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Abstract

:

Simple Summary


There is clinical evidence that ulcerated and inflammatory cell-infiltrated oral cancer is frequently associated with early metastases. Our results from genomic screening in patients with metastatic oral cancer identified specific changes in genes that regulate macrophage chemotaxis and drive tumor progression. This opens up potential therapeutic opportunities toward personalized medicine tailored to manage patients with advanced disease.




Abstract


Invasive oral squamous cell carcinoma (OSCC) is often ulcerated and heavily infiltrated by pro-inflammatory cells. We conducted a genome-wide profiling of tissues from OSCC patients (early versus advanced stages) with 10 years follow-up. Co-amplification and co-overexpression of TWIST1, a transcriptional activator of epithelial-mesenchymal-transition (EMT), and colony-stimulating factor-1 (CSF1), a major chemotactic agent for tumor-associated macrophages (TAMs), were observed in metastatic OSCC cases. The overexpression of these markers strongly predicted poor patient survival (log-rank test, p = 0.0035 and p = 0.0219). Protein analysis confirmed the enhanced expression of TWIST1 and CSF1 in metastatic tissues. In preclinical models using OSCC cell lines, macrophages, and an in vivo matrigel plug assay, we demonstrated that TWIST1 gene overexpression induces the activation of CSF1 while TWIST1 gene silencing down-regulates CSF1 preventing OSCC invasion. Furthermore, excessive macrophage activation and polarization was observed in co-culture system involving OSCC cells overexpressing TWIST1. In summary, this study provides insight into the cooperation between TWIST1 transcription factor and CSF1 to promote OSCC invasiveness and opens up the potential therapeutic utility of currently developed antibodies and small molecules targeting cancer-associated macrophages.
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1. Introduction


Metastasis development and high rates of tumor recurrence are common events seen in patients with oral cancer and continue to pose a major clinical challenge [1,2,3]. Oral cancer is the most common subtype of malignant tumors of the head and neck, which represents the 6th most frequent cancer worldwide with approximately half million cases and 300,000 deaths annually [4,5,6]. Advances in surgical procedures and therapeutic approaches for oral squamous cell carcinoma (OSCC) have led to a substantial improvement in survival rates but the overall five-year relative survival is lower than 50% and it remains inferior compared to highly frequent cancers such as breast, prostate and lungs cancers [7,8]. The high incidence of tumor relapse and distant metastasis are the main contributors of OSCC-related mortality [9].



OSCC progression to metastasis involves a complex and partially understood interplay of factors involving tumor cells, their microenvironment, and the host. In particular, signaling pathways that regulate cell plasticity and heterotypic tumor-inflammatory cell interactions are critically determinant for OSCC progression [10]. Enhanced tumor cell plasticity is contributed primarily through the epithelial-mesenchymal-transition (EMT) process [11], a mechanism mediated by a network of transcriptional regulators, including the basic helix-loop-helix (bHLH) transcriptional factor TWIST1, to promote cell migration and metastasis development [12]. Furthermore, clinical and experimental evidence support that high levels of infiltrating tumor-associated macrophages (TAMs) generally promote cancer progression [13] and can predict poor patient prognosis [14,15]. Colony-stimulating factor-1 (CSF1), also known as macrophage colony-stimulating factor, is the major chemotactic agent for TAMs that controls the production, recruitment, and survival of macrophages in tumor microenvironment [16]. The effects of CSF1 are mediated by the CSF1 receptor tyrosine kinase (CSF1R), which upon autophosphorylation of CSF1R can trigger downstream signaling cascades implicated in transcriptional and translational regulation of genes involved in cell cytoskeletal remodeling, survival, proliferation, and differentiation [17]. Activation of CSF1R by its ligand has been shown to regulate invasiveness and anchorage-independent growth in cancer cells [18]. Through post-translational modification and alternative splicing, CSF1 can either be secreted into the blood stream as a glycoprotein, or chondroitin sulfate-containing proteoglycan, or expressed as a membrane-spanning glycoprotein on the surface of synthesizing cells [19,20]. Both cell-surface isoforms and secreted CSF1 can have a broad implication in the regulation of tumor-associated inflammatory responses [21]. In this study, we conducted a comprehensive genome-wide screening, and it was identified a common co-amplification of TWIST1-CSF1 in cancer tissues using a unique cohort of patients with highly metastatic OSCC compared with non-metastatic ones. The clinicopathological impact of this co-overexpression was validated in a large cohort of OSCC patients. We further investigated the mechanistic implication of TWIST1-CSF1 signaling to macrophage chemotaxis and polarization by showing a role of TWIST1 in the remodeling of OSCC tumor microenvironment via CSF1 regulation; this enhanced OSCC progression and metastasis competence in vitro and in vivo.




2. Results


2.1. TWIST1 and CSF1 Are Clustered in the Gained/Amplified Chromosomal Regions in Patients with Highly Metastatic Oral Cancer


Genomic analysis combined with clinicopathological data from our cohort containing non-metastatic OSCC (n = 10) vs. advanced and highly metastatic OSCC patients (n = 10) with 157 months follow-up, identified a set of genes that are selectively overexpressed in metastatic compared to non-metastatic OSCCs (Table S1). Regardless of the clinical features, the unsupervised hierarchical analysis of the aGCH data allowed the clustering of OSCC cases, indicating that these markers are potentially relevant to oral tumor progression. Specifically, the gene expression levels of CDH1, SNAIL, TGFBR1, ZEB2, PAX3, FOXO1, RB1, MYCN, NOG, LEF1, FGFR2, ESRP1, FBLN5, TNF, FGF1, AKT2, CDH11, SOX10, SMAD3, NFYB, NOTCH2, HEY1, NDRG1, MST1R, JAG1, AKT1, GLIS2, AGT, CSF1, TWIST1, PTPN14, SMURF2, TRIM28, CSFR1, LOXL2, STMN1, KLF8, WNT2, FOXS1, HAS2, and PDPK1 were able to dissociate into two different groups of advanced/metastatic and non-metastatic patients (Figure 1A). The prevalence of common genomic amplifications was seen in chromosomal site and highest scoring locus identified in this analysis were mapped to regions of recurrent copy number gain in metastatic oral cancer, including 1p13.3 and 7p13, which correspond to CSF1 and TWIST1 (Figure 1B). The plots showing the frequency of copy number losses (red) and gains (blue) comparing early/moderate stage (non-metastatic) vs. aggressive/metastatic OSCC identified chromosomal imbalances in more than 90% of invasive cases related to CSF1 and TWIST1 (Figure 1C).




2.2. TWIST1 and CSF1 Can Predict Oral Cancer Tumor Progression and Poor Outcomes


TWIST1, CSF1, and CD68 proteins expression levels were investigated in relation to the clinicopathological parameters using an independent cohort of tissue samples from 141 patients with oral cancer (Table S2) who had tumor relapse (n = 44; 31.2%) or distant metastasis and patients ith good outcomes (n = 97; 68.8%). In agreement with the genomic analysis, overexpression of TWIST1 and CSF1 protein levels was seen in advanced stages. A weak staining was observed in morphologically normal tissues while a strong nuclear staining (for TWIST1) and cytoplasmic staining (for CSF1 and CD68) was detected in OSCC samples (Figure 2A). High expression levels of TWIST1, CSF1, and CD68 proteins were observed in patients with oral cancer at advanced stages (total expression values of TWIST1, CSF1, and CD68 were 63.5%, 75%, and 60.8%, respectively), while in normal oral tissues surrounding OSCC, the expression was very weak to undetectable (Figure 2B). The survival probability shows a mean five-year overall survival rate of 35.2 months (Kaplan-Meier method, period of 1 to 120 months; SD ± 9). To investigate whether TWIST1, CSF1, and CD68 expression was associated with patients’ outcomes, Kaplan–Meir and Cox proportional hazard models were performed. A worst overall survival probability was experienced by patients with TWIST1 (log-rank test, p = 0.0035; adjusted HR 7.837 (95% CI: 1.099–50.880; p = 0.040) and CSF1 overexpression (log-rank test, p = 0.0219; adjusted HR 2.182 (95% CI: 0.993–4.796; p = 0.052)) but not CD68 (log-rank test, p = 0.3390; adjusted HR 1.004 (95% CI: 0.987–1.021; p = 0.628)) (Figure 2B).




