. For the intracellular expression of the proteins, the cells were fixed with 4% paraformaldehyde in sterile PBS for 10 min at room temperature (RT), and permeabilized for 10 min at RT in PBS containing 0.1% saponin. Intracellular and cell-surface protein expression was assayed by a BD FACS CANTO II (Becton Dickinson, Bergen County, NJ, USA) flow cytometer. For significant detection of expression, 104 to 107 events were collected, stained, gated, and included in the graphical analysis of the data. The cells stained with PE-conjugated Mouse IgG1 kappa Isotype Control (P3.6.2.8.1), cat # 12-4714-82, and/or FITC-conjugated Mouse IgG1 kappa Isotype Control (P3.6.2.8.1), cat # 11-4714-81 (Thermo Fisher Scientific, Waltham, MA, USA) were used as a negative control.




2.10. Immunoblotting


DPMSC-treated MDA231 cells and untreated control cells were washed with PBS and lysed in 100 μL of cell lysis buffer (Cat#9803, Cell Signaling Technologies, MA, USA) containing protease and phosphatase inhibitors (wherever needed). Lysed cell suspension was centrifuged at 15,000 rpm for 5 min at 4 °C; the supernatant was collected and stored at −80 °C, for further use. Protein concentration was estimated by the Bradford assay method before electrophoresis. Thirty micrograms of lysate in an equal amount (v/v) of 2× Laemmli Sample Buffer (Cat#1610737, Bio-Rad, CA, USA) was denatured at 99 °C for 10 min before being loading onto a 10% SDS-PAGE gel. Resolved proteins were transferred onto a nitrocellulose membrane using a Mini Trans-Blot System (Bio-Rad, Hercules, CA, USA) at 100 V for 120 minutes. Non-specific antigens were blocked by Tris-buffered saline with 0.1% (v/v) Tween 20 (TBS-T) and 5% non-fat dry milk for 30 min at RT. Primary antibodies at a 1:1000 dilution in a TBS-T buffer containing 5% skimmed milk or BSA were added to the membranes and incubated overnight at 4 °C with continuous shaking. After being washed three times with TBS-T, the membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-goat or anti-rabbit secondary antibodies (R&D Systems, Minneapolis, MN, USA) at a 1:3000 dilution for 2 h at room temperature. The blots were washed three times with TBS-T, and the bands were visualized using SuperSignal™ West Pico (Cat#34577) or West Femto Chemiluminescent Substrate (Cat#34096, Thermo Fisher Scientific, Waltham, MA) in a ChemiDoc® visualization system (Bio-Rad, Hercules, CA, USA). Image-analyzing software, Image Lab (Bio-Rad, Hercules, CA, USA), was used to measure the density of the bands that were normalized with the density of bands obtained for β-actin as a loading control. The experiments were repeated three times using cells treated with DPMSCs isolated from three different placentae.



DPMSC-treated MDA231 cells and untreated control cells were washed with PBS and lysed in 100 μL of cell lysis buffer (Cat#9803, Cell Signaling Technologies, MA, USA) containing protease and phosphatase inhibitors (wherever needed). Lysed cell suspension was centrifuged at 15,000 rpm for 5 min at 4 °C; the supernatant was collected and stored at −80 °C, for further use. Protein concentration was estimated by the Bradford assay method before electrophoresis. Thirty micrograms of lysate in an equal amount (v/v) of 2x Laemmli Sample Buffer (Cat#1610737, Bio-Rad, CA, USA) was denatured at 99 °C for 10 min before being loading onto a 10% SDS-PAGE gel. Resolved proteins were transferred onto a nitrocellulose membrane using a Mini Trans-Blot System (Bio-Rad, Hercules, CA, USA) at 100 V for 120 minutes. Non-specific antigens were blocked by Tris-buffered saline with 0.1% (v/v) Tween 20 (TBS-T) and 5% non-fat dry milk for 30 min at RT. Primary antibodies at a 1:1000 dilution in a TBS-T buffer containing 5% skimmed milk or BSA were added to the membranes and incubated overnight at 4 °C with continuous shaking. After being washed three times with TBS-T, the membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-goat or anti-rabbit secondary antibodies (R&D Systems, Minneapolis, MN, USA) at a 1:3000 dilution for 2 h at room temperature. The blots were washed three times with TBS-T, and the bands were visualized using SuperSignal™ West Pico (Cat#34577) or West Femto Chemiluminescent Substrate (Cat#34096, Thermo Fisher Scientific, Waltham, MA) in a ChemiDoc® visualization system (Bio-Rad, Hercules, CA, USA). Image-analyzing software, Image Lab (Bio-Rad, Hercules, CA, USA), was used to measure the density of the bands that were normalized with the density of bands obtained for β-actin as a loading control. The experiments were repeated three times using cells treated with DPMSCs isolated from three different placentae.




