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Abstract

:

Tumor-associated macrophages (TAMs) have been found to be associated with the progression and metastasis of breast cancer. To clarify the mechanisms underlying the crosstalk between TAMs and cancer stem cells (CSCs) in breast cancer recurrence and metastasis, we used a co-culture model of macrophages and apoptotic human breast cancer cell line MCF-7 cells to investigate the effects of TAMs on MCF-7 in vitro and in vivo. Macrophages co-cultured with apoptotic MCF-7 had increased tumor growth and metastatic ability in a nude mouse transplantation assay. The macrophages exposed to apoptotic cells also induce an increase in the proportion of CD44+/CD24− cancer stem-like cells, as well as their proliferative ability accompanied with an increase in mucin1 (MUC1) expression. During this process, macrophages secreted increased amounts of interleukin 6 (IL-6) leading to increased phosphorylation of signal transducers and activators of transcription 3 (STAT3), which likely explains the increased transcription of STAT3 target genes such as TGF-β1 and HIF-1α. Our results indicate that when cancer cells endure chemotherapy induced apoptosis, macrophages in their microenvironment can then activate cancer stem cells to promote cancer growth and metastasis by secreting IL-6, which activates STAT3 phosphorylation to regulate the transcription of its downstream target genes.
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1. Introduction


Breast cancer is one of the most threatening diseases in females worldwide, with high incidence and fatality rates, accounting for approximately 23% (1.38 million) of all new cancer cases annually [1]. Metastasis and recurrence are common occurrences for breast cancer patients, despite surgical ablation, chemotherapy and radiotherapy diminishing or even eradicating the visible primary focus [2,3]. Tumor metastasis consists of a series of discrete biological processes that move a tumor cell from a primary neoplasm to a distant location [4]. Cancer cells cannot finish all of these steps by themselves; metastatic breast cancer development depends upon essential contributions from the tumor microenvironment, which consists of adipocytes, fibroblasts, a wide range of hematopoietic cells, as well as newly formed blood and lymphatic vessels, and their associated cells [5]. Tumor associated macrophages (TAMs) are a predominant component of the tumor mass in malignant carcinoma, particularly in breast cancers, where they can represent up to 50% of the tumor mass, and appear to be pivotal for orchestrating breast cancer development [6].



Accumulating evidences implicate TAMs in promoting metastasis of tumor cells to distant sites [7,8]. Removal of macrophages from many tumor models slowed the rate of tumor progression to the most malignant stage and reduced the rate of metastasis [9,10]. Macrophages appear to influence cancer metastasis at many stages in the processes. TAMs secrete extracellular material (ECM)-degrading enzymes, such as cathepsins, matrix metalloproteinases (MMPs), and serine proteases, which can proteolytically degrade the intracellular matrix, and thus loosen the fibrous connective tissue surrounding the tumor, enabling tumor cells to escape from the tumor mass and allow local invasion or entry to the circulation to initiate dispersion to a distant site [11]. In addition, TAMs can induce angiogenesis, which will not only supply nutrients and oxygen but also increase the availability of routes of entry into the systemic bloodstream, as newly formed vessels are highly permeable and have incomplete basement membranes [12]. Macrophages also enhance the ability of tumor cells to enter blood vessels through colony-stimulating factor (CSF-1) and epidermal growth factor (EGF) receptor signaling [13]. Recently, in vitro research has demonstrated an alternative mechanism for the promotion of breast cancer cell invasion by TAMs might be through macrophage-secreted exosomes, which would deliver invasion-potentiating miRNAs to breast cancer cells [14].



Little research has been conducted concerning the role of macrophages in cancer recurrence and metastasis after chemotherapy. Chemotherapy often leads to apoptosis of cancer cells, which potentially modify the physiological state of TAMs. To further examine the role of TAMs in the initiation and progression of metastasis, here, we established a post-chemotherapy cancer microenvironment model using the breast cancer cell line MCF-7 cultured in medium from a co-culture of macrophages and apoptotic breast cancer cells. We show that macrophages play a crucial role in promoting breast cancer relapse and metastasis after chemotherapy through a secreted factor.




2. Results


2.1. Macrophages Could Increase the Proportion of CD44+/CD24− Cancer Stem Cells after Co-Culture with Apoptotic MCF-7 Cells


To mimic the breast cancer microenvironment treated with chemotherapy, we cultured MCF-7 with several different types of macrophage-conditioned media, media conditioned by only macrophages, by macrophages co-cultured with MCF-7 cells, and macrophages co-cultured with apoptotic MCF-7 cells. The co-culture with apoptotic cells is a model of the chemotherapy induced microenvironment. We used H2O2, which is toxic to cells and induces hypoxia [15], to induce apoptosis in MCF-7 cells. Levels of apoptosis induced by H2O2 were examined using flow cytometric analysis after PI-Annexin V co-staining of the cells. H2O2 induces an apoptotic effect on the human MCF-7 cell line, with 0.3 mM H2O2 generating nearly 100% apoptosis in these cells (Figure 1A). All further experiments used 0.3 mM H2O2 to generate apoptotic MCF-7 cells.