2.3. TWIST1 Regulates CSF1 Expression in OSCC Cells


A panel of oral cancer human cell lines (SCC9, SCC25, and OSCC1.2/RBT3) where TWIST1 is overexpressed or knockdown, as well as normal immortalized oral epithelial cells (NOE) established from human tongue, were investigated as a preclinical model. NOE cells undergo EMT upon stimulation by TGFβ (Figure 3A). In comparison to the NOE cells, relative quantification of transcript levels of TWIST1 and CSF1 revealed an elevated expression in OSCC cells (SCC9 and SCC25), and highest expression in the poorly differentiated and metastatic cell line (OSCC1.2) established from an advanced human OSCC (stage: T4N2b) with vascular, lymphatic and perineural invasion [18] (Figure 3B, p  <  0.05). Further investigation showed significant down-regulation of CSF1 in OSCC cells after TWIST1 gene silencing, but the gene expression was increased after the treatment with TGFβ (Figure 3C). The amounts of secreted and total CSF1 protein concentrations were measured in cells where TWIST1 is induced or inhibited using ELISA and immunoblotting, respectively. The results showed low protein concentrations of CSF1 in cells where TWIST1 was downregulated and high CSF1 protein levels in cells where TWIST1 expression was induced following exposure to TGFβ (Figure 3D,E). Furthermore, we investigated in silico whether CSF1 genomic regions show a high degree of similarity with genes directly regulated by TWIST1 (e.g., CDH11, RAB39B, GADD45A, SEMA3C). Specifically, we compared the occurrence of E-box responsive elements 5′-CANNTG-3 targeted by TWIST1 through multiple alignments with genomic region (+/−5000 bp) using BL2SEQ BLAST (http://blast.ncbi.nlm.nih.gov). Then, the identified region was amplified by PCR and cloned into pGL3 luciferase reporter plasmid to test its capabilities in driving luciferase expression in cells that have detectable basal levels of TWIST1. Transient transfection of pMCSF-R(m40)-luc (5′-ATCGGTACC-3′) into OSCC cells with or without TGFβ treatment revealed that, although the mutated constructs displayed constitutive baseline activity, this was increased after TGFβ treatment (Figure 3E,F).




2.4. TWIST1 Regulates Macrophage Polarization and Chemotaxis during OSCC Progression


The relevance of TWIST1 regulation to TAM chemotaxis was evaluated using conditioned medium from OSCC cells where TWIST1 is overexpressed or down regulated. Macrophage recruitment was evaluated in a co-culture system using modified Boyden chamber assay where heterotypic interaction between macrophage and OSCC cells was investigated. RAW264.7 were co-cultured with AT84 cells, AT84 expressing scrambled shTWIST1 or AT84 shTWIST1. In addition, we also investigated AT84 pBabe (control), AT84 overexpressing TWIST1, and their respective conditioned media. The results reveal that TWIST1 inhibition leads to decreased macrophage recruitment to AT84 cancer cells (Figure 4A). The phenotypic differences between two functional states of macrophage polarization (M1 and M2) were evaluated (Figure 4B) and indicated changes towards M2 phenotype, which were further confirmed through the expression of selected markers of macrophage polarization (Nos2, Tnf, Il6, Il12, Chil3, Retnla, Arg1, Il10, Nr3c2). It was observed down-expression of classically activated M1 macrophage genes (Nos2, Tnf, Il6, Il12) followed by increased mRNA expression of polarized M2 genes (Chil3, Retnla, Arg1, Il10, Nr3c2) (Figure 4C). Polarized M2 macrophages were predominant in the OSCC cell overexpressing TWIST1.



To further confirm the impact of TWIST1 on the host microenvironment in relation to macrophage infiltration, in vivo Matrigel plug assay was used (Figure 5A). Matched TWIST1-proficient versus TWIST1-deficient cells embedded into Matrigel plugs were injected subcutaneously to mice and the resulting plugs were harvested 14 days later and processed for IHC staining to analyze the degree of cancer cell infiltration and TWIST1 and CSF1 protein expression. Negative staining for TWIST1 and a week expression for CSF1 was observed in sections from mice where AT84 cells shTWIST1 were implanted. In contrast, a strong TWIST1 nuclear staining and CSF1 cytoplasmic expression was detected in the plug with AT84 cells (Figure 5B). Equally important, TWIST1 down-regulation inhibited tumor growth when AT84 cells were implanted either orthotopically into the tongues of mice and no clinical lesion could be observed (compared with AT84 control) (Figure 5C). No macroscopic lung lesions (metastasis) were macroscopically detected in TWIST1-deficient cells, whereas the control mice had to be killed because of the size of their lung lesions and the clinical signs of respiratory distress.




2.5. TWIST1 Reconstitution Increases Metastatic Potential


To investigate the functional role of TWIST1 in OSCC, we studied this gene in a syngeneic model using the murine oral carcinoma cell line (AT84), which expresses high levels of TWIST1 and also a highly metastatic human cell line (OSCC1.2/RBT3) using nude mice (Figure 6A). We knockout TWIST1 expression in tumor cells using the CRISPR/Cas9 and the success of the gene inactivation was confirmed by more than 95% at both protein and mRNA levels (Figure 6A). There was a significant down-regulation of CSF1 at protein and gene expression level when TWIST1 was knockout in AT84 and RBT3 (Figure 6A). However, protein and gene expression of both (TWIST1 and CSF1) are present after TWIST1 is reconstituted in the TWIST1 knockout tumor cells (Figure 6A). We then compared tumor volume and weight features of this TWIST1-CRISPR1 selected clone with the control cells, and it was found a similar result for AT84 and RBT3 (Figure 6A). These In vivo studies showed a significant reduction (80%) in lung metastatic potential when TWIST1 was knockout (Figure 6B,C). When TWIST1 was reconstituted, the metastatic islands in the lung were observed macro and microscopically (Figure 6). These data suggest that the absence of TWIST1 endows OSCC cells with a decreased invasive capacity in vivo, reducing the metastatic competence.





3. Discussion


Tumor–host and cell–cell interactions are critical for the remodeling of oral cancer microenvironment and susceptibility to progress to metastasis. In particular, dynamic interaction between OSCC cells and a multitude of stromal cells within tumor microenvironment, including fibroblast, monocytes, endothelial and immune cells, can dictate the risk of OSCC invasion. Among infiltrating host cells, activated TAMs and cytotoxic T lymphocytes (CTLs) represent major components of tumor-infiltrating cells [22]. Tumors with marked leukocyte infiltration are often associated with aggressive behavior and poor prognosis [23,24,25]. The molecular basis of these associations is not fully understood but enhanced CTLs and TAMs can suppress T cell activation and promote evasion of immune surveillance mechanisms to facilitate metastatic spread [26,27,28].