2.11. Data Analyses


The statistical analyses were performed using GraphPad Prism ver 8.0 (GraphPad Software, La Jolla, CA, USA) and SPSS 22.0 (IBM, SPSS, Chicago, IL, USA). Each experiment was repeated at least three times to avoid experimental bias. Single-factor data between two groups were compared by one-way analysis of variance (ANOVA), while data of double factors in multiple groups were compared by two-way ANOVA. An unpaired t-test was applied for data comparison between two groups. Data are shown in bar graphs as means of values with ± standard error (SE) obtained from three independent experiments. A p-value of ≤0.05 was considered to be statistically significant.





3. Results


3.1. Temporal and Dose–Response Standardization


We evaluated the suitable concentration of CM-DPMSCs and the appropriate number of DPMSCs, which had a measurable effect on the basic functionality of the MDA231 cells. Initially, we have selected three ratios—1:1; 1:2, and 1:4—for DPMSCs to MDA231 cells/HMECs. For conditioned media treatment, the CM-DPMSCs doses at 20%, 30%, and 40% we selected. For cellular contact, the MDA231 cells or HMECs were treated in both intracellular (IC) and secretory factor (SF) settings. The cells were incubated for 24 h, 48 h, and 72 h to calculate the appropriate time where the maximum effect would be observed. An MTS assay was performed on the treated cells.



Both MDA231 cells and HMECs incubated for 24 h and 48 h either with CM-DPMSCs or the cellular component of DPMSCs did not show any change in their phenotypes (data not shown). Rather, as shown in Figure 1A(i),B(i), the co-cultured MDA231 cells in the IC setting did not show any change in proliferation at 1:2 and 1:4 concentrations for both HMECs as well as MDA231 cells. However, at a 1:1 concentration, the MDA231 cells showed a significant reduction (p < 0.05) in proliferation as compared to the untreated control. As expected, this effect was not observed for HMECs treated under similar conditions with DPMSCs (Figure 1A(i)). A similar phenotype was observed when the cells were co-cultured in the SF setting. As shown in Figure 1A(ii),B(ii), the cellular ratios at 1:2 and 1:4 for DPMSCs to MDA231 cells/HMECs did not exhibit any change in the growth behavior between the control and various treatment settings. However, as observed in the IC setting, the cellular ratio at 1:1 for DPMSCs to MDA231 cells in the SF setting also showed a significant reduction (p < 0.05) in the MDA231 proliferation as compared to the untreated control. As shown in Figure 1A(ii), this phenotype was not observed in DPMSC-treated HMECs.



In order to determine the appropriate dose of CM-DPMSCs, which has a measurable effect on the functional characteristics on MDA231 cells, three doses of CM-DPMSCs at 1%, 10%, and 20% were initially selected to treat HMEC and MDA231 cells. The cells were subjected to sustained treatment for three different time points at 24 h, 48 h, and 72 h. However, observing no significant changes in any of the CM doses or the time points (data not shown), the doses of CM-DPMSCs were increased to 30% and 40% and the test cells were treated for 72 h continuously, after which an MTS assay was performed. Figure 1A(iii) shows that the CM of DPMSCs did not modulate the proliferation of HMECs at any of the doses tested at any of the selected time points selected. In MDA231 cells, and as shown in Figure 1B(iii), after 72 h of sustained treatment with CM-DPMSCs the cells showed a dose-dependent reduction in overall proliferation, which reached a significant level (p < 0.05) at 30% CM-DPMSCs against 20% and the untreated control. This response was more robust for 40% CM-DPMSCs treated MDA231 cells incubated for 72 h, where a strong and significant decrease in proliferation was observed as compared to 20%, 30%, and the untreated control (Figure 1A(iii)). Based on the results obtained above, an exposure time of 72 h was chosen for the treatment of MDA231 cells with 40% CM-DPMSCs, and the ratio was chosen as 1:1 (for both IC and SF), to study their functional outcome.




3.2. Impact of DPMSCs (CM and Cells) on the Adhesion and Proliferation of MDA231 Cells


xCELLigence Real-Time Cell Analyzer (RTCA) was used to measure the effect of DPMSCs and their conditioned medium over MDA231 cells. After sustained incubation of MDA231 cells for 72 h with DPMSCs at a ratio of 1:1 at IC and SF settings, as well as at 40% concentration of CM-DPMSCs, the cells were washed with PBS before being harvested and subjected to cell analysis by xCELLigence RTCA. Untreated cells in a complete medium served as the control. The cell viability assay of MDA231 cells treated with the cellular component of DPMSCs at various ratios or with 40% CM-DPMSCs was found at 95%. MDA231 cells treated with higher concentrations of CM-DPMSCs showed decreased viability at >90%. In order to decipher the mechanism of action of the cells and the CM of DPMSCs, an exposure time of 72 h was chosen for the treatment of MDA231 cells with DPMSCs and 40% of CM-DPMSCs to study their functional consequences.



As shown in Figure 2A, the adhesion of MDA231 cells did not change significantly when treated with DPMSCs at a ratio of 1:1 in both IC as well as in SF settings in xCELLigence RTCA assays. However, treatment with 40% CM-DPMSCs reduced the adhesion of MDA231 cells significantly (p < 0.05) as compared to IC, SF, and untreated control groups. Figure 2A(i) shows the mean cell index recorded 2 h after the start of the experiment, comparing the untreated control MDA231 cells with different treated groups.