Cancer stem-like cells are a small subpopulation of cells found in all types of cancer, including breast cancer, which have been shown to be highly tumorigenic and exhibit some stem cell characteristics such as self-renewal and the ability to form tumor spheres [16]. CD44+/CD24− cells are considered to be the cancer stem-like cells in breast cancer [17,18], and we use this group as an indicator of the proportion of cancer stem-like cells in our cell populations. In our research, 5.09% ± 0.55% of the MCF-7 cells grown in normal media are CD44+/CD24−. Growing MCF-7 cells in media conditioned by only macrophage cells (Mac group) or only apoptotic MCF-7 cells (Apo group) showed no significant difference in their percentage of CD44+/CD24− MCF-7 (Figure 1B). When cells were grown in a conditioned media generated by normal MCF-7 cells and macrophages (CoM group) only a slight non-significant increase in the percentage of the CD44+/CD24− was detected (Figure 1B). In contrast, when MCF-7 cells were cultured in conditioned media derived from the co-culture of macrophages and apoptotic MCF-7 (CoA group), our chemotherapy microenvironment model, a significant increase in the percentage of CD44+/CD24− cells, up to 12.17% ± 1.05%, was seen (Figure 1B). These results imply that the conditioned media from the CoA group contains a secreted factor that is not present in the conditioned media from the Mac or CoM groups that increases the percentage of CD44+/CD24− cells, potentially cancer stem-like cells, in a breast cancer cell line.
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Figure 1. Analysis of CD44+/CD24− subpopulations in MCF-7 cells. (A) Analysis of the apoptotic effect of H2O2 on MCF-7 cells. Percentage of apoptotic cells is the sum of the events in the upper right and lower right quadrants; (B) Flow cytometry analysis and quantification of the size of the CD44+/CD24− subpopulation of MCF-7 cells treated with different types of conditioned media. Results are typical of three independent experiments. Data represent means ± S.E. (n = 3). * p < 0.05, *** p < 0.001 (Mac: conditioned media from macrophages alone; Apo: conditioned media from apoptotic MCF-7 cells alone; CoM: conditioned media from a co-culture of macrophages and MCF-7 cells; CoA: conditioned media from a co-culture of macrophages and apoptotic MCF-7 cells). 
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2.2. MCF-7 Cells Cultured in Conditioned Media from a Co-Culture of Macrophages and Apoptotic MCF-7 Show Increased Tumor Growth and Metastatic Ability in Vivo


To determine whether change in the proportion of CD44+/CD24− cells induced by the co-culture of macrophages with apoptotic MCF-7 cells influence the malignancy of these cancer cells we tested the tumorigenicity of the MCF-7 cells exposed to the conditioned media using the nude mice model. MCF-7 cells cultured in normal media (i.e., not conditioned) are capable of forming neoplasm by two weeks after subcutaneous injection, although they grow at a slow rate (Figure 2A). Macrophage conditioned media (Mac group) did not significantly change the growth rate of the neoplasm, however, MCF-7 cells exposed to conditioned media from macrophages grown with apoptotic MCF-7 cells (CoA group) grew at a significantly higher rate (Figure 2A). As expected, tumors from the CoA group were larger and heavier than those from the other two groups, with no difference in the tumor size or weight seen between the normal media and the Mac groups (Figure 2B,C). To further examine the metastatic properties of these cells we used the experimental metastatic model to examine the numbers of metastases formed in the liver and the lung. Visible and microscopic metastases were observed in both the normal media and the CoA groups but not in the Mac group (Figure 2D,G,H). When metastatic growths in the liver and the lung were examined, a very high number of foci were observed on the surface of liver and the lung in the CoA group, which was significantly higher than that seen in the Mac group (Figure 2E,F). These results suggest that the macrophage co-culture with apoptotic MCF-7 cells yields a conditioned media that not only promotes tumor growth in vivo, but also increases metastatic ability of the MCF-7 cells, whereas conditioned media from a macrophage culture alone inhibits tumor metastasis in vivo.
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Figure 2. In vivo tumorigenicity and metastatic assay. (A) Growth curves for tumors generated by MCF-7 cells grown in three types of conditioned media. The width and diameter of each tumor were measured using calipers, and tumor volume was calculated using the formula ½ × a × b2, where “a” is the longer tumor axis and “b” is the shorter tumor axis; (B) Tumor weight was measured after excising from mice, n = 5; (C) Images of tumors from the three groups of mice; (D) Macroscopic view of nodules in the lungs from the three groups of mice; (E,F) Quantification of the metastatic nodules in the three groups of mice (n = 5); (G,H) Hematoxylin-eosin (HE) staining of paraffin sections from livers and the lungs of the three groups of mice. Metastases are indicated by the black arrows. ** p < 0.01, *** p < 0.001 vs. Normal media group; ### p < 0.001 vs. Mac group. 
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2.3. Macrophage Co-Culture with Apoptotic MCF-7 Cells Promotes the Proliferative Ability of CD44+/CD24− Cancer Stem-Like Cells and Up-Regulates the Expression of Mucin 1


The tumorigenicity of cancer cells depends on the proportion and activity of cancer stem cells. The proportion of cancer stem cells in the tumor depends on the proliferative ability of both the cancer stem cells and the non-stem cells. CD44+/CD24− cells have stem cell-like properties [19] and were used here as a marker of the cancer stem cell-like population. We sorted the CD44+/CD24− cells and CD44+/CD24+ from MCF-7 cells that had been cultured in the different types of conditioned media and their proliferative ability was examined using the MTS assay. Growth of these two subpopulations was measured for 72 h. The CD44+/CD24− cells from the CoA group displayed an increased proliferative rate, which was significantly more rapid at 48 and 72 h compared with the normal media group (Figure 3A). In contrast, the proliferative ability of the CD44+/CD24− subpopulation from the Mac group was significantly decreased at all time points, including 24 h (Figure 3A). The proliferation ability of the CD44+/CD24+ subpopulation showed no significant difference among the three groups at any time point (Figure 3B). These results parallel the in vivo experimental metastasis assay, where the CoA group has increased metastasis and the Mac group decreased ability compared with the normal media cell group (Figure 2E,H).



In our previous research we found that mucin1 expression was increased during cancer stem cell activation induced by apoptosis [20]. Therefore, we examined whether mucin1 levels are associated with the augmentation of the proportion and proliferative ability of cancer stem-like cells from the CoA group. As shown in Figure 3C, MCF-7 cells from the CoA group have significantly higher levels of MUC1 protein compared to the normal media and Mac groups, with no significant difference observed among the other three groups.
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Figure 3. Analysis of the proliferative abilities of sorted CD44+/CD24− and CD44+/CD24+ subpopulations of MCF-7 cells and Mucin1(MUC1) protein levels in MCF-7 cells cultured in four types of media. (A) 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay examining the proliferative ability of the CD44+/CD24− cells of the three groups. Results are typical of the three independent experiments. Data represent means ± S.E. (n = 3). *** p < 0.001 vs. the normal media group; (B) MTS assay examining the proliferative ability of the CD44+/CD24+ cells of the three groups. Results are typical of the three independent experiments. Data represent means ± S.E. (n = 3); (C) Western blot analysis of MUC1 levels. Band intensity was analyzed using Quantity One software and β-actin was used as a loading control. Protein levels were compared to the normal media group. Results are typical of three independent experiments. Data represent means ± S.E. (n = 3). * p < 0.05, vs. the Normal media group; # p < 0.05 vs. the Mac group; ns means no significance. 
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2.4. Macrophage Interleukin 6 (IL-6)/Signal Transducers and Activators of Transcription 3 (STAT3) Signaling Pathway Is Activated after Co-Culture with Apoptotic Cancer Cells