Here, we conducted genome-wide screening on tissue samples from non-metastatic vs. metastatic OSCC patients. The results validated in a panel of preclinical OSCC models as well as in a large cohort of OSCC patients showed significant changes in genes known to regulate EMT process. Seminal studies have established the EMT process to be orchestrated by complex networks involving signal transduction pathways (e.g., TGFβ, Wnt, and Notch) and transcriptional factors (e.g., Slug, Snail, Twist1, and Zeb1/2) [26,27]. In particular, TWIST1 expression was found to be strongly elevated in patients that developed lung metastasis and was a predictor of the overall survival. TWIST1, a transcription factor that induces EMT by repressing E-cadherin, is organized as a highly conserved basic helix-loop-helix (bHLH) motif and a protein interacting region “Twist box” on the C-domain. Through the bHLH domain, TWIST1 recognizes E-box responsive elements 5′-CANNTG-3′ and can behave as transcriptional repressor or activator, depending on the cellular context [29]. As well, TWIST1 can form either homo- or heterodimers and cooperate with other nuclear factors such as Snail, MyoD, Runx, and MEF2 [30]. TWIST1 is overexpressed in many advanced cancers and its expression levels have been correlated with poor outcomes [31,32,33]. Several growth factors and oncogenic proteins induce TWIST1 transcription, including NF-κB signaling, inflammatory cytokines, TMPRSS2/ERG oncogenic fusion gene [34], and activated EGFR/ErbB2 receptors [35]. Although members of the TWIST family have been extensively investigated, the mechanisms by which TWIST1 transcription factor regulates immune/pro-inflammatory response in the context of metastasis development remain partially understood.



We characterized the contribution of TWIST1 as a potent inducer of OSCC-associated macrophages contributing to OSCC tissue remodeling and progression. In support of this, our profiling of progressive OSCC revealed a consistent overexpression of CSF1, a major chemotactic factor for TAMs. Interestingly, TAMs are able to inhibit (M1 type) or promote (M2 type) tumorigenesis [36]. CSF1 has been implicated in the recruitment and polarization of M2, which once activated can release trophic cytokines and pro-angiogenic factors to enhance tumor cell growth [37,38,39,40]. M2 have limited tumor cell cytotoxicity and antigen-presenting capability but also can suppress lymphocytes activation [41]. Accordingly, the presence of specific TAM subtype infiltration in the tumor microenvironment ranges from either poor or favorable prognosis. CSF1 overexpression is strongly associated with high incidence of recurrence and metastasis [42,43,44,45]. We observed that patients with advanced OSCC showed high expression of TWIST1 and CSF1. Oral cancer cells undergoing to EMT may not only contribute to increase metastatic competence but may become resistant to cytotoxic T-lymphocytes. We also investigated the presence of T cells in epithelial tumor islets (intraepithelial tumor-infiltrating lymphocytes, TIL) by quantified all CD3+ T cells and cytotoxic CD8+ T cells (Figure S1). TIL status was differentially expressed comparing normal, OSCC and lymph nodes, but it was not statistically significant for OSCC patients’ outcomes. However, using the same cohort, TWIST1 and CSF1 were predictive of OSCC progression and poor prognosis. It should be noted that EMT is a reversible trans-differentiation program with inherent plasticity associated with the stemness of cancer cells sharing considerable redundancies such as mediators, factors, signal transducers and these are not induced simultaneously, We identified that the co-overexpression of TWIST1-CSF1 drives biologically aggressive phenotype in a pure epithelial cell population (our samples were microdissected) from patients with oral cancer presenting very similar clinicopathological characteristics and outcomes. However, to determine if patients may or may not respond to immunotherapy, future researchers should be able to measure the degree of tumor cell undergoing to EMT considering inter and intra-tumor heterogeneity associated with the microenvironment, which is heterogeneous as well.



Our preclinical studies showed that in the OSCC cells, the ectopic TWIST1 overexpression increased CSF1 expression while TWIST1 gene silencing down-regulated CSF1. To clarify the diversity of macrophage recruitment within the tumor and their relevance for invasiveness, we confirmed the potency of OSCC-induced TWIST1 expression to promote macrophage chemotaxis using the in vivo Matrigel plug assay, supporting that TWIST1-CSF1 axis impacts on remodeling of OSCC microenvironment via recruitment and polarization of TAMs to promote pro-metastasis signaling. However, we cannot rule out alternative regulatory mechanisms for TWIST1. Indeed, we used computational methods in which we mined existing and predictive molecular interaction networks published in literature. We identified potential signaling patterns associated with tumor progression and metastatic competence in oral cancer by combining initial hub results from different centrality measures and randomly analysis for each network using the experimental results from our metastatic cohort (Figure 7). Protein enrichment involved with cancer stem cell signaling, EMT, and inflammatory process were identified as cores for cancer invasion and metastatic process related with TWIST1 and CSF1 overexpression. In summary, this study shows that the co-expression of TWIST1-CSF1 is a common event in metastatic OSCC and drives a biologically aggressive oral cancer phenotype.




4. Materials and Methods


4.1. Study Population


Primary frozen samples from tongue of metastatic (n = 10) and non-metastatic patients (n = 10) followed-up for 157 months (over than 10 years) were surgically removed at the Department of Head and Neck Surgery (AC Camargo Cancer Hospital, Brazil). Two pathologists reviewed the slides to select appropriate areas for laser capture microdissection (LCM). The microdissected samples were used for genomics experiments (Table S1). Technical validation (cohort from Brazil) and validation of the biological process (independent cohort from Canada) were done in 141 paraffin-embedded oral cancer specimens from patients who had tumor relapse (n = 44; 31.2%) or distant metastasis and patients with good outcomes (n = 97; 68.8%) were evaluated by immunohistochemistry (IHC) using tissue microarray (TMA). These patients were followed-up for 96.2 months. Tumor relapse was histologically confirmed, and patients were followed-up after treatment. Morphologically matched normal specimens from the surgical margins (clear of tumor cells) were included as controls (Table S1).



Eligibility criteria included previously untreated OSCC patients submitted for treatment in the same institution without any distant metastasis at the diagnosis (M0). The tumor staging was re-classified according to the International Union Against Cancer (TNM) and grouped as early clinical stage (T1 + T2) or advanced clinical stage (T3 + T4) [46]. The medical records were the main source to obtain detailed clinicopathological information. Strengthening the reporting of observational studies (STROBE Statement) was used to ensure appropriate methodological quality (http://www.strobe-statement.org/).




4.2. Laser Capture Microdissection (LCM) and DNA Isolation


Approximately 3000 cells were captured from 5µm frozen tissue sections and genomic DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen, Chatsworth, CA, USA) after LCM (PixCell® II, Arcturus Engineering, Mountain View, CA, USA). Samples were evaluated with NanoDrop® (Thermo Scientific, Wilmington, MA, USA) and Bioanalyzer (Agilent, Palo Alto, CA, USA) to determine the DNA concentration and quality.




4.3. Genome-Wide Screening and Analysis


OSCC samples (metastatic versus non-metastatic) and normal tissues (Promega, Madison, WI, USA) were differentially labeled using the Genomic DNA Enzymatic Labeling Kit (Agilent, Santa Clara, CA, USA). The hybridizations were performed on human aCGH 44K (Agilent) following the manufacturer’s recommendations. The image acquisition and statistical parameters to define alterations were as we previously described [46]. In brief, we considered an unsupervised clustering to identify the group profile considering copy number gain (≥0.6), copy number loss (≤−0.8), and homozygous loss (≤−1.2). Hierarchical cluster was done using Euclidean distance and average linkage with 1000 permutations.