MDA231 cells exhibited a significant reduction (p < 0.05) in proliferation measured after 72 h of co-culturing with DPMSCs in IC and SF settings compared to the untreated control in an xCELLigence RTCA system (Figure 2B). Although 40% CM-DPMSCs diminished the proliferation of MDA231 cells significantly as compared to the untreated control, the overall reduction in proliferation was not similar to the co-culture settings. As shown in Figure 2B(i), the growth curves obtained in the xCELLigence RTCA corresponded to the normalized cell indices calculated for all experimental groups, where MDA231 cells show a significant reduction in overall proliferation in the IC and SF co-culture as well as with treatment of 40% CM-DPMSCs for 72 h.




3.3. DPMSCs Restrain the Invasive Characteristics of MDA231 Cells


As compared to the untreated control, the MDA231 cells co-cultured with DPMSCs in a ratio of 1:1 for DPMSCs to MDA231 cells showed a significant decrease (p < 0.05) in migration, as evaluated in an xCELLigence RTCA system (Figure 2C). Similarly, MDA231 cells treated with 40% CM-DPMSCs also showed a significant decrease (p < 0.05) in cellular migration as compared to the untreated control, similar to IC and SF settings (Figure 2C). The mean cell index was calculated from the xCELLigence RTCA data and reflected the similar trends of a significant decrease in the cellular migration of MDA231 cells against the treatment groups (Figure 2C(i)).



The cellular invasion of MDA231 cells co-cultured with DPMSCs in IC and SF settings or their treatment with 40% CM-DPMSCs showed a significant reduction (p < 0.05) in SF and CM treatment settings as compared to the untreated control (Figure 2D). As compared to the SF co-culture, although the IC setting showed a decreased invasiveness of MDA231 cells as compared to the untreated control, the reduction was not statistically significant (p > 0.05). The mean cell index of the invading cells reflected the trend, calculated from the data obtained in the xCELLigence RTCA analysis (Figure 2D(i)).



Similar results were observed in a transwell assay performed to assess the invasive and migratory potential of the MDA231 cells after treatment with cellular and secretory components of the DPMSCs. After co-culturing for 72 h in IC and SF settings, or treatment with 40% CM of DPMSCs, the cells were made to pass through an insert with a pore size of 8 µM for migration assays and Matrigel-coated inserts of the same pore size for invasion assays. As shown in Figure 3A, as compared to the untreated control the co-culture of MDA231 cells with DPMSCs in the IC and SF settings exhibited significantly reduced (p < 0.05) the number of cells that migrated through the membrane (Figure 3A(i)). Similarly, the treatment of MDA231 cells with CM-DPMSCs for 72 h and subsequent transwell assay demonstrated a significantly reduced (p < 0.05) rate of migration (Figure 3A,A(i)). This is in agreement with the results obtained in the xCELLigence RTCA assays.



The invasion of MDA231 cells treated with the cellular component and CM of DPMSCs was further examined by a transwell assay using the Matrigel-coated membrane inserts. The infiltration of MDA231 cells (which are highly invasive in nature) through the Matrigel-coated membrane defines their invasion potential. The invaded cells were stained with crystal violet and counted. As compared to the untreated control, the invasion of MDA231 cells co-cultured with DPMSCs in the IC setting for 72 h did not change significantly (p > 0.05). However, MDA231 cells co-cultured with DPMSCs in the SF setting for 72 h as well as the MDA231 cells treated with 40% CM-DPMSCs for 72 h, exhibited a significant reduction (p < 0.05) in invasion across the Matrigel-coated membrane (Figure 3B,B(i)), indicating that DPMSCs alter the invasive potential of MDA231 cells.



MDA231 cells have the ability to form tubes in the angiogenesis assay, while this feature is absent in the placental mesenchymal stem cells that include the DPMSCs [23]. In order to ascertain the effect of DPMSCs on the tube formation feature of MDA231 cells, we performed an angiogenesis assay. As shown in Figure 3C, the tube formation capability of MDA231 cells was obliterated after treatment with 40% CM-DPMSCs or the cellular component of DPMSCs. Figure 3C(i) shows the reduction in the number of nodes in the treated experimental groups as compared to the untreated controls: MDA231 cells and HUVECs.




3.4. Modulation of Functionally Relevant Effectors in MDA231 Cells in Response to DPMSCs


The expression of the important molecules responsible for the modulation of the functional characteristics of MDA231 cells, after treatment with DPMSCs, was studied by RT-PCR analysis and by flow cytometry. An RT2 Profiler™ PCR Array Human Breast Cancer kit was used to estimate the expression of proteins involved in oncogenesis and cancer progression. Table 1 depicts the modulation in the expression of numerous molecules in MDA231 cells after treatment with either the cellular component or secretome of DPMSCs. These molecules have either tumor suppressor or oncogenic properties. Various tumor suppressor genes, including BRCA1, BRCA2, FOXA1, GATA3, PTEN, RARB, etc., were upregulated in MDA231 cells after treatment with DPMSCs in both IC and SF settings, as well as when treated with 40% CM of the DPMSCs. In addition, a number of effector molecules, such as MUC1, XBP1, CTSD, ABCB1, etc., were downregulated in MDA231 cells after treatment with DPMSCs in IC and/or SF settings, or their secretome at 40% concentration.