Since conditioned media generated by the co-culture of macrophages and apoptotic MCF-7 cells changes the proliferative ability of MCF-7 cells, this suggests that the macrophages secrete a protein into the conditioned media that induces proliferation. Macrophages, as immunocytes, secrete several kinds of cytokines, each of which plays different roles [6]. The cytokine interleukin 6 (IL-6) is produced by macrophages at sites of inflammation, especially acute inflammation, which occurs in cancer tumors during chemotherapy. Signal transducers and activators of transcription 3 (STAT3) is the main transcription factor through which IL-6 signals in target cells, where it regulates many genes including those that promote cancer proliferation and metastasis (e.g., TGF-β1) and angiogenesis (e.g., HIF-1α) [17]. To determine whether the IL-6 pathway had been activated in our chemotherapy microenvironment model we examined the levels of expression for the IL-6, STAT3, TGF-β1 and HIF-1α genes (Figure 4). As expected, the mRNA levels for IL-6, TGF-β1 and HIF-1α in the macrophage co-culture with apoptotic MCF-7 were much higher than in the control group (Figure 4A). However, no significant difference in the mRNA levels for STAT3 was observed between the two groups. However, since activation of the STAT3 signaling pathway is due to the level of phosphorylated STAT3, and not abundance of total STAT3, we then examined the phosphorylation status of STAT3 using a Western blot (Figure 4E). As expected from the real-time RT-PCR results (Figure 4B), no significant difference in the total protein levels of STAT3 was detected between the CoA and Mac groups, but activation of the STAT3 pathway, as assessed by the presence of a p-STAT3 band, was only detected in the macrophage co-culture with the apoptotic MCF-7 cell group, and not in the Mac group (Figure 4E). These results show that our chemotherapy microenvironment model yields macrophages that are activated and produce cytokines, such as IL-6, and thus are able to modify the proliferative and metastatic properties of cancer stem-like cells.
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Figure 4. Changes in the expression of macrophage expressed genes in macrophages co-cultured with apoptotic MCF-7 cells. Relative amounts of mRNA of (A) IL-6; (B) STAT3; (C) TGF-β1; (D) HIF-1α mRNA was determined by real-time RT-PCR, where β-actin was used as an internal standard. Control is normal cultured macrophages while co-culture is macrophages grown with apoptotic MCF-7 cells. Results are typical of three independent experiments. Data represent means ± S.E. (n = 3). * p < 0.05, ** p < 0.01, *** p < 0.001, ns means no significance; (E) Analysis of the phosphorylation of STAT3 in macrophages (Control) or macrophages cocultured with apoptotic MCF-7 cells (Coculture) by Western blot. Bands were analyzed using Quantity One software with β-actin used as a loading control. Protein levels were compared to the normal group. Results are typical of three independent experiments. Data represent means ± S.E. (n = 3). * p < 0.05. 
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3. Discussion


A considerable number of patients with advanced stage carcinoma experience tumor recurrence or metastasis within a few years of treatment [21,22]. These disappointing facts are attributed to cancer stem cells [23]. Cancer cells, including cancer stem cells, live in complex microenvironments, where macrophages are the major component of the immune cells that infiltrate these tissues [13]. As guardians of the body, classically activated macrophages (M1) have the potential to contribute to the earliest stages of neoplasia [24], primarily due to the free radicals they produce that can lead to DNA damage. However, as tumorigenesis progresses, the tumor microenvironment markedly influences the tumor-associated macrophages, which change their physiology and promote tumor development. These macrophages are identified as M2 macrophages [25]. Tumor-associated macrophages (TAMs) have been implicated in tumor invasion, immune suppression and tumor metastasis [12,26]. In addition, TAMs have also been known to be a prognostic factor in many types of cancers and are involved in tumor recurrence [27,28]. Research on a spontaneous murine model of melanoma showed that these macrophages contribute to both post-surgical tumor relapse and to the growth of metastases, likely by stimulating a population of tumor-initiating cells, and that depletion of macrophages warrants exploration as an adjuvant to surgical resection [29]. Chemotherapy induces cancer cell apoptosis; our previous research indicated that chemotherapy-induced apoptosis may activate cancer stem-like cells (CD44+/CD24−) in MCF-7 and that upregulation of MUC1 occurred [20]. Thus we explored whether macrophages were involved in this progress. In our in vitro post-apoptosis microenvironment model, media from a co-culture of macrophages and apoptotic MCF-7 cells induced an increase in the abundance of CD44+/CD24− cells, and also increased their proliferative ability (Figure 1B and Figure 3A), whereas co-culture of macrophages and MCF-7 just slightly increased the proportion of CD44+/CD24− cells. In contrast, the proliferative ability of the CD44+/CD24− subpopulation cultured in media conditioned by macrophages alone was inhibited (Figure 3A). Interestingly, an increase in MUC1 expression accompanies the increase in CD44+/CD24− proportion (Figure 3B), whereas the same coordination was not observed in the CoM group. Although the relationship between MUC1 and cancer stem cells remains unexplored, a considerable number of recent studies have revealed that MUC1 is associated with cancer stem cells. MUC1 is expressed in human embryonic pluripotent stem cells and functions as a growth factor receptor to boost the proliferation of hESCs and prevents them from differentiating [30]. MUC1 is also involved in increasing the proportion of SP cells in the breast cancer cell line MCF-7 [31]. Our results also indicate that macrophages play an inherent role as an immunocyte to suppress cancer growth, but when co-cultured with cancer cells, they become the TAMs and stimulate enrichment of cancer stem cells. Importantly, after tumors have endured chemotherapy, which induces apoptosis, the macrophages produce a great change to the niche of the cancer stem cells, and stimulate cancer stem cells along with MUC1 expression.