4.4. Quantitative Real Time RT-PCR (qRT-PCR)


cDNAs were synthesized using Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random primers (Invitrogen). Primer set sequences was design as following TWIST1 (5′-TCCATTTTCTCCTTCTCTGGAA-3′; 5′-CCTTCTCGGTCTGGAGGAT-3), CSF1 (5′-ATGACAGACAGGTGGAACTGCCAG-3′; 5′-TCACACAATTCAGTAGGTTCAGG-3). qRT-PCR amplification was conducted using Power SYBR Green® Master Mix (Thermo Fisher, Carlsbad, CA, USA) and the quality controls steps followed MIQE Guidelines [19]. The reactions were done in triplicate. GAPDH was considered the stable control gene from four endogenous genes tested (GAPDH (5′-AATGAAGGGGTCATTGATGG-3′; 5′-AAGGTGAAGGTCGGAGTCAA-3), ACTB (5′-GCACCCAGCACAATGAAG-3′; 5′-CTTGCTGATCCACATCTGC-3), HPRT1 (5′-GAACGTCTTGCTCGAGATGTGA-3′; 5′-TCCAGCAGGTCAGCAAAGAAT-3), and BCRP (5′-CCTTCGACGTCAATAACAAGGAT-3′; 5′-CCTGCGATGGCGTTCAC-3) using the geNorm algorithm [47]. Relative gene expression analysis was done using Pfaffl model [48].




4.5. Preparation of the Tissue Microarray (TMA)


1.0 mm cores were extracted from previously microscopically defined OSCC representative areas and matched morphologically normal epithelium from adjacent margins free of tumor with a Tissue Microarrayer® (Beecher Instruments, Silver Springs, MD, USA) [31,46]. Tissue cores were punched and arrayed in duplicate on a single recipient TMA paraffin block. Each core was spaced 0.2 mm apart. After cutting sections from the recipient block, the slides received a layer of paraffin to prevent oxidation and stored at −20 °C.




4.6. Immunohistochemistry (IHC) and Statistical Analysis


Immunohistochemistry reaction was carried out on the TMA as we described [31,46]. In brief, the slides were incubated with primary antibodies diluted in PBS overnight at 4 °C using: anti-CSF1 (Abcam, USA, SP211, monoclonal antibody, 1:250), anti-TWIST1 (Abcam 10E4E6 monoclonal antibody, 1:100), and anti-CD-68 (Invitrogen, USA, FA-11, monoclonal antibody, 1:200). Sections were incubated with secondary antibodies (Advanced TM HRP Link, DakoCytomation, Denmark) for half-hour followed by the polymer detection system (Advanced TM HRP Link, DakoCytomation) for half-hour at room temperature. Reactions were developed using a solution of 0.6 mg/mL of DAB (Sigma, St Louis, MO, USA) and 0.01% H2O2 and then counter-stained with hematoxylin. Positive controls were included in all reactions in accordance with manufacturer’s recommendations. Negative control consisted in omitting the primary antibody and replacing the primary antibody by normal serum. IHC reactions were replicated on distinct TMA slides to represent different tissues levels in the same lesion. The second slide was 25–30 sections deeper than the first slide, resulting in a minimum of 300 μm distance between sections representing 4-fold redundancy with different cell populations for each tissue.



Two independent certified pathologists conducted the IHC analysis blindly to the clinical data. Cores were scanned in 10× power field to settle on the foremost to marked area predominant in a minimum of 10% of the neoplasia [21]. IHC reaction was considered as positive if of a clearly visible dark brown precipitation occurred. IHC analysis considered the percentage and intensity of staining as: 0 (no detectable reaction or little staining in < 10% of cells), 1 (weak but positive IHC expression in > 10% of cells) and 2 (strong positivity in > 10% of cells) [31,46,49]. Samples were categorized into two groups: 0 (negative) and 1 + 2 (positive cases) for statistical propose.




4.7. Statistical Analysis


Statistical analyses of associations between variables were performed by the Fisher’s exact test (with significance set for p < 0.05) and for continuous variables the non-parametric Mann–Whitney u test. The overall survival was defined as the interval between the beginning of treatment (surgery) and the date of death or the last information for censored observations. Survival probabilities were analyzed by the Kaplan–Meier method and Cox regression models. The log-rank test was applied to assess the significance of differences among actuarial survival curves with a 95% confidence interval. A multivariate Cox proportional hazard models was performed to examine the impact of different predictors on survival. All analyses were performed using the statistical software package STATA-13 (STATA Corporation, College Station, TX, USA) as we previously described [31,46].




4.8. Cell Culture and Co-Culture


Oral cancer cell lines SCC9 and SCC25 (ATCC, Manassas, VA, USA) and macrophages RAW264.7 (ATCC) were cultured in DMEM medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (Mediatech Inc., Herndon, VA, USA), 400 ng/mL hydrocortisone and 100 µg/mL gentamycin and kanamycin. OSCC1.2/RBT3 cell line was established by our group from a patient with a highly metastatic oral cancer and maintained in culture as previously described [50,51]. In addition, normal epithelial cells (NOE) were isolated from human tongue was maintained in cell culture with KSF serum-free medium supplemented with 5 µg/mL of bovine pituitary extract (Gibco/Invitrogen Life Technology, Carlsbad, CA, USA) as we previously described [52]. In inducing experiments, RAW264.7 cells were incubated with the supernatant from OSCC cells (diluted 1:5) for 48 h. Co-cultivation of macrophages and OSCC cells was performed in 24-wells Boyden chambers (Corning, cat. no. 3413, Tewksbury, MA, USA). Macrophages were seeded on the 0.4 µM inserts, which are permeable to supernatants but not to cellular components. OSCC cells were seed in the lower chambers and grown for 48 h [53]. Cell lines were routinely treated with MycoZAP (Lonza, NJ, USA) and tested for mycoplasma contamination.




4.9. Cell Migration and Invasion Assays


Invasion was measured by evaluating the migratory cell rate through a polycarbonate membrane (8-μm pore diameter) coated with BD Matrigel Matrix (BD Biosciences, Bedford, MA, USA) in a modified Boyden chamber (Corning, cat. no. 3422) as previously described [31,46,54]. Collective cell migration was evaluated using qualitative wound-healing assay [31,46]. Each experiment was performed three times and results are expressed as mean ± SD. Statistical analysis was done using the Student’s t test.




4.10. ELISA Assay for CSF1


Cells were plated at 2 × 105 cells/well into 6-well-plates 48 h before the collection of culture supernatants. The concentrations of CSF1 in the cell culture supernatants were determined using MCSF immunoassay (Quantikine Human M-CSF ELISA Kit, R&D Systems Europe Ltd., Abingdon, UK) according to the manufacturer’s protocols.




4.11. siRNA Expression


TWIST1 target sequences (GenBank, NM_000474) were: 5′-UUGAGGGUCUGAAUCUUGCUCAGCU-3′ and 5′-AGCUGAGCAAGAUUCAGACCCUCAA-3′. Transfections were carried out as previously described [31,46].




4.12. CRISPR-Cas9 for the Feneration of TWIST1 Knockout Cells


Two target guide sequences for human (hTWISTFWD-2: CACCGCCGCCGAGCGGCAAGCGCGG, hTWISTREV-2: AAACCCGCGCTTGCCGCTCGGCGGC; hTWISTFWD-3: CACCGGCAAGCGCGGGGGACGCAAG; hTWISTREV-3: AAACCTTGCGTCCCCCGCGCTTGCC) and for mouse (mTwistFWD-2: CACCGCTGTCGTCGGCCGGAGAGAC; mTwistREV-2: AAACGTCTCTCCGGCCGACGACAGC; mTwistFWD-3: CACCGACGCAGCAGTCGGCGCAGCG; mTwistREV-3: AAACCGCTGCGCCGACTGCTGCGTC) were cloned into lentiCRISPRv2 vector. OSCC1.2 (RBT3, human cell line) and AT84 (mouse cell line) were then transduced by lentiviral particles. The wide-type control was only the lentiCRISPR vector. The transduced cells were selected with puromycin at 1 µg/mL. TWIST1 knockout clones were confirmed by qRT-PCR and immunoblotting.