In addition, we analyzed the expression of a few cell cycle proteins in MDA231 cells involved in cell cycle progression and/or apoptosis after their treatment with DPMSCs. Figure 4 shows that the expression of p53 increased significantly (p < 0.05) in MDA231 cells treated with DPMSCs in IC and SF settings, as well as with 40% CM of DPMSCs, as compared to the untreated control (Figure 4A,A(i)). Although caspase-3 cleaved in MDA231 cells after treatment with the cells and secretome of DPMSCs, the total expression was not significantly different (p > 0.05) as compared to the untreated control (Figure 4B,B(i)). The phosphorylation of the Rb protein at serine 807 (S807) decreased significantly (p < 0.05) in MDA231 cells after treatment with DPMSCs’ cellular component or their secretome as compared to untreated control cells (Figure 4C,C(i)). Similarly, the MDA231 cell expression of Chk1 kinase after treatment with DPMSCs decreased significantly (p > 0.05) in the IC setting, while no significant change in expression levels was observed in SF and CM treated cells, as compared to the untreated control (Figure 4D,D(i)). Treatment of MDA321 cells with DPMSCs resulted in a significant increase (p > 0.05) in Chk2 in IC as compared to the SF, CM, and untreated controls ((Figure 4E,E(i)).



Various effectors responsible for the adhesion of MDA231 to its cellular matrix were assessed after their treatment with DPMSCs in IC and SF settings as well as after treatment with the CM of DPMSCs. In the flow cytometry assay the expression of CD31/PECAM1 in MDA231 cells decreased significantly after treatment with DPMSCs in both IC and SF settings of the cellular component as well as their secretome, as compared to the untreated control (Figure 5A,A(i)). The expression of EpCAM/TROP-1 in MDA231 cells treated with DPMSCs exhibited a significant reduction in the SF setting only, and interestingly it was slightly increased in the IC setting as compared to the control. Although MDA231 cells treated with 40% CM of DPMSCs showed a decrease in EpCAM/TROP-1 expression as compared to the untreated control, the decrease was not statistically significant (p > 0.05) (Figure 5B,B(i)). A similar trend was observed for integrin alpha 5/CD49e expression in DPMSC-treated MDA231 cells. As shown in Figure 5C,C(i), IC treatment did not alter the expression of integrin alpha 5/CD49e as compared to the untreated control. However, after treatment under SF conditions and with 40% CM of DPMSCs the MDA231 cells exhibited significantly reduced (p < 0.05) levels of integrin alpha 5/CD49e as compared to the untreated control (Figure 5C,C(i)). MDA231 cells treated with DPMSCs under IC, SF, and 40% CM of DPMSCs conditions showed a significant reduction in ICAM1 levels in all the treatment groups tested, as compared to the untreated control (Figure 5D,D(i)). The results of all these molecules were recorded as mean fluorescence index (MFI) units.





4. Discussion


We have previously reported the isolation and characterization of human placental mesenchymal stem cells from the decidua region of the placenta, the decidua parietalis (DPMSCs). DPMSCs express and secrete several important factors, which have the ability to modify the functional activities of their target cells. They are multipotent cells that differentiate into multiple lineages and possess immunomodulatory properties [21]. DPMSCs induce natural killer cell expression of inflammatory receptors, and thus have the ability to enhance NK-cell-mediated anti-cancer activities [48]. We have recently reported that DPMSCs not only survive and function normally in the cancer microenvironment, but that their anti-cancer properties are enhanced in the harsh and toxic environment of a tumor [24]. These distinctive properties of DPMSCs make them an attractive therapy against inflammatory diseases such as cancer.



