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Abstract

:

The prospero homeobox 1 (PROX1) transcription factor is a product of one of the lymphangiogenesis master genes. It has also been suggested to play a role in carcinogenesis, although its precise role in tumour development and metastasis remains unclear. The aim of this study was to gain more knowledge on the PROX1 function in thyroid tumorigenesis. Follicular thyroid cancer-derived cells—CGTH-W-1—were transfected with PROX1-siRNA (small interfering RNA) and their proliferation, cell cycle, apoptosis and motility were then analysed. The transcriptional signature of PROX1 depletion was determined using RNA-Sequencing (RNA-Seq) and the expression of relevant genes was further validated using reverse transcriptase quantitative PCR (RT-qPCR), Western blot and immunocytochemistry. PROX1 depletion resulted in a decreased cell motility, with both migratory and invasive potential being significantly reduced. The cell morphology was also affected, while the other studied cancer-related cell characteristics were not significantly altered. RNA-seq analysis revealed significant changes in the expression of transcripts encoding genes involved in both motility and cytoskeleton organization. Our transcriptional analysis of PROX1-depleted follicular thyroid carcinoma cells followed by functional and phenotypical analyses provide, for the first time, evidence that PROX1 plays an important role in the metastasis of thyroid cancer cells by regulating genes involved in focal adhesion and cytoskeleton organization in tumour cells.
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1. Introduction


Metastasis is a complex multistep biological process during which cancer cells leave the site of the primary tumour and migrate to distant anatomic sites where they proliferate and form secondary tumour foci. Metastatic spreading of cancer cells occurs via vascular and/or lymphatic systems. Even though the mechanisms and pathways of cancer development and spreading have been extensively studied, the mechanisms of one of the most critical steps in cancer progression associated with a worse prognosis—infiltration of adjacent tissues by malignant tumours and spreading to form distant metastasis—remains to be elucidated.



One of the working models of cancer spreading highlights the crucial role of the lymphatic system, which is in accordance with its basic function in the defence of the organism against various diseases and in the development of inflammatory states [1,2]. Nevertheless, molecular pathways associated with lymphatic invasion remain unclear [3,4]. A search for lymphangiogenesis biomarkers of lymphatic endothelial cells (LEC) has revealed several markers including prospero homeobox 1 (PROX1), podoplanin, vascular endothelial growth factor receptor 3 (VEGFR-3) and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1) [5,6,7,8,9]. Further studies confirmed that these markers play a role also in tumorigenesis [10,11,12,13,14,15]. PROX1 is of particular interest among these markers because it additionally plays an essential role in other biological processes, such as cell differentiation, proliferation, migration and apoptosis.



PROX1 belongs to an evolutionarily conserved class of atypical homeodomain proteins and presents extensive homology to the Pros proteins of other species (e.g., Caenorhabditis elegans, Mus musculus, Gallus gallus and Danio rerio) [16,17,18,19,20]. It is mainly localized in the nucleus, but it is also commonly found in the cytoplasm and its function depends on its intracellular localization [21,22]. Apart from its role in lymphangiogenesis, PROX1 contributes to the progression of the neuroectodermal embryonic and lens cells [5,21,22,23,24]. Moreover, it has been shown to be an early specific marker of the liver and pancreas organogenesis. The absence of functional PROX1 disrupts the morphology of epithelial pancreatic cells and inhibits their growth. In the liver, PROX1 is necessary for the migration of hepatocytes and its loss leads to the development of smaller organs with a reduced hepatocyte cell population [25,26,27]. Last but not least, PROX1 seems to be implicated in tumorigenesis.