4.13. Immunoblotting Analysis


Protein extracts were used for immunoblotting assays as we previously described [31,46,54]. Blots were detected using the antibodies for anti-CSF1 (1:1000; Abcam, USA), anti-TWIST1 (1:500; Abnova, Taipei, TW), anti-GAPDH (1:10,000; Cedarlane, Hornby, UK). Secondary antibodies and an enhanced chemiluminescence detection system (Bio-Rad, CA, USA) were used for detecting the Western blot signals. Detailed information about the western blot can be found at Figure S2.




4.14. Animal Model


In vivo experiments were carried out in accordance Canadian guidelines (institutional and Federal) after being approved by Animal Care Committee (Protocol # 5018—McGill University) (Research Animal Policy|Procurement Services—McGill University—https://www.mcgill.ca/procurement/regulation/policies/commoditypolicy/animal). 10 × 105 cells were injected orthotopically in the tongue of immunocompetent C3H mice to address tumor microenvironment as we described earlier [31]. Nude mice (20–25 g) were used to study the highly metastatic human cell line (OSCC1.2-RBT3). Mice were sacrificed when the tumor reached 100 mm3, and their tumors were dissected, measured, and weighted using a precision balance. The invasive phenotype was evaluated macroscopically and by histological examination (H&E). Results were expressed as the mean ±SD (n = 8 per condition) and statistical analysis was done using the Student’s t test.




4.15. Subcutaneous Matrigel Plug Assay for In Vivo Evaluation of Macrophage Infiltration


To directly analyze macrophage infiltration in immunocompetent mouse model, AT84 cells and AT84 TWIST1 knockout were mixed with a solution of Matrigel Matrix (BD Biosciences, USA) and implanted subcutaneously in male C3H mice. When this solution reaches body temperature, it jellifies and forms a plug containing the AT84 cells. After 7–15 days, animals were sacrificed, Matrigel plugs were removed, and the characteristics and percentage of macrophage infiltrating cells were analyzed. Images from the whole-mount preparations of the Matrigel specimens were submitted to IHC analysis for TWIST1 (Abcam, 1:100), and CSF1 (Invitrogen, 1:200) proteins.




4.16. Macrophage Characterization


RNA isolated from RAW264.7 cell line was reverse transcribed, and qRT-PCR was performed as described above. Gene-specific primers for mouse macrophage characterization by qRT-PCR were: Rn18s (5′-GTAACCCGTTGAACCCCATT-3′; 5′-CCATCCAATCGGTAGTAGCG-3′), Gapdh (5′-TGAAGGTCGGTGTGAACGG-3′; 5′-CGTGAGTGGAGTCATACTGGAA-3), and Actb (5′-CGGTTCCGATGCCCTGAGGCTCTT-3′; 5′-CGTCACACTTCATGATGGATTTGA-3) as internal control; and for macrophage polarization were considered: Nos2 (iNOS, 5′-CCAAGCCCTCACCTACTTCC-3′; 5′-CTCTGAGGGCTGACACAAGG-3′), Tnf (TNF-A, 5′-TCTCATGCACCATCAAGGACT-3′; 5′-TGACCACTCTCCTGCAGAACT-3′), Il6 (IL-6 5′-TTCCATCCAGTTGCCTTCTT-3′; 5′-CAGAATTGCCATTGCACAAC-3′), Il12 (IL-12 5′-GGAAGCACGGCAGCAGAATA-3′; 5′-AACTTGAGGGAGAAGTAGGAATGG-3′), Chil3 (Ym1 5′-CACCATGGCCAAGCTCATTCTTGT -3′; 5′-TATTGGCCTGTCCTTAGCCCAACT -3′), Retnla (Fizz1 5′-ACTGCCTGTGCTTACTCGACT-3′; 5′-AAAGCTGGGTTCACCTCTTCA-3′), Arg1 (5′-AGATTATCGGAGCGCCTTTCT-3′; 5′-TGCTGCAGGGCCTTTCTCT-3′), Il10 (IL-10, 5′-GGTTGCCAAGCCTTATCGGA-3′; 5′-ACCTGCTCCACTGCCTTGCT-3′), Nr3c2 (MR 5′-CCACAGCATTGAGGAGTTTG-3′; 5′-ACAGCTCATCATTTGGCTCA-3′). Relative gene expression analysis was done using Pfaffl model [20].





5. Conclusions


This study provides insight into the crosstalk between TWIST1 and CSF1 in metastatic OSCC and supports TWIST1-mediated macrophage activation to promote tumor invasion. Furthermore, the results show the potential of targeting macrophage signaling to manage advanced OSCC, such as using small molecule modulators of macrophage signaling or anti-MIF (migration inhibitory factor; e.g., BAX69 or Imalumab). Some of these agents are currently undergoing clinical trials.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-6694/13/1/153/s1, Figure S1: CD3 and CD8 infiltration in tissue samples from patients with OSCC, Figure S2: Detailed information about the western blot, Table S1: Distribution of the OSCC cases according to demographic, lifestyle, and clinical variables, Table S2 Association between CSF1 and clinicopathological characteristics.





Author Contributions


Conceptualization, S.D.d.S., L.Y., L.P.K., and M.A.A.-J.; data curation, F.A.M., and J.S.; formal analysis, S.D.d.S., F.A.M., and L.V.; funding acquisition, S.D.d.S., L.Y., M.H., L.P.K., and M.A.A.-J.; investigation, S.D.d.S., L.Y., J.S., L.V., J.H., A.M., and M.A.A.-J.; methodology, L.V., J.H., K.B., and M.H.; project administration, L.Y., A.M., L.P.K., and M.A.A.-J.; resources S.D.d.S., L.Y., M.H., K.B., A.M., L.P.K., and M.A.A.-J.; software, F.A.M.; supervision, L.Y., L.P.K.; validation, S.D.d.S.; visualization, S.D.d.S., F.A.M.; writing—original draft, S.D.d.S.; writing—review & editing, S.D.d.S., L.Y., L.P.K., and M.A.A.-J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP 06/61039-8 and CEPID/FAPESP 98/14335), the National Institute of Science and Technology in Oncogenomics (INCITO/FAPESP 2008/57887-9), Conselho Nacional de Desenvolvimento Científico e Tecnológico, CNPq 573589/08-9) (L.P.K.), the Quebec Breast Cancer Foundation (M.A.A.-J.), Global Affair/DFATD#249584, Brazil-Canada#249569, RSBO#80596 and NCOHR (S.D.d.S.).




Institutional Review Board Statement


The study was conducted following the Declaration of Helsinki; Scientific Research Ethics Committees of the Jewish General Hospital (#11-093), McGill University (Canada) and AC Camargo Cancer Hospital (#875/07) reviewed and approved this study.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented in this study are available in supplementary material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



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]

	



Curado, M.P.; Hashibe, M. Recent changes in the epidemiology of head and neck cancer. Curr. Opin. Oncol. 2009, 21, 194–200. [Google Scholar] [CrossRef]

	



Zhou, X.; Temam, S.; Oh, M.; Pungpravat, N.; Huang, B.L.; Mao, L.; Wong, D.T. Global expression-based classification of lymph node metastasis and extracapsular spread of oral tongue squamous cell carcinoma. Neoplasia 2006, 8, 925–932. [Google Scholar] [CrossRef]

	



New Global Cancer Data: GLOBOCAN 2018. Available online: https://www.uicc.org/news/new-global-cancer-data-globocan-2018 (accessed on 2 December 2020).

	



Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Global Health Observatory; World Health Organization: Geneva, Switzerland, 2018; Available online: who.int/gho/database/en/ (accessed on 2 December 2020).