MCF-7 cells from all three treatment groups formed tumors in our in vivo xenograft assays in nude mice, including those cultured in the macrophage conditioned media. However, tumors from the CoA group grew faster and became larger than those in the other two groups (Figure 2A). In our experimental metastasis model, MCF-7 cells from the CoA group metastasized to the liver and the lung more easily than the normal group, whereas no metastasis was observed for those from the Mac group (Figure 2D–H). These results suggest that MCF-7 cells from all the three groups contain cancer stem cells that can form neoplasms, but cancer stem cells from the CoA group were activated whereas cancer stem cells from the Mac group were inhibited by the macrophages.



The above results demonstrate that macrophages can promote cancer stem cell activation in a microenvironment that had endured cancer cell apoptosis. What happened to the macrophages when they were co-cultured with apoptotic cells and how do they regulate the activities of cancer stem cells? Considerable research has indicated that macrophages in a cancer microenvironment can promote cancer development by regulating the activities of both the cancer cells and the cancer stem cells [11,32]. However, research into the relationship between macrophages and cancer stem cells after cancer cell apoptosis is rare. It has been shown that TAMs serve as a source of key components in the inflammatory microenvironment, such as MFG-E8 and IL-6, in non-small-cell lung carcinoma (NSCLC) that trigger tumorigenicity and resistance to anticancer therapeutics by regulating CSCs activities [33]. Glioma cancer stem cells can induce p-STAT3 expression in macrophages, which in turn promotes cancer stem cells activation [34]. The IL-6 and STAT3 signaling pathway is one of the most important signaling pathways regulating physiological functions. In classical IL-6 signaling, the cytokine engages its receptor IL-6Ra at the cell surface, which is followed by the recruitment of the signal transducing receptor gp130 and activation of a Janus kinase (JAK1) that activates STAT3 by phosphorylation. Phosphorylated STAT3 dimerizes and then travels to the nucleus, there it initiates a transcriptional program [35]. Many target genes of STAT3 are involved in cancer, such as HIF-1α, which acts as an important factor in angiogenesis [36,37], and TGF-β1, which promotes cancer cell growth and metastasis [38]. In hepatocellular carcinoma, TAMs were shown to promote cancer stem cell-like properties with TGF-β1-induced epithelial–mesenchymal transition [39]. We examined the IL-6/STAT3 signaling pathway to determine whether it plays an important role in macrophage-induced activation of cancer stem cells after co-culture with apoptotic cancer cells. As expected, large amounts of IL-6 were secreted by macrophages co-cultured with apoptotic MCF-7 cancer cells, accompanied by the phosphorylation of STAT3 and the upregulation of the mRNA levels of TGF-β1 and HIF-1α (Figure 4). The IL-6/STAT3 signaling pathway also plays important roles in promoting the progression of hepatocellular carcinoma (HCC) by TAMs [40,41]. However, these studies were in patients with hepatocellular carcinoma who did not receive chemotherapy, thus the effects were only on present cancer growth and progression but not the circumstance after therapy. These results led us to conclude that macrophages stimulated by apoptotic MCF-7 cells secrete IL-6, which then activates STAT3 phosphorylation to regulate associated factors leading to the activation of the cancer stem cells and promotion of cancer development. Blockage of the IL-6/STAT3 signaling pathway might be a promising approach to decrease or prevent the recurrence and metastasis of cancer after chemotherapy.




4. Experimental Section


4.1. Mice


Female Institute of Cancer Research (ICR) mice and athymic nude mice (BALB/c nu-nu), 6–8 weeks of age, were purchased from the Laboratory Animal Science Department of Peking University Health Science Center. Mice were housed in a pathogen-free animal facility maintained at 25 °C and illuminated with a 12:12-h light-dark cycles. Mice were provided with standard rodent chow and water ad libitum. All animal protocols were approved by the Animal Care and Use Committee of Peking University (SYXK2011-0039, 12 December 2011–12 December 2016).




4.2. Mice Peritoneal Macrophages Isolation and Culture


Peritoneal macrophages were harvested from sacrificed ICR mice by flushing 5 mL of cold phosphate-buffered saline (PBS) into the peritoneal cavity. The fluid containing the macrophages was centrifuged and resuspended in Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies, New York, NY, USA) with 10% (v/v) fetal bovine serum (FBS) (Life Technologies). Cells were counted, plated in 6-well (5 × 105 cells/well) flat-bottom culture plates (Costar, New York, NY, USA), and incubated for 2 h in a humidified atmosphere of 5% CO2 at 37 °C. After a 2 h incubation, to allow macrophages to adhere to the surface, macrophages were purified by discarding the supernatant and non-adherent cells. The remaining adherent cells were washed with warm PBS and incubated in DMEM containing 10% FBS before and during all experiments.




4.3. Generation of Apoptotic MCF-7


MCF-7 cells (ATCC® HTB-22™) were cultured in DMEM high glucose (Life Technologies) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% heat-inactivated FBS (Life Technologies), and maintained at 37 °C and 5% CO2. Cells (1 × 105/mL) were plated into 7.5 cm plates containing 10 mL of cell culture medium. After 24 h of culture, MCF-7 cells were treated for 12 h with 0.3 mM H2O2 in full DMEM medium. Cell death was confirmed by flow cytometry, using Annexin V and propidium iodide (PI) co-staining (Biosea, Beijing, China).




4.4. Co-Culture Experiment and the Preparation of Conditioned Media


Purified peritoneal macrophages were cultured for 12 h, followed by the addition of MCF-7 cells or apoptotic MCF-7 cells at a ratio of 1:2 and co-culture was performed for 3 h at 37 °C. Cells were then pelleted by centrifugation and the supernatants from the co-culture as well as from a culture of macrophages alone were collected. The conditioned media, with normal media as control, was used to grow fresh MCF-7 cells for 24 h and then assessed for the next experiments.




4.5. Flow Cytometric Analysis and Fluorescence-Activated Cell Sorting (FACS)


Cells were collected and suspended in PBS, labeled with fluorescein isocyanate (FITC) mouse anti-human CD44 and phycoerythrin (PE) mouse anti-human CD24 (BD Pharmingen™, San Diego, CA, USA), with 5 μL of antibody per one million cells in a final volume of 300 μL. A total of about 1.0 × 106 cells were incubated with these two antibodies for 0.5 h at 4 °C in the dark. Unbound antibody was washed off and the cells were analyzed on a BD fluorescence activated cell sorter (FACS) Calibur within 1 h of staining. Gating was established using the isotype control FITC-labeled mouse IgG2a and PE-labeled mouse IgG2b (BD Pharmingen™).