For their successful application as a therapy against cancer, we investigated the effects of the cellular component as well as the secretome of the DPMSCs on the functional consequences of the breast cancer cell line MDA231. In addition, the phenotypic and genotypic modulations were evaluated after the treatment of MDA231 cells with DPMSCs and the conditioned media obtained from them. The appropriate number of DPMSCs and the specific dose of the secretory component that has a measurable effect on the performance of cancer cells was necessary to be determined in a given time. These spatiotemporal effects were measured while treating the cancer cells directly with the DPMSCs or with the CM, for a specific period with a specific number of the cells and a specific dose of CM-DPMSCs, and measuring their effect. In order to differentiate between their effect on cancer and on normal tissues, our studies show that DPMSCs did not alter the survival of the HMECs, in IC, SF, or with the different concentrations of the CM. Interestingly, a co-culture of MDA231 cells with DPMSCs in IC and SF settings, as well as with treatment with 40% CM, resulted in a decrease in cellular viability, as observed in Figure 1. We have reported previously that, under the influence of cancer-conditioned media mimicking the cancer microenvironment, DPMSCs secrete a variety of anti-proliferative molecules, including IL-6, CCL13, CCL24, CXCL16, CSF1, and IL-1RN [24], which may have suppressed the cellular viability by reducing the proliferative potential of MDA231 cells when treated with DPMSCs in IC and SF settings, as observed in Figure 1A(i),A(ii). Moreover, normal HMECs did not create a conducive environment for DPMSCs to exert any such effect that may in turn be detrimental to them, and thus no change in cellular phenotype was observed, as shown in Figure 1B(i),B(ii). Interestingly, the treatment of MDA231 cells with the CM show a significant decrease (Figure 1A(iii)) in their overall viability as compared to the HMECs (Figure 1B(iii)) treated with the same doses under similar conditions. MSCs have been shown to secrete various factors, including cytokines, chemokines, growth factors, etc. Conditioned media obtained from such cells exert their influence on the target cells, resulting in immunomodulation, tissue regeneration, and anti-apoptosis [49]. However, the selective impact of CM-DPMSCs on the cancer cells and not on the normal primary cells may be because of the interaction of the unidentified components present in the CM, with the secretory factors of the cancer cells, that eventually bring about a change in their overall survival. However, further investigation is needed to identify the specific molecules involved in the modulation of MDA231 functions by the DPMSCs.



A subtle decrease in viability in MDA231 cells after treatment with cellular or secretory products of the DPMSCs supports the concept that their sustained treatment may modulate other functional characteristics of the MDA231 cells. The suppression of adhesion molecules increases the detachment of cancer cells into the lymphatic or blood stream, which takes them into distant sites where they settle and proliferate, eventually resulting into a new tumor: the process called metastasis [50]. Adhesion between the cells and the extracellular matrix play a pivotal role in tissue architecture and integrity. It regulates cellular proliferation, cellular migration, and invasion, thereby regulating metastasis in various cancers [51]. A co-culture of DPMSCs with MDA231 cells in IC and SF settings, as well as their CM, did not alter the adhesion potential of the MDA231 cells significantly as compared to the untreated control (Figure 2A). As reported earlier [24], in the cancer microenvironment DPMSCs secrete pro-adhesive molecules, including BMP2, CX3CL1, and VEGFA, which may regulate the adhesive properties of MDA231 cells through their paracrine effect or through their secretome; this needs to be examined. Furthermore, FACS analysis exhibited a significant decrease in integrin alpha 5/CD49e, which is overexpressed in colon, breast, ovarian, lung, and brain tumors and is associated with a poor prognosis for patients [52]. The expression of the ICAM1 protein leads to the activation of multiple pathways with key roles in different stages of metastatic progression [53]. Soluble forms of ICAM1 enhance the pro-metastatic phenotype as well as pro-inflammatory and oncogenic signaling in lung and gastric cancer patients [54,55,56]. In addition, the modulation in expression of other adhesion molecules, including PECAM1 and EpCAM (Figure 5), suggest that DPMSCs stabilize the adhesion of MDA231 cells, thereby inhibiting the metastasis phenotypes.



MDA231 cell proliferation reduced significantly after co-culturing with DPMSCs in IC and SF settings, as well as after treatment with their secretory products, as observed in Figure 2B. This is in accordance with the earlier reported results, where umbilical cord MSCs were shown to reduce proliferation and induce apoptosis in the U251 human glioma cell line [57]. In addition, it has been reported that a co-culture of MSCs isolated from various sources suppresses tumor growth and proliferation in brain [18,57,58,59,60], breast [61,62,63], lung [57], colorectal [57,64], ovarian [65], and esophageal [63] cancers. MSCs in therapy are considered as a double-edged sword, with both immunosuppressive as well as immune-enhancing properties that depend upon the tissue of their origin as well as the target tissue or pathological condition [66]. Although MSCs isolated from many tissues have shown favorable responses against cancer and other diseases, as described above, the outcome may not be favorable with every MSC type used in every disease setting. One such example is that bone marrow MSCs have been shown to contribute to the adaptation and invasiveness of breast cancer cells in skeletal tissues [67]. These findings suggest that utmost care must be taken while selecting MSCs for therapeutic purposes, as they may prove counterproductive in certain settings.



The upregulation of various tumor suppressor genes and downregulation of various oncogenes were observed in MDA231 cells after their co-culturing with DPMSCs, as well as after treatment with their secretory products (Table 1). Among them include important tumor suppressor genes, such as BRCA1 and BRCA2 [31], FOXA1 and GATA3 [32], NME1 [33], PTEN [34], RARB [35], CDKN1A, CDKN2A [36], TP53 [38], etc. CDKN1A, also called as P21, binds to and inhibits the activity of cyclin-dependent kinase (CDK) complexes. Its expression is controlled by the tumor suppressor protein p53, and it mediates the p53-dependent cell cycle G1 phase arrest [68]. CDKN2A or ARF stabilizes the tumor suppressor protein p53 and sequesters E3 ubiquitin-protein ligase (MDM2), which is responsible for the degradation of p53 [69]. A decrease in functional characteristics, including proliferation in MDA231 cells treated with DPMSCs, may be mediated through the p53-CDKN1A-CDKN2A pathways. However, further studies need to be performed to validate it. Among the most prominent downregulated genes in MDA231 cells after their treatment with DPMSCs are MUC1 [41], XBP1 [42], CTSD [43], ABCB1 [44], etc. Modulation in the expression of these genes may play an important role in regulating the proliferation of MDA231 cells co-cultured with DPMSCs. The exact mechanism underlying their pro-proliferative effects on DPMSCs will be examined in a future study.