	



Cohen, E.E.W.; Soulières, D.; le Tourneau, C.; Dinis, J.; Licitra, L.; Ahn, M.; Soria, A.; Machiels, J.; Mach, N.; Mehra, R.; et al. Pembrolizumab versus methotrexate, docetaxel, or cetuximab for recurrent or metastatic head-and-neck squamous cell carcinoma (KEYNOTE-040): A randomised, open-label, phase 3 study. Lancet 2019, 393, 156–167. [Google Scholar] [CrossRef]

	



Kowalski, L.P.; Coletta, R.D.; Salo, T.; Maschietto, M.; Chojniak, R.; Lima, J.M.; Mlynarek, A.; Hier, M.P.; Alaoui-Jamali, M.A.; Silva, S.D. Head and neck cancer: Emerging concepts in biomarker discovery and opportunities for clinical translation. Clin. Transl. Med. 2020, 10, e209. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.C.; Bhayani, M.; Kuchta, K.; Galloway, T.; Fundakowski, C. Patterns of distant metastasis in head and neck cancer at presentation: Implications for initial evaluation. Oral. Oncol. 2019, 88, 131–136. [Google Scholar] [CrossRef]

	



Cavallaro, U.; Christofori, G. Multitasking in tumor progression: Signaling functions of cell adhesion molecules. Ann. N. Y. Acad. Sci. 2004, 1014, 58–66. [Google Scholar] [CrossRef]

	



Kang, Y.; Massagué, J. Epithelial-mesenchymal transitions: Twist in development and metastasis. Cell 2004, 118, 277–279. [Google Scholar] [CrossRef]

	



Low-Marchelli, J.M.; Ardi, V.C.; Vizcarra, E.A.; van Rooijen, N.; Quigley, J.P.; Yang, J. Twist1 induces CCL2 and recruits macrophages to promote angiogenesis. Cancer Res. 2013, 73, 662–671. [Google Scholar] [CrossRef]

	



Bonde, A.K.; Tischler, V.; Kumar, S.; Soltermann, A.; Schwendener, R.A. Intratumoral macrophages contribute to epithelial-mesenchymal transition in solid tumors. BMC Cancer 2012, 12, 35. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X. Tumor-associated macrophages as potential diagnostic and prognostic biomarkers in breast cancer. Cancer Lett. 2013, 332, 3–10. [Google Scholar] [CrossRef] [PubMed]

	



Siveen, K.S.; Kuttan, G. Role of macrophages in tumour progression. Immunol. Lett. 2009, 123, 97–102. [Google Scholar] [CrossRef] [PubMed]

	



Knowlton, M.L.; Selfors, L.M.; Wrobel, C.N.; Gu, T.L.; Ballif, B.A.; Gygi, S.P.; Polakiewicz, R.; Brugge, J.S. Profiling Y561-dependent and -independent substrates of CSF-1R in epithelial cells. PLoS ONE 2010, 5, e13587. [Google Scholar] [CrossRef] [PubMed]

	



Barbetti, V.; Morandi, A.; Tusa, I.; Riverso, M.; Marzi, I.; Cipolleschi, M.G.; Bessi, S.; Giannini, A.; di Leo, A.; Sbarba, P.D.; et al. Chromatin-associated CSF-1R binds to the promoter of proliferation-related genes in breast cancer cells. Oncogene 2014, 33, 4359–4364. [Google Scholar] [CrossRef]

	



Maher, M.G.; Sapi, E.; Turner, B.; Gumbs, A.; Perrotta, P.L.; Carter, D.; Kacinski, B.M.; Haffty, B.G. Prognostic significance of colony-stimulating factor receptor expression in ipsilateral breast cancer recurrence. Clin. Cancer Res. 1998, 4, 1851–1856. [Google Scholar]

	



Patsialou, A.; Wyckoff, J.; Wang, Y.; Goswami, S.; Stanley, E.R.; Condeelis, J.S. Invasion of human breast cancer cells in vivo requires both paracrine and autocrine loops involving the colony-stimulating factor-1 receptor. Cancer Res. 2009, 69, 9498–9506. [Google Scholar] [CrossRef]

	



Stanley, E.R.; Berg, K.L.; Einstein, D.B.; Lee, P.S.; Yeung, Y.G. The biology and action of colony stimulating factor-1. Stem Cells 1994, 12 (Suppl. 1), 15–24. [Google Scholar]

	



Chitu, V.; Stanley, E.R. Colony-stimulating factor-1 in immunity and inflammation. Curr. Opin. Immunol. 2006, 18, 39–48. [Google Scholar] [CrossRef]

	



Beatty, G.L.; Gladney, W.L. Immune Escape Mechanisms as a Guide for Cancer Immunotherapy. Clin. Cancer Res. 2015, 21, 687–692. [Google Scholar] [CrossRef]

	



Templeton, A.J.; McNamara, M.G.; Šeruga, B.; Vera-Badillo, F.E.; Aneja, P.; Ocaña, A.; Leibowitz-Amit, R.; Sonpavde, G.; Knox, J.J.; Tran, B.; et al. Prognostic role of neutrophil-to-lymphocyte ratio in solid tumors: A systematic review and meta-analysis. J. Natl. Cancer Inst. 2014, 106, dju124. [Google Scholar] [CrossRef] [PubMed]

	



Hu, B.; Yang, X.R.; Xu, Y.; Sun, Y.F.; Sun, C.; Guo, W.; Zhang, X.; Wang, W.; Qiu, S.; Zhou, J.; et al. Systemic immune-inflammation index predicts prognosis of patients after curative resection for hepatocellular carcinoma. Clin. Cancer Res. 2014, 20, 6212–6222. [Google Scholar] [CrossRef]

	



Han, S.; Zhang, C.; Li, Q.; Dong, J.; Liu, Y.; Huang, Y.; Jiang, T.; Wu, A. Tumour-infiltrating CD4(+) and CD8(+) lymphocytes as predictors of clinical outcome in glioma. Br. J. Cancer 2014, 110, 2560–2568. [Google Scholar] [CrossRef] [PubMed]

	



Noman, M.Z.; Messai, Y.; Muret, J.; Hasmim, M.; Chouaib, S. Crosstalk between CTC, Immune System and Hypoxic Tumor Microenvironment. Cancer Microenviron. 2014, 7, 153–160. [Google Scholar] [CrossRef] [PubMed]

	



Tan, T.Z.; Miow, Q.H.; Miki, Y.; Noda, T.; Mori, S.; Huang, R.Y.; Yun-Ju, R.; Thiery, J.P. Epithelial-mesenchymal transition spectrum quantification and its efficacy in deciphering survival and drug responses of cancer patients. EMBO Mol. Med. 2014, 6, 1279–1293. [Google Scholar] [CrossRef]

	



Steinert, G.; Schölch, S.; Niemietz, T.; Iwata, N.; García, S.A.; Behrens, B.; Voigt, A.; Kloor, M.; Benner, A.; Bork, U.; et al. Immune escape and survival mechanisms in circulating tumor cells of colorectal cancer. Cancer Res. 2014, 74, 1694–1704. [Google Scholar] [CrossRef]

	



Lee, M.P.; Yutzey, K.E. Twist1 directly regulates genes that promote cell proliferation and migration in developing heart valves. PLoS ONE 2011, 6, e29758. [Google Scholar] [CrossRef]

	



Castanon, I.; Von Stetina, S.; Kass, J.; Baylies, M.K. Dimerization partners determine the activity of the Twist bHLH protein during Drosophila mesoderm development. Development 2001, 128, 3145–3159. [Google Scholar]

	



Silva, S.D.; Alaoui-Jamali, M.A.; Soares, F.A.; Carraro, D.M.; Brentani, H.P.; Hier, M.; Rogatto, S.R.; Kowalski, L.P. TWIST1 is a molecular marker for a poor prognosis in oral cancer and represents a potential therapeutic target. Cancer 2013, 120, 352–362. [Google Scholar] [CrossRef]

	