FACS was used to sort the differentiated cultured MCF-7 cells into two phenotypically distinct populations: CD44+/CD24− and all other phenotypes. The labeling method and conditions were the same as those described above for the flow cytometric analysis.




4.6. Cell Proliferation Assay


Cell growth was examined with the MTS assay using Cell Titer 96® Aqueous One Solution (Promega Biotech Co., Ltd., Madison, WI, USA) according to the manufacturer’s instructions. Briefly, cells were seeded at the density of 10,000 cells/well into 96-well plates. At the time of assay, 20 μL MTS was added to each well and incubated for 1–4 h. Absorbance was measured at 490 nm using a Vmax microplate reader (Bio-Rad, Hercules, CA, USA).




4.7. Nude Mice Xenografts Assay and Tumor Metastasis Assay


Cells (1 × 106) suspended in 0.2 mL PBS were injected subcutaneously into the right armpit of nude mice. After 4 weeks, mice were sacrificed by cervical dislocation, photographs of the tumors were taken with a digital camera, and tumors were excised to determine their weight and volume.



The experimental metastasis model was performed as previously described with some modifications [42]. Briefly, BALB/c nu-nu mice were injected with a MCF-7 cell suspension containing 1 × 106 cells via the tail vein. After 4 weeks, mice were sacrificed by cervical dislocation and the lungs and livers of the mice in each group were harvested, fixed in 4% paraformaldehyde and then dehydrated in 20% sucrose solution. Visible nodules were assessed under a dissection microscope. The fixed tissues were then embedded in paraffin, serially sectioned, and the HE-stained paraffin sections were examined to evaluate the presence and number of metastatic tumors.




4.8. Isolation of Total RNA and Quantitative RT-PCR


Total RNA was isolated using Trizol Reagent (Invitrogen, New York, NY, USA) according to the manufacturer’s instructions. cDNA was synthesized from 2 μg of total RNA using a high capacity cDNA reverse transcription kit (D6110A, TAKARA, Otsu, Japan). Amplifications were performed in the BIO-RAD Miniopticon™ Real-Time PCR Detection systemCFB-3120 using iQTM SYBR Green Supermix 170-8880 (Bio-Rad) with primers listed in Table 1. All annealing temperatures were listed in the Table 1. Transcription levels were normalized to those of β-actin.
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Table 1. Primers used for real-time RT-PCR analysis of gene expression.
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Gene

	
Primer

	
Tm (°C)






	
IL-6

	
F-CAACGATGATGCACTTGCAGA R-CTCCAGGTAGCTATGGTACTCCAGA

	
64




	
STAT3

	
F-TGCACCTGATCACCTTCGAGAC R-CCCAAGCATTTGGCATCTGAC

	
68




	
TGF-β1

	
F-TACGGCAGTGGCTGAACCAA R-CGGTTCATGTCATGGATGGTG

	
68




	
HIF-1α

	
F-GGACGATGAACATCAAGTCAGCA R-AGGAATGGGTTCACAAATCAGCA

	
68




	
β-actin

	
F-CATCCGTAAAGACCTCTATGCCAAC R-ATGGAGCCACCGATCCACA

	
60










4.9. Western Blot Analysis


Total protein was extracted in a buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.02% NaN3, 1% SDS, 1 mM EDTA, 0.5% Sodium deoxycholate, 100 mg/mL PMSF, 1 mg/mL leupeptin and 1% NP-40. Protein concentration was measured using the BCA Protein Assay Kit (CW0014, CWBIO, Beijng, China), following the manufacturer’s instructions. For each sample, 60 mg of protein was separated by SDS-PAGE, at different concentrations due to the differences in molecular weight, at 80 V for 0.5 h or 120 V for 1 h using the Mini-PROTEAN 3 electrophoresis cell system (Bio-Rad). Proteins were then transferred to a PVDF membrane (Bio-Rad) by the semi-dry blotting method and the Dunn carbonate transfer buffer (consisting of NaCHO3 (10 mM), Na2CO3 (3 mM), and 20% methanol). Membranes were blocked for 2 h with 5% w/v nonfat dry milk and then incubated overnight at 4 °C with the primary antibodies, mouse anti-MUC1 (1:500; #4538CST, Boston, MA, USA), mouse anti-STAT3 (1:1000; CST, #9139), and mouse anti-phospho-STAT3 (1:1000; CST, #4113). Antibody binding was detected after incubation with HRP-linked secondary antibodies, with the membrane-bound antibodies visualized by luminal chemiluminescence ChemiDoc XRS (Bio-Rad) after reaction with super ECL plus (P1010, Applygene, Beijng, China).




4.10. Statistical Analysis


All experiments were conducted in at least 3 independent cultures. All data are expressed as means ± standard error of mean and analyzed with one-way ANOVA followed by the Tukey’s post hoc test for multiple comparisons. p values less than 0.05 were considered significant.








Acknowledgments


This study was supported by grants from the National Natural Science Foundation of China (NSFC) Grant Number 81102484 and 30772603, National Key Technologies R&D Program (Grant Numbers 2012BAK25B01), and a grant from the National Science Foundation of China–Canadian Institutes of Health Research (NSFC–CIHR) China–Canada Joint Health Research Initiative (Grant Numbers 81061120525 and CCI-109605).