The peculiar feature of advanced stage cancer is its metastasis to neighboring or distant tissues and organs. The dissemination of cancer cells from the primary site to other organs as well as their survival and proliferation increase the chances of mortality in cancer patients [70]. In metastasis, the cancer cells utilize their cellular migration and invasion properties to detach from the primary site, their intravasation into the blood and lymphatic system, and invade distant tissues and develop into a secondary tumor [71,72]. Increased migration and invasive properties require the expression of important genes responsible for cell motility [73]. A co-culture of MDA231 cells in an IC or SF setting as well as their treatment with the secretome of DPMSCs resulted in a significant decrease in their migration as well as invasive phenotypes (Figure 2C,D and Figure 3A,B). This in in accordance with our previous report that cancer-conditioned media modulate the expression of numerous genes in DPMSCs, which are involved in cellular migration and invasion. It has been reported that human cord blood MSCs decrease the cellular invasion and migration of a glioblastoma cell line through their downregulation of PI3K/AKT, c-Myc/ERK, and EGFR/c-Met activities [59]. Involvement of Wnt signaling has also been reported to hamper the cellular migration of breast cancer by MSCs isolated from adipose and human umbilical cord tissues [74,75].



Angiogenesis or neovascularization is another important step during oncogenesis, and is an important hallmark in cancer development and progression [76]. Since DPMSCs did not undergo angiogenesis as they failed the tube formation assay, we assessed if they have an impact on the angiogenic properties of MDA231 cells. Co-culturing (IC) as well as the secretory factors in the CM significantly inhibited the tube formation potential of MDA231 cells (Figure 3C). Our results are in agreement with similar studies performed on glioblastoma cells using human bone marrow as well as human cord blood MSCs. Both the bone marrow as well the cord blood MSCs not only inhibited tumor growth, but also decreased angiogenesis in glioblastoma cell lines involving IL1β, FAK, and AKT pathways [77,78].



MDA231 cells, after treatment with DPMSCs, showed a significant decrease in proliferation in IC and SF settings, as well as after treatment with the CM of DBMSCs. In order to dissect the mechanism behind this phenotype, we evaluated the expression status of a few cell effector molecules involved in cell cycle progression and apoptosis pathways. mRNA profiling of the MDA231 cells after treatment with DPMSCs exhibited modulation in the expression of multiple effector molecules with pro-apoptotic and cell checkpoint roles (data not shown). Proteomic analysis of targets such as p53, caspase-3, phosphor-Rb (S807), and Chk1 as well as Chk2 was performed in MDA231 cells after treatment with DBMSCs, for validation purposes. The results demonstrated a significant increase in the expression of p53, repression in the phosphorylation of pRB, a significant decrease in Chk1 expression, and a significant increase in Chk2 expression. In addition, the treated cells demonstrated cleavage of caspase-3, a strong indicator of an apoptosis pathway (Figure 4). However, it is not clear if any one specific or all the pathways mediate the pro-apoptotic signals in DPMSC-treated MDA231 cells. p53 is a tumor suppressor gene that functions to inhibit the proliferation of abnormal cells, thus suppressing neoplastic development [38]. It activates various anti-proliferative pathways by activating or restraining the functions of key effector genes involved [79]. Hypo-phosphorylated RB binds and sequesters the E2F/DP family of transcription factors, restricting the transcription of genes responsible for the G1-to-S phase transition of the cells. This cell cycle inhibitory function is abrogated when pRB undergoes phosphorylation at S807 [80,81]. Chk1 phosphorylates the main regulators during DNA damage, rendering them inactivated, thus blocking G2/M transition. It is also responsible for DNA damage response, S and M phases, and G2/M transition cell phases in the cell cycle [82]. Chk2, a serine/threonine kinase, is a key component of the DNA damage response. It is activated under various cellular stresses and induces the cellular response, including cell cycle checkpoint activation, the induction of apoptosis, or senescence [83]. Similarly, caspase-3 plays a key role in cellular proliferation by activating calcium-independent phospholipase A2, which increases the synthesis and release of PGE2 through arachidonic acid. PGE2 has been reported to increase tumor growth in many cancers, including colon, prostate, breast, lung, etc. [84].



The overall results of this study suggest that DPMSCs, as well as their secretome, induces the loss of functional capabilities, including apoptosis in the MDA231 cell line, in vitro. The results indicate that DPMSCs may be considered as a major cornerstone in the field of cellular therapy, in parallel to CAR T-cell and similar therapies.