Gomez, I.; Peña, C.; Herrera, M.; Muñoz, C.; Larriba, M.J.; Garcia, V.; Dominguez, G.; Silva, J.; Rodriguez, R.; de Herreros, A.G.; et al. TWIST1 is expressed in colorectal carcinomas and predicts patient survival. PLoS ONE 2011, 6, e18023. [Google Scholar] [CrossRef]

	



Sung, C.O.; Lee, K.W.; Han, S.; Kim, S.H. Twist1 is up-regulated in gastric cancer-associated fibroblasts with poor clinical outcomes. Am. J. Pathol. 2011, 179, 1827–1838. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Cai, Y.; Shao, L.J.; Siddiqui, J.; Palanisamy, N.; Li, R.; Ren, C.; Ayala, G.; Ittmann, M. Activation of NF-{kappa}B by TMPRSS2/ERG Fusion Isoforms through Toll-Like Receptor-4. Cancer Res. 2011, 71, 1325–1333. [Google Scholar] [CrossRef] [PubMed]

	



Lo, H.-W.; Hsu, S.-C.; Xia, W.; Cao, X.; Shih, J.Y.; Wei, Y.; Abbruzzese, J.L.; Hortobagyi, G.N.; Hung, M.-C. Epidermal growth factor receptor cooperates with signal transducer and activator of transcription 3 to induce epithelial-mesenchymal transition in cancer cells via up-regulation of TWIST gene expression. Cancer Res. 2007, 67, 9066–9076. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.C.; He, F.; Feng, F.; Liu, X.W.; Dong, G.Y.; Qin, H.Y.; Hu, X.-B.; Zheng, M.-H.; Liang, L.; Feng, L.; et al. Notch signaling determines the M1 versus M2 polarization of macrophages in antitumor immune responses. Cancer Res. 2010, 70, 4840–4849. [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]

	



Steidl, C.; Lee, T.; Shah, S.P.; Farinha, P.; Han, G.; Nayar, T.; Delaney, A.; Jones, S.J.; Iqbal, J.; Weisenburger, D.D.; et al. Tumor-associated macrophages and survival in classic Hodgkin’s lymphoma. N. Engl. J. Med. 2010, 362, 875–885. [Google Scholar] [CrossRef]

	



Ojalvo, L.S.; Whittaker, C.A.; Condeelis, J.S.; Pollard, J.W. Gene expression analysis of macrophages that facilitate tumor invasion supports a role for Wnt-signaling in mediating their activity in primary mammary tumors. J. Immunol. 2010, 184, 702–712. [Google Scholar] [CrossRef]

	



Zabuawala, T.; Taffany, D.A.; Sharma, S.M.; Merchant, A.; Adair, B.; Srinivasan, R.; Rosol, T.J.; Fernandez, S.; Huang, K.; Leone, G.; et al. An ets2-driven transcriptional program in tumor-associated macrophages promotes tumor metastasis. Cancer Res. 2010, 70, 1323–1333. [Google Scholar] [CrossRef]

	



Zhu, Y.; Knolhoff, B.L.; Meyer, M.A.; Nywening, T.M.; West, B.L.; Luo, J.; Wang-Gillam, A.; Goedegebuure, S.P.; Linehan, D.C.; DeNardo, D.G.; et al. CSF1/CSF1R blockade reprograms tumor-infiltrating macrophages and improves response to T-cell checkpoint immunotherapy in pancreatic cancer models. Cancer Res. 2014, 74, 5057–5069. [Google Scholar] [CrossRef]

	



Hung, J.Y.; Horn, D.; Woodruff, K.; Prihoda, T.; LeSaux, C.; Peters, J.; Tio, F.; Abboud-Werner, S.L. Colony-stimulating factor 1 potentiates lung cancer bone metastasis. Lab. Investig. 2014, 94, 371–381. [Google Scholar] [CrossRef]

	



Patsialou, A.; Wang, Y.; Pignatelli, J.; Chen, X.; Entenberg, D.; Oktay, M.; Condeelis, J.S. Autocrine CSF1R signaling mediates switching between invasio n and proliferation downstream of TGFβ in claudin-low breast tumor cells. Oncogene 2015, 34, 2721–2731. [Google Scholar] [CrossRef] [PubMed]

	



Sielska, M.; Przanowski, P.; Wylot, B.; Gabrusiewicz, K.; Maleszewska, M.; Kijewska, M.; Zawadzka, M.; Kucharska, J.; Vinnakota, K.; Kettenmann, H.; et al. Distinct roles of CSF family cytokines in macrophage infiltration and activation in glioma progression and injury response. J. Pathol. 2013, 230, 310–321. [Google Scholar] [CrossRef] [PubMed]

	



Pyonteck, S.M.; Gadea, B.B.; Wang, H.W.; Gocheva, V.; Hunter, K.E.; Tang, L.H.; Joyce, J.A. Deficiency of the macrophage growth factor CSF-1 disrupts pancreatic neuroendocrine tumor development. Oncogene 2012, 31, 1459–1467. [Google Scholar] [CrossRef]

	



Da Silva, S.D.; Marchi, F.A.; Xu, B.; Bijian, K.; Alobaid, F.; Mlynarek, A.; Rogatto, S.R.; Hier, M.; Kowalski, L.P.; Alaoui-Jamali, M.A. Predominant Rab-GTPase amplicons contributing to oral squamous cell carcinoma progression to metastasis. Oncotarget 2015, 6, 21950–21963. [Google Scholar] [CrossRef]

	



Bustin, S.A.; Beaulieu, J.F.; Huggett, J.; Jaggi, R.; Kibenge, F.S.; Olsvik, P.A.; Penning, L.C.; Toegel, S. MIQE précis: Practical implementation of minimum standard guidelines for fluorescence-based quantitative real-time PCR experiments. BMC Mol. Biol. 2010, 11, 74. [Google Scholar] [CrossRef] [PubMed]

	



Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [Google Scholar] [CrossRef] [PubMed]

	



Kononen, J.; Bubendorf, L.; Kallioniemi, A.; Bärlund, M.; Schraml, P.; Leighton, S.; Torhorst, J.; Mihatsch, M.J.; Sauter, G.; Kallionimeni, O.-P. Tissue microarrays for high-throughput molecular profiling of tumor specimens. Nat. Med. 1998, 4, 844–847. [Google Scholar] [CrossRef] [PubMed]

	



Mlynarek, A.M.; Balys, R.L.; Su, J.; Hier, M.P.; Black, M.J.; Alaoui-Jamali, M.A. A cell proteomic approach for the detection of secretable biomarkers of invasiveness in oral squamous cell carcinoma. Arch. Otolaryngol. Head Neck Surg. 2007, 133, 910–918. [Google Scholar] [CrossRef]

	



Balys, R.; Alaoui-Jamali, M.; Hier, M.; Black, M.; Domanowski, G.; Rochon, L.; Jie, S. Clinically relevant oral cancer model for serum proteomic eavesdropping on the tumour microenvironment. J. Otolaryngol. 2006, 35, 157–166. [Google Scholar]

	



Al Moustafa, A.E.; Alaoui-Jamali, M.A.; Batist, G.; Hernandez-Perez, M.; Serruya, C.; Alpert, L.; Black, M.J.; Sladek, R.; Foulkes, W.D. Identification of genes associated with head and neck carcinogenesis by cDNA microarray comparison between matched primary normal epithelial and squamous carcinoma cells. Oncogene 2002, 21, 2634–2640. [Google Scholar] [CrossRef]

	