Many studies have described a significant impact of PROX1 on the biology of different cancer types, including tumours of the central nervous system and the liver, oesophageal squamous cancer, colon cancer, haematological malignancies as well as breast, pancreatic and thyroid cancers [15,28,29,30,31,32,33,34,35]. Furthermore, the PROX1 gene is frequently inactivated by genomic deletions and epigenetic silencing in carcinomas of the biliary system [16]. The effect of PROX1 on the tumour development is strongly associated with its cellular localization, the tissue type and cancer stage. Therefore, in some cases PROX1 was reported to function as an oncogene whereas in some others as a tumour suppressor [28,36,37,38]. Still, PROX1 alone is likely not able to trigger tumorigenesis. However, it is capable of promoting tumour progression by disrupting cell polarity and adhesion [32,39].



Migration of cells is a fundamental phenomenon in cancer biology, which includes the linkage extension, creation of the new focal adhesions and translocation of cells. Over these events the actin filaments polymerize and lead to cytoskeleton reorganization what coordinates the cellular motility and in result the progression of cancer. We had previously shown that PROX1 stimulates motility of follicular thyroid cancer cells and that its expression is correlated with the rates of both migration and invasion. The suppression of PROX1 in FTC-133 cells resulted in decreased migration and invasion of these cells, deregulation of cytoskeleton and changes in the expression of some genes involved in the regulation of cell adhesion [37]. In the current study, we asked whether similar behaviour and phenotypic changes following PROX1 depletion could also be observed in other FTC-derived cell lines, which would suggest that PROX1 regulation is important in follicular thyroid carcinogenesis. We chose the CGTH-W-1 cell line, derived from a sternal metastasis of follicular thyroid carcinoma, because it expresses the highest PROX1 levels among the three previously tested cell lines: FTC-133, ML-1 and CGTH-W-1 (PROX1 expression in CGHT cells is about 2-fold higher than in FTC-133 cells) [37]. In order to gain more insight into the exact role of PROX1 in the biology of thyroid cancer cells, we have knocked down PROX1 expression in this cell line and studied the effect of this silencing on malignant characteristics of the cells, such as migration, invasion, proliferation and survival. We have also analysed the effects of PROX1 on the transcriptional profile of CGTH-W-1 cells using RNA-seq analysis.




2. Results


2.1. PROX1 Knock-Down CGTH-W-1 Cells and Its Effect on Cell Motility and Invasive Potential


We examined the effect of PROX1 on the motility of the follicular thyroid carcinoma-derived CGTH cells by analysing their migratory and invasive potential, following the PROX1 knock-down. The efficiency of the Prox1 depletion was confirmed by RT-qPCR, Western blot and immunocytochemistry analyses, showing an over 90% reduction in the PROX1 transcript and protein expression levels in CGTH cells transfected with siRNA-PROX1 but not in those transfected with the control, non-targeting siRNA (siNEG) (Figure 1).



The strong reduction in PROX1 expression in the CGTH cells was associated with impaired migration and invasion capacities (Figure 2a,b). We observed a significant (p-value < 0.0001) over two-fold reduction in the number of migrating cells and an over two-fold decrease in the invasive capacity of the PROX1-depleted cells as compared to control siRNA-NEG transfected CGTH cells, as shown by the chamber migration assay (Figure 2a) and the Matrigel invasion assay (Figure 2b), respectively. A consistent and strong reduction in both migration and invasiveness of the PROX1-silenced cells was observed in each of the experimental replicates.



Next, in order to confirm the association between PROX1 silencing and the observed phenotypes, we evaluated the effect of PROX1 suppression on motility of CGTH cells. To this end, classical wound healing assay was performed in the presence or absence of proliferation inhibitor actinomycin D. PROX1 suppression led to a statistically significant (p-value = 0.0001) inhibition of migration in the PROX1-silenced cells in comparison to the cells treated with control siRNA (Figure 2c), resulting in a 6.6-fold reduction in the number of migrating cells regardless of the presence of the proliferation inhibitor. Furthermore, we observed (immunofluorescence) that the loss of PROX1 in CGTH cells induced phenotypical changes in the cytoskeleton, the cell shape and in the number and cellular distribution of the stress fibres and cellular protrusions.