The limitation of this study is that it is performed in a lab setting and the results obtained are purely based on the in vitro studies. The authenticity of these findings must be validated in preclinical studies in animals, followed by phase I clinical trials. Therefore, these studies may need to be executed in animal models to further validate their efficiency, anti-tumor mechanism of action, safety profiles, pharmacokinetics, and pharmacodynamics before their application in human cancer therapies.




5. Conclusions


In this study, we investigated the usability and feasibility of the DPMSCs and their secretory products as therapeutic agents against cancer. Both the cellular component and the conditioned media isolated from the DPMSCs did not alter the adhesion of MDA231 cells, but inhibited the proliferation of MDA231 cells. In addition, DPMSCs restricted other functional activities of MDA231 cells, including migration, invasion, and angiogenesis. Under the influence of DPMSCs and their secretome, the MDA231 cells expressed upregulation of multiple pro-apoptotic genes and downregulation of many oncogenes, explaining the mechanism behind their anti-tumor properties. These data demonstrate the possibility of using DPMSCs as therapeutic agents against cancer. However, a more comprehensive study plan including preclinical studies are needed to further confirm their therapeutic potential and to assess their pharmacokinetics as well as pharmacodynamics for cancer treatment purposes.
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Figure 1. Dose curve of DPMSCs and CM for treatment of MDA231 cells and HMECs: The effect on MDA231 cells (A) and HMECs (B) in response to different ratios of DPMSCs and different concentrations of CM-DPMSCs at 72 h, post-treatment, using an MTS assay system. After treatment, the proliferation of MDA231 cells did not change in response to the ratios of 1:2 and 1:4 pertaining to DPMSCs to MDA231 cells, as compared to untreated controls. At a 1:1 ratio MDA231 cell proliferation reduced significantly in the IC setting (A(i)) as well as in the SF setting (A(ii)) as compared to untreated control groups. MDA231 cells demonstrated a significant reduction in growth rate when treated with CM at 30% as well as at 40% concentration as compared to 20% CM treatment and the untreated control (A(iii)). In comparison, DPMSCs did not have any effect on HMEC cell proliferation in the IC (B(i)) or SF (B(ii)) settings as well as at various concentrations of CM of DPMSCs tested (B(iii)). IC: intracellular contact; SF: soluble factors; and CM: conditioned media. Mean OD is the mean of absorbance obtained from three individual experiments. Bars represent standard errors. * p < 0.05. 
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Figure 2. Effect of DPMSCs on MDA231 cell functions: MDA231 cell functions pertaining to cellular adhesion, proliferation, migration, and adhesion, as evaluated by an xCELLigence RTCA system. In response to 1:1 (DPMSCs:MDA231 cells) cellular ratios in the SF setting, and at 40% CM of DPMSCs, MDA231 cell adhesion decreased as compared to the IC setting and the untreated control ((A) and (A(i))). The proliferation of MDA231 cells decreased significantly after treatment with DPMSCs at a 1:1 ratio in IC and SF settings, as well as when treated with 40% CM, as compared to the untreated control ((B) and (B(i))). MDA231 cell migration decreased significantly when treated with the cellular component of DPMSCs in both IC and SF settings, as well as when treated with the CM of DPMSCs, as compared to the untreated control ((C) and (C(i))). The invasion of MDA231 cells did not change significantly when treated with DPMSCs in the IC setting, but in the SF setting as well as after treatment with 40% of CM the invasiveness of MDA231 cells decreased significantly as compared to the untreated control cells ((D) and (D(i))). Each experiment was repeated three times with DPMSCs isolated from five different placentae. Bars represent standard errors. * p < 0.05. 
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Figure 3. Effect of DPMSCs on MDA231 cell functions: The migration of MDA231 cells after treatment with DPMSCs in IC and SF settings, and after treatment with 40% CM, by a transwell assay. Treated MDA231 cells with DPMSCs in IC and SF settings, as well with 40% CM of DPMSCs, migrated at a significant slower rate through the 8 µM pore of a transwell filter as compared to the untreated control cells. Panel (A) shows the photomicrographs of the migrated cells under various treatment conditions. The percentage of migrated cells is presented in a bar graph (A(i)). The invasion of MDA231 cells treated with DPMSCs in IC and SF settings, as well as with 40% CM of DPMSCs was examined by a Matrigel-coated transwell insert with a pore size of 8 µM, as described in the Material and Methods section. MDA231 cells treated with DPMSCs in the SF setting, as well as the cells treated with 40% CM, showed a significant reduction in cellular invasion as compared to the IC treatment and to the untreated control experiment groups. Panel (B) shows the photomicrographs of MDA231 cells that invaded through the Matrigel-coated membrane cells under different treatment conditions. The percentage of invaded cells is presented as a bar graph (B(i)). DBMSCs did not form the vascular tubes, rather HUVECs (as control) and MDA231 cells formed the tubes on the Matrigel-coated plates. The CM of DPMSCs, as well as with their cellular component, significantly reduced the tube formation capability of MDA231 cells (C). The bar diagram represents the average number of tubal nodes calculated from five different fields (C(i)). Scale bars, 100 μM. Values are represented as means ± SE, * p < 0.05. 
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Figure 4. Immunoblotting of cell-cycle-associated proteins: Immunoblotting of selected proteins involved in important cellular functions was performed on MDA231 cells after treatment with DPMSCs. Expression levels of p53 increased significantly in IC and SF settings, as well as after treatment with 40% CM of DPMSCs (A). After treatment, caspase-3 cleaved into P17 and P19 components (B). The phosphorylation of the Rb protein at S807, as well as the total levels of Chk1 proteins, decreased significantly in IC settings as compared to control, SF and CM (C,D), whereas Chk2 protein expression levels increased significantly in MDA231 cells after treatment with DPMSCs (E). Bars at (A(i), B(i), C(i), D(i), and E(i)) represent the density of the bands, measured using Image Lab® software. Values are represented as means ± SE, * p < 0.05. 
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Figure 5. Effect of DPMSCs on MDA231 cell expression of adhesion molecules. Flow cytometry analysis of the adhesion molecules performed on DPMSC-treated MDA231 cells or untreated controls showed a significant decrease in the expression levels for PECAM in IC, SF, and CM settings as compared to the untreated control (A). EpCAM/TROP-1 was reduced significantly in MDA231 cells in the SF setting as compared to IC and CM settings, as well to the untreated control (B). The expression of integrin alpha 2/CD49e, showed a significant decrease in SF and CM treatment conditions (C), whereas ICAM1 was significantly reduced in all the treatment conditions tested (D). Bar graphs represent the data obtained from three independent experiments and are shown as mean florescence index (MFI) units pertaining to CD31/PECAM1 (A(i)), EpCAM/TROP1 (B(i)), integrin alpha 5/CD49e (C(i)), and ICAM1 (D(i)). Bars represent standard errors. * p < 0.05. 
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Table 1. The modulation of gene expression in MDA231 cells after treatment with DPMSCs.
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Tumor Suppressor Genes