Author Contributions


Huanran Tan, David M. Irwin and Gang Niu are the guarantors of this work, and as such, they had full access to all the data in this study and take full responsibility for the integrity of the data and accuracy of the data analysis. Na Zhou conceived and designed the experiments; Na Zhou performed the experiments, researched data and wrote the manuscript; Yizhuang Zhang and Xuehui Zhang contributed regents; Ruobi Hu, Xi Wang, Yiqing Mao and Hui Li contributed materials; Zhen Lei contributed analysis tools. All authors read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics. CA 2011, 61, 69–90. [Google Scholar] [CrossRef] [PubMed]

	



Carey, L.A.; Metzger, R.; Dees, E.C.; Collichio, F.; Sartor, C.I.; Ollila, D.W.; Klauber-DeMore, N.; Halle, J.; Sawyer, L.; Moore, D.T.; et al. American Joint Committee on cancer tumor-node-metastasis stage after neoadjuvant chemotherapy and breast cancer outcome. J. Natl. Cancer Inst. 2005, 97, 1137–1142. [Google Scholar] [CrossRef] [PubMed]

	



Kerbel, R.S. Reappraising antiangiogenic therapy for breast cancer. Breast 2011, 20, S56–S60. [Google Scholar] [CrossRef]

	



Steeg, P.S. Tumor metastasis: Mechanistic insights and clinical challenges. Nat. Med. 2006, 12, 895–904. [Google Scholar] [CrossRef] [PubMed]

	



Joyce, J.A.; Pollard, J.W. Microenvironmental regulation of metastasis. Nat. Rev. Cancer 2009, 9, 239–252. [Google Scholar] [CrossRef] [PubMed]

	



Sica, A.; Allavena, P.; Mantovani, A. Cancer related inflammation: The macrophage connection. Cancer Lett. 2008, 267, 204–215. [Google Scholar] [CrossRef] [PubMed]

	



Lin, E.Y.; Pollard, J.W. Macrophages: Modulators of breast cancer progression. Novartis Found. Symp. 2004, 256, 158–168, discussion 168–172, 259–269. [Google Scholar] [PubMed]

	



Lin, E.Y.; Nguyen, A.V.; Russell, R.G.; Pollard, J.W. Colony-stimulating factor 1 promotes progression of mammary tumors to malignancy. J. Exp. Med. 2001, 193, 727–740. [Google Scholar] [CrossRef] [PubMed]

	



Lin, E.Y.; Gouon-Evans, V.; Nguyen, A.V.; Pollard, J.W. The macrophage growth factor CSF-1 in mammary gland development and tumor progression. J. Mammary Gland Biol. Neoplasia 2002, 7, 147–162. [Google Scholar] [CrossRef] [PubMed]

	



Qian, B.; Deng, Y.; Im, J.H.; Muschel, R.J.; Zou, Y.; Li, J.; Lang, R.A.; Pollard, J.W. A distinct macrophage population mediates metastatic breast cancer cell extravasation, establishment and growth. PLoS ONE 2009, 4, e6562. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Liao, D.; Chen, C.; Liu, Y.; Chuang, T.H.; Xiang, R.; Markowitz, D.; Reisfeld, R.A.; Luo, Y. Tumor-associated macrophages regulate murine breast cancer stem cells through a novel paracrine EGFR/Stat3/Sox-2 signaling pathway. Stem Cells 2013, 31, 248–258. [Google Scholar] [CrossRef] [PubMed]

	



Qian, B.Z.; Pollard, J.W. Macrophage diversity enhances tumor progression and metastasis. Cell 2010, 141, 39–51. [Google Scholar] [CrossRef] [PubMed]

	



Leek, R.D.; Harris, A.L. Tumor-associated macrophages in breast cancer. J. Mammary Gland Biol. Neoplasia 2002, 7, 177–189. [Google Scholar] [PubMed]

	



Wyckoff, J.; Wang, W.; Lin, E.Y.; Wang, Y.; Pixley, F.; Stanley, E.R.; Graf, T.; Pollard, J.W.; Segall, J.; Condeelis, J. A paracrine loop between tumor cells and macrophages is required for tumor cell migration in mammary tumors. Cancer Res. 2004, 64, 7022–7029. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.; Jia, P.; Zhao, H.; Hu, C.; Yang, X. MicroRNA-26a overexpression protects RGC-5 cells against H2O2-induced apoptosis. Biochem. Biophys. Res. Commun. 2015, 460, 164–169. [Google Scholar] [CrossRef] [PubMed]

	



Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105–111. [Google Scholar] [CrossRef] [PubMed]

	



Hughes, L.; Malone, C.; Chumsri, S.; Burger, A.M.; McDonnell, S. Characterisation of breast cancer cell lines and establishment of a novel isogenic subclone to study migration, invasion and tumourigenicity. Clin. Exp. Metastasis 2008, 25, 549–557. [Google Scholar] [PubMed]

	



Dontu, G.; Liu, S.; Wicha, M.S. Stem cells in mammary development and carcinogenesis: Implications for prevention and treatment. Stem Cell Rev. 2005, 1, 207–213. [Google Scholar] [CrossRef] [PubMed]

	



Al-Hajj, M.; Wicha, M.S.; Benito-Hernandez, A.; Morrison, S.J.; Clarke, M.F. Prospective identification of tumorigenic breast cancer cells. Proc. Natl. Acad. Sci. USA 2003, 100, 3983–3988. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, N.; Zhang, Y.; Zhang, X.; Lei, Z.; Hu, R.; Li, H.; Mao, Y.; Wang, X.; Irwin, D.M.; Niu, G.; et al. Chemotherapy Induced Apoptosis May Activate Cancer Stem-Like Cells (CD44+/CD24−) in MCF-7 by Upregulating Mucin 1 and EpCAM. Peking University: Beijing, China, Unpublished work. 2015. [Google Scholar]

	



Da Silva, S.D.; Hier, M.; Mlynarek, A.; Kowalski, L.P.; Alaoui-Jamali, M.A. Recurrent oral cancer: Current and emerging therapeutic approaches. Front. Pharmacol. 2012, 3, 149. [Google Scholar] [CrossRef] [PubMed]

	



Locke, J.A.; Zafarana, G.; Ishkanian, A.S.; Milosevic, M.; Thoms, J.; Have, C.L.; Malloff, C.A.; Lam, W.L.; Squire, J.A.; Pintilie, M.; et al. NKX3.1 haploinsufficiency is prognostic for prostate cancer relapse following surgery or image-guided radiotherapy. Clin. Cancer Res. 2012, 18, 308–316. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S.A.; Ndabahaliye, A.; Lim, P.K.; Milton, R.; Rameshwar, P. Challenges in the development of future treatments for breast cancer stem cells. Breast Cancer 2010, 2, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Swann, J.B.; Vesely, M.D.; Silva, A.; Sharkey, J.; Akira, S.; Schreiber, R.D.; Smyth, M.J. Demonstration of inflammation-induced cancer and cancer immunoediting during primary tumorigenesis. Proc. Natl. Acad. Sci. USA 2008, 105, 652–656. [Google Scholar] [CrossRef] [PubMed]