Yang, M.; Chen, J.; Su, F.; Yu, B.; Su, F.; Lin, L.; Liu, Y.; Huang, J.; Song, E. Microvesicles secreted by macrophages shuttle invasion-potentiating microRNAs into breast cancer cells. Mol. Cancer 2011, 10, 117. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Bismar, T.A.; Su, J.; Xu, B.; Kristiansen, G.; Varga, Z.; Teng, L.; Ingber, D.E.; Mammoto, A.; Kumar, R.; et al. Filamin A regulates focal adhesion disassembly and suppresses breast cancer cell migration and invasion. J. Exp. Med. 2010, 207, 2421–2437. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 00153 g001 550] 





Figure 1. TWIST1 and CSF1 were clustered within the gained/amplified chromosomal regions in patients with highly metastatic oral cancer. (A) OSCC were sorted using hierarchical unsupervised clustering based on genomic data of EMT genes according to clinical information (M: metastatic vs. NM: non-metastatic OSCC). (B) Representation of the chromosome 1 showing the DNA amplification for csf1 sequence in patients with metastatic disease (blue bars in the right of the image). (C) The frequency plot identified a large number of chromosomal imbalances in more than 90% of aggressive/metastatic OSCC compared with non-metastatic tumors. The highest scoring locus identified in this analysis were 1p13.3 and 7p13 corresponding to CSF1 and TWIST1. 
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Figure 2. TWIST1 and CSF1 can predict oral cancer progression to metastasis and poor outcomes. (A) Immunohistochemistry images of TWIST1, CSF1 and CD68 proteins expression in normal (left side) and oral cancer samples (right side). A negative or weak staining was observed in morphologically normal tissues while a strong nuclear staining (for TWIST1) and cytoplasmic staining (for CSF1 and CD68) was detected in OSCC samples. Magnification of 50× (circle in the left) followed by enlarged area of the image with 200× (square in the right). (B) TWIST1, CSF1 and CD68 proteins were differentially expressed in non-metastatic and metastatic OSCC patients as well as in non-cancer tissues. Confidence intervals (CI: 95%) show relative percentage and IHC intensity value. Y-axis represents numerical values corresponding to the percentage and intensity of expression. The bottom graphs represent the Kaplan-Meier overall survival analysis showing a significant positive correlation involving survival rate for TWIST1 and CSF1 expression (log-rank test, p = 0.0035, p = 0.0219, respectively) but not CD68 (log-rank test, p = 0.3390). 
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Figure 3. TWIST1 can regulate CSF1 expression in oral cancer. (A) Morphological aspects of oral normal epithelial cell lines (NOE) after stimulation with TGFβ showing mesenchymal phenotype. The same cells after knockdown TWIST1 but under stimulation of TGFβ show mixed aspects of epithelial and mesenchymal phenotype. (B) Transcript levels of TWIST1 and CSF1 estimated by qRT-PCR was increased in a highly metastatic oral cancer cell line (OSCC1.2/RBT3), as well as in the invasive SCC9 cells in comparison to the less-invasive OSCC cell line (SCC25) and normal oral epithelial (NOE) cells. GAPDH was used to normalize the gene expression data. Y-axis corresponds to the relative quantification of the mRNA levels and X-axis represents the genes. (C) Significant downregulation of CSF1 was achieved after TWIST1 gene silencing. GAPDH was used as an internal control. Y-axis corresponds to the relative quantification of transcript levels; X-axis represents control OSCC cells, cells expressing siRNA and cells knockdown TWIST1 and treated with TGFβ. (D) Concentration of GMCSF (pg/mL; 2 × 105 cells) measured by ELISA (enzyme-linked immunosorbent assay) in supernatants from OSCC cell culture. Data are represented as mean ± SD (standard deviation) from four separate experiments. Cells downexpressing TWIST1 shows statistically significant reduction of secreted CSF1. (E) Immunoblotting showing efficient down-regulation of TWIST1 and CSF1 (>90%) protein levels compared to control group. GAPDH was used as loading control. (F) Transient transfection of pMCSF-R(m40)-luc (5′-ATCGGTACC-3′) into OSCC cells with or without TGFβ treatment revealed that although the mutated constructs displayed constitutive baseline activity, which was significantly increased after TGFβ treatment. (*) Asterisks indicate statistically significant differences in relation to the OSCC untreated cells, where p  <  0.05 by ANOVA. 
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Figure 4. TWIST1 can regulate macrophage chemotaxis and polarization in metastatic oral cancer. (A) TWIST1 inhibition leads to decreased macrophage migration. Using a model of migration in co-culture assay, RAW264.7 cells were exposed to AT84, AT84 scramble, AT84 shTWIST1, AT84 pBabe and AT84 overexpressing TWIST1 for 24 h (left side) and their conditioned medium (right side). OSCC cells and medium were used as the chemo-attractant for in vitro cell migration assay. RAW264.7 cells were seeded on top. After 18 h, the migrated cells were stained with hematoxylin for nuclear staining and counted. Error bars represent ± SD of five independent experiments: * p < 0.005. (B) TWIST1 induced macrophage polarization. Magnification of 10× (big square) followed by enlarged area of the image with 200× (small square in the corner). (C) Clear down-expression of classical activated M1 macrophage genes (Nos2/iNOS, Tnf/TNF-A, Il6/IL-6, Il12/IL-12) followed by the increased mRNA expression of alternatively polarized macrophage genes (Chil3/Ym1, Retnla/Fizz1, Arg1, Il10/ IL-10, Nr3c2/ MR). Data are expressed as fold change relative. Bar graph represents the mean ± SD of three independent experiments repeated in triplicates; * p < 0.005. 
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Figure 5. In vivo Matrigel plug assay and orthotopic model (A) Plugs obtained from mice 14 days after inoculation with Matrigel containing vehicle (control), AT84 cells and AT84 knockout TWIST1 were submitted to H&E. Original magnification: 20×. (B) Immunohistochemistry images for TWIST1 and CSF1 proteins in AT84 control (left) and AT84 shTWIST1 samples (right). Negative staining for TWIST1 and a week expression for CSF1 was observed in the tissues where AT84 shTWIST1 was implanted; while a strong nuclear staining (for TWIST1) and cytoplasmic expression (for CSF1) was detected in the plug with AT84 cells. Original magnification: 20× (large rectangle) 200× (small rectangle). (C) H&E showing TWIST1 down-regulation inhibited tumor growth when AT84 cells were implanted either orthotopically into the tongues of mice and no clinical lesion could be observed (compared with AT84 control). Original magnification: 10×. 
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Figure 6. In vivo experiments using murine model (AT84) and a highly metastatic human OSCC (RBT3). (A) Immunoblotting and gene expression analysis showing TWIST1 knockout by CRISPR-CAS9 with significant downregulation of CSF1 in AT84 and RBT3. The protein and gene expression of both (TWIST1 and CSF1) are present after TWIST1 be reconstituted in the TWIST1 knockout tumor cells. GAPDH was used as loading control. Tumor volume and weights are illustrated (n = 8) from animals implanted with AT84 and RBT3 (control, TWIST1 knockout by CRISPR-CAS9, and TWIST1 reconstituted cells) implanted orthotopically in the tongue. * p < 0.005. Representative H&E images using AT84 (B) and RBT3 (C) cells in the three conditions (control, TWIST1 knockout by CRISPR-CAS9, and TWIST1 reconstituted cells). In both experiments, the animas implanted with modified cells (TWIST1 knockout by CRISPR-CAS9) showed significant inhibition of distant metastasis, while TWIST1 reconstituted cells increased the metastatic potential. Original magnification: 50× (top image) and 200× (bottom image). 
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Figure 7. Scheme of the protein-protein interaction (PPI) involving TWIST1 and CSF1 network. Solid purple edges represent the interactions between enriched genes in each assessed biological process and the neighborhood interactions. Proteins enrichment was involved in critical hallmarks of cancer progression such as cancer stem cell signaling (purple circle), epithelial-mesenchymal transition (EMT) (green circle), and inflammatory process (blue circle) were detected (p < 0.01). 
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