	
Gene Symbol

	
Gene Name

	
Function

	
Expression

	
References




	
IC

	
SF

	
CM




	
BRCA1

	
Breast cancer gene 1

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[31]




	
BRCA2

	
Breast cancer gene 2

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[31]




	
FOXA1

	
Forkhead box protein A1

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[32]




	
GATA3

	
GATA binding protein 3

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[32]




	
NME1

	
NME/NM23 nucleoside diphosphate kinase 1

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[33]




	
PTEN

	
Phosphatase and tensin homolog

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[34]




	
RARB

	
Retinoic acid receptor b

	
Tumor suppressor

	
Up

	
Up

	
Up

	
[35]




	
CDKN1A

	
Cyclin-dependent kinase inhibitor 1A

	
Tumor suppressor

	
Up

	
Up

	
NSC

	
[36]




	
CDKN2A

	
Cyclin-dependent kinase inhibitor 2A

	
Tumor suppressor

	
Up

	
NSC

	
Up

	
[36]




	
CDKN1C

	
Cyclin-dependent kinase inhibitor 1C

	
Tumor suppressor

	
NSC

	
Up

	
Up

	
[36]




	
CDH13

	
Cadherin 13, H-cadherin

	
Tumor suppressor

	
Up

	
NSC

	
Up

	
[37]




	
TP53

	
Tumor protein p53

	
Tumor suppressor

	
Up

	
NSC

	
Up

	
[38]




	
ESR2

	
Estrogen receptor beta

	
Tumor suppressor

	
NSC

	
Up

	
NSC

	
[39]




	
APC

	
Adenomatous polyposis coli

	
Tumor suppressor

	
NSC

	
NSC

	
Up

	
[40]




	

	
Oncogenes

	

	

	

	




	
Gene Symbol

	
Gene Name

	
Function

	
Expression

	
References




	
IC

	
SF

	
CM




	
MUC1

	
Mucin 1

	
Oncogene

	
Down

	
NSC

	
Down

	
[41]




	
XBP1

	
X-box binding protein 1

	
Oncogene

	
Down

	
NSC

	
NSC

	
[42]




	
CTSD

	
Cathepsin-D

	
Oncogene

	
NSC

	
Down

	
Down

	
[43]




	
ABCB1

	
ATP-binding cassette sub-family B member 1

	
Oncogene

	
NSC

	
Down

	
NSC

	
[44]




	
CCNA1

	
Cyclin A1

	
Oncogene

	
NSC

	
NSC

	
Down

	
[45]




	
ID1

	
Inhibitor of differentiation/DNA binding 1

	
Oncogene

	
NSC

	
NSC

	
Down

	
[46]




	
SERPINE1

	
Plasminogen activator inhibitor-1

	
Oncogene

	
NSC

	
NSC

	
Down

	
[47]








Up: upregulation; Down: downregulation; and NSC: no significant change observed.
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