	



Pollard, J.W. Macrophages define the invasive microenvironment in breast cancer. J. Leukoc. Biol. 2008, 84, 623–630. [Google Scholar] [PubMed]

	



Condeelis, J.; Pollard, J.W. Macrophages: Obligate partners for tumor cell migration, invasion, and metastasis. Cell 2006, 124, 263–266. [Google Scholar] [CrossRef] [PubMed]

	



Feng, P.H.; Yu, C.T.; Wu, C.Y.; Lee, M.J.; Lee, W.H.; Wang, L.S.; Lin, S.M.; Fu, J.F.; Lee, K.Y.; Yen, T.H. Tumor-associated macrophages in stage IIIA pN2 non-small cell lung cancer after neoadjuvant chemotherapy and surgery. Am. J. Transl. Res. 2014, 6, 593–603. [Google Scholar] [PubMed]

	



Lanciotti, M.; Masieri, L.; Raspollini, M.R.; Minervini, A.; Mari, A.; Comito, G.; Giannoni, E.; Carini, M.; Chiarugi, P.; Serni, S. The role of M1 and M2 macrophages in prostate cancer in relation to extracapsular tumor extension and biochemical recurrence after radical prostatectomy. Biomed. Res. Int. 2014, 2014, 486798. [Google Scholar] [CrossRef] [PubMed]

	



Tham, M.; Khoo, K.; Yeo, K.P.; Kato, M.; Prevost-Blondel, A.; Angeli, V.; Abastado, J.P. Macrophage depletion reduces postsurgical tumor recurrence and metastatic growth in a spontaneous murine model of melanoma. Oncotarget 2015. [Google Scholar] [PubMed]

	



Hikita, S.T.; Kosik, K.S.; Clegg, D.O.; Bamdad, C. MUC1* mediates the growth of human pluripotent stem cells. PLoS ONE 2008, 3, e3312. [Google Scholar] [CrossRef] [PubMed]

	



Engelmann, K.; Shen, H.; Finn, O.J. MCF7 side population cells with characteristics of cancer stem/progenitor cells express the tumor antigen MUC1. Cancer Res. 2008, 68, 2419–2426. [Google Scholar] [CrossRef] [PubMed]

	



Cao, J.X.; Cui, Y.X.; Long, Z.J.; Dai, Z.M.; Lin, J.Y.; Liang, Y.; Zheng, F.M.; Zeng, Y.X.; Liu, Q. Pluripotency-associated genes in human nasopharyngeal carcinoma CNE-2 cells are reactivated by a unique epigenetic sub-microenvironment. BMC Cancer 2010, 10, 68. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Jinushi, M.; Chiba, S.; Yoshiyama, H.; Masutomi, K.; Kinoshita, I.; Dosaka-Akita, H.; Yagita, H.; Takaoka, A.; Tahara, H. Tumor-associated macrophages regulate tumorigenicity and anticancer drug responses of cancer stem/initiating cells. Proc. Natl. Acad. Sci. USA 2011, 108, 12425–12430. [Google Scholar] [CrossRef] [PubMed]

	



Wu, A.; Wei, J.; Kong, L.Y.; Wang, Y.; Priebe, W.; Qiao, W.; Sawaya, R.; Heimberger, A.B. Glioma cancer stem cells induce immunosuppressive macrophages/microglia. Neuro-oncology 2010, 12, 1113–1125. [Google Scholar] [CrossRef] [PubMed]

	



Naugler, W.E.; Karin, M. The wolf in sheep’s clothing: The role of interleukin-6 in immunity, inflammation and cancer. Trends Mol. Med. 2008, 14, 109–119. [Google Scholar] [CrossRef] [PubMed]

	



Qiang, L.; Wu, T.; Zhang, H.W.; Lu, N.; Hu, R.; Wang, Y.J.; Zhao, L.; Chen, F.H.; Wang, X.T.; You, Q.D.; et al. HIF-1α is critical for hypoxia-mediated maintenance of glioblastoma stem cells by activating Notch signaling pathway. Cell Death Differ. 2012, 19, 284–294. [Google Scholar] [CrossRef] [PubMed]

	



Philip, B.; Ito, K.; Moreno-Sanchez, R.; Ralph, S.J. HIF expression and the role of hypoxic microenvironments within primary tumours as protective sites driving cancer stem cell renewal and metastatic progression. Carcinogenesis 2013, 34, 1699–1707. [Google Scholar] [CrossRef] [PubMed]

	



Muraoka-Cook, R.S.; Kurokawa, H.; Koh, Y.; Forbes, J.T.; Roebuck, L.R.; Barcellos-Hoff, M.H.; Moody, S.E.; Chodosh, L.A.; Arteaga, C.L. Conditional overexpression of active transforming growth factor β1 in vivo accelerates metastases of transgenic mammary tumors. Cancer Res. 2004, 64, 9002–9011. [Google Scholar] [CrossRef] [PubMed]

	



Fan, Q.M.; Jing, Y.Y.; Yu, G.F.; Kou, X.R.; Ye, F.; Gao, L.; Li, R.; Zhao, Q.D.; Yang, Y.; Lu, Z.H.; et al. Tumor-associated macrophages promote cancer stem cell-like properties via transforming growth factor-β1-induced epithelial-mesenchymal transition in hepatocellular carcinoma. Cancer Lett. 2014, 352, 160–168. [Google Scholar] [CrossRef] [PubMed]

	



Wan, S.; Zhao, E.; Kryczek, I.; Vatan, L.; Sadovskaya, A.; Ludema, G.; Simeone, D.M.; Zou, W.; Welling, T.H. Tumor-associated macrophages produce interleukin 6 and signal via STAT3 to promote expansion of human hepatocellular carcinoma stem cells. Gastroenterology 2014, 147, 1393–1404. [Google Scholar] [CrossRef] [PubMed]

	



Mano, Y.; Aishima, S.; Fujita, N.; Tanaka, Y.; Kubo, Y.; Motomura, T.; Taketomi, A.; Shirabe, K.; Maehara, Y.; Oda, Y. Tumor-associated macrophage promotes tumor progression via STAT3 signaling in hepatocellular carcinoma. Pathobiology 2013, 80, 146–154. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, H.; Li, Y.; Wang, Y.; Zhao, H.; Zhang, J.; Chai, H.; Tang, T.; Yue, J.; Guo, A.M.; Yang, J. Downregulation of COX-2 and CYP 4A signaling by isoliquiritigenin inhibits human breast cancer metastasis through preventing anoikis resistance, migration and invasion. Toxicol. Appl. Pharmacol. 2014, 280, 10–20. [Google Scholar] [CrossRef] [PubMed]





© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Tumor Volume (mm3)

1500+

1000+

5004

2w

3w
time(week)

-0~ Normal Media
-~ Mac
-+ COA

Tumor Weight (g)

Normal Media Mac CoA

Ly I 19 | ! : 21111l
" ji!,"s'} ; ‘; '!I .‘ I’qf I "'1 ‘.‘Q‘_‘ | .i

Normal






nav.xhtml


  ijms-16-11966


  
    		
      ijms-16-11966
    


  




  





media/file11.png
>
w0

IL-6

1000+
900+
800+
700+
600-

6-
4-
2-
oL I

Control Coculture

*%

(28ACT)
3
T

)
1 I
Relative mRNA expression

Relative mRNA expression

T

Control Coculture

STAT3 Da—— e
p-STAT3 r | —

Pacn

(Z-AACT)

STAT3
ns

—

]
Control Coculture

STAT3

Relative expression

Control Coculture

p-STAT 3

*

Relative expression
o
N
1

Control Coculture

O

Relative mRNA expression

(Z-AACT)

TGF-B 1

—

||
Control Coculture

O

Relative mRNA expression

(2-AACT)

HIF-1a

—

]
Control Coculture





media/file1.png
OmM

0.05mM

A 0.1mM
Annexin V
Normal media - Mac - Apo
= = =3
-
=23
W
By
T o
Lo B ol
= E
LS ]
'—E i
-, mm— I 4.59%
< 100 10! oy Tl T~ i
g CD44-FITC 4FIT CD44FITE
) B CoM - CoA
it o 23
] -
mﬂ . o
e =3
EJ?N . 3 il
gr=| =L %
© ] 3 B
'-,‘:'_ X = ] "l
o f E 3 L -;?;"‘ay (
I i P v M2.17%
10 10 = e
CD44-FITC 100 10! 102 10  10?
CD44-FITC

Apoptotic cells%

100-
80-
60-
40-
20-

0_

[ 35
o
c

O

e
o
o
o
.

o

CD44+/CD24- cells(%)

0.05

154

—
T

N
1

01 015 0.2

H202(mM)

c.v°‘>





media/file2.png
Tumor Volume (mm?)

1000-

3w
time(week)

-0~ Normal Media
-+ Mac

-+ CoA

Tumor Weight (g)

0
Normal Media

Mac






media/file7.png
Relative expression of MUC1

(fold over control)

&z&'b @"bo ('°§‘~ Oov.





media/file9.png
(joaguod 18A0 pjoy)
LONIN JO uoissaudxa aAlje|ay

MUCA1

S°
0\6\
«©
B-ACtN e ——————





media/file10.png
>

Relative mRNA expression

pvec
H

Relative mRNA expression

Control Coculture

Control  Coculture

——

P

| —

(2880T)

STAT3
ns

Control Coculture

STAT3

Relative expression

Comrol Coculture

pSTAT 3

Reltive expression

ool Coouthme.

Relative mRNA expression

(288¢T)

0.

Control Coculture

=)

Relative mRNA expression

(40T

HIF-1a

Control Coculture





media/file5.png
i

40-

*
. .7
o
w O
p O,
* (S
%
&
0&@

0 T T 1 @ .
o o o o VeSS -
™ ~ - % £

7/
Bun| Jad sajnpou %

dljelseloll adeling

*
¥ b
O
O
x
X ()
x (S)
4 3
g
&
.woe
| T T I I &
=) ) o o) o )
N -— - <
AOAI|| J1ad sI|npou .\n&\

dljejselawl adeling

200

2000um

2004um

CoA

Mac

Normal

208 B

200 [im

AT garn






media/file3.png
=)
<

o o =)
« -

©
Bun| sad sanpou
olje}sejow adeyng

o o 1]
-

19| Jad sajnpou
oljejsejow aseyng

&

%

6\0

)
% e
“
v

2000

s

200

Nomal

i

b

i





media/file0.png
CcD24

Pl

e,
10

Apoptotic cells%

100 !

0 e w0t
elin

Annexin V

15
ok
ormal media
X
)
5 10
c ©
g3 ;
o
Sa
09
6:& 5
mE =]
it o
) o
COHFTC 100 10" 102 103 10t
widame W@ L LN v
“96 R ®
cD44

&





media/file8.png
>

MTS assay for sorted cell proliferation

( CSCs)
5- k)%
? 4- *kk
2o~
S =
&q..'; = 3_ *k*x
= ; KKk
g2
c T 2-
s =
=
g = ek
E o
c | 1 1 I
0 24 48 72
time(h)
MTS assay for sorted cell proliferation
(non CSCs)
10+
2 8
£~
9 =
=
s T 67
= 9
g3
m T 4-
s =2
g &
ERS
c 1 I I 1
0 24 48 72

time(h)

-©- Normal media
-~ Mac
-+ COA

-©- Normal media
-o- \ac
-+ COA





media/file6.png
>

MTS assay for sorted cell proliferation
( CSCs

5- *kk
E 4- *kk
2 o~
S =
Zi:‘ < 3_ *kk
-
£ 21
g ‘:, *kk
E 4
c T T T T
0 24 48 72
time(h)
MTS assay for sorted cell proliferation
(non CSCs)
104
o8
RPN
S =
=
ST 6
g2
2= 44
g =
gE
£ 7

24 48 72
time(h)

o+

-©- Normal media
-~ Mac
-+ CoA

-©- Normal media
-~ Mac
-+ COA