2.2. Effect of PROX1 on Cell Viability, Cell Cycle and Apoptosis


It is well recognized that carcinogenesis occurs through acquisition and accumulation of multiple genetic changes that lead to uncontrolled proliferation of cells followed by developing invasive properties. Since PROX1 plays multiple roles in human cancer, displaying either oncogenic or suppressive activity depending on the cancer type, it may also exert variable effects on cancer cell proliferation, in particular given that migration and invasion capacities of cells also depend on their proliferative potential. Therefore, we determined whether PROX1 depletion influences the viability/proliferation, cell cycle and apoptosis in CGTH cells. To this end, we performed 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) viability assays as well cell cycle and apoptosis cytometric analyses. Despite significantly reduced migration and invasion capacities in PROX1-depleted CGTH cells, we did not detect a consistent effect of PROX1 suppression on cell viability (Supplementary Figure S1a). The CGTH cells did not respond to PROX1 knock-down with apoptosis induction (Supplementary Figure S1b) and the loss of PROX1 was not accompanied by the G1/S cell cycle arrest, either (Supplementary Figure S1c).




2.3. PROX1 Expression Deficiency and Changes in Gene Expression Profiles


2.3.1. RNA-seq Analysis


To elucidate transcriptome changes associated with PROX1 depletion, we performed RNA-seq-based gene expression profiling of CGTH cells treated with siRNAs targeting PROX1 (siPROX1), compared to those treated with non-targeting siRNA (siNEG) or Lipofectamine (Lipo) alone. Principal component analysis (PCA) discriminated studied samples by separating a cluster of siPROX1 samples from Lipo and siNEG (Figure 3). In a comparison between Lipo and siNEG samples, we found a significantly altered expression for 209 genes (136 were upregulated and 73 downregulated; adjusted p value < 0.05) (Supplementary Table S3). These genes were regarded as a false positive off-target of a transfection procedure and were excluded from the siNEG versus siPROX1 comparison set, which left a pool of 727 upregulated and 455 downregulated genes (adjusted p value < 0.05; Supplementary Table S4).




2.3.2. Gene Ontology Analysis


Further Gene Ontology (GO) enrichment analysis of the set of differentially expressed genes led to the identification of 71, 17, 15 and 55, 14, 5 of GO terms belonging to the biological processes, molecular function, cellular component ontology for up and downregulated genes, respectively, affected by PROX1 depletion (adjusted p value < 0.01; Figure 4 and Supplementary Table S5). The top GO terms for biological processes ontology for the upregulated genes were related to ribonucleoprotein complex biogenesis, while the downregulated genes were associated with the regulation of cellular component movement, extracellular matrix organization and cytoskeleton organization. Therefore, the phenotypical changes in the morphology of cells upon PROX1 depletion were also reflected in a significant enrichment of cytoskeleton-associated genes among the downregulated transcripts in RNA-seq dataset.




2.3.3. Validation of RNA-seq Data


To confirm RNA-Seq-based gene expression data, we further analysed the CGTH control and PROX1-deficient cells with RT-qPCR (using the same RNA samples that were used for RNA-Seq), Western blot and immunocytochemistry techniques. Given the phenotypical changes observed in the cells upon PROX1 depletion and the results of GO functional analyses of the RNA-Seq dataset, we focused on those differentially expressed genes which are known to play a role in the organization of the cytoskeleton as well as in migration and cell adhesion since these cellular features are well established hallmarks of carcinogenesis. To this end, we screened genes whose expression was found to be altered in RNA-Seq-based analysis (Supplementary Table S4).



First, we evaluated the expression levels of 58 genes which had been identified in RNA-Seq-based analysis, using a standard RT-qPCR technique (Table 1 and Table 2). For most genes, this analysis confirmed changes of the expression profiles which had been found using RNA-Seq.



Afterwards, we performed a detailed immunocytochemistry (Figure 5) and Western blot (Figure 6) evaluation of selected genes at the protein level, in particular several genes associated with migration, focal adhesion, cytoskeleton structure regulation and cell morphology which were identified by both RNA-seq and RT-qPCR as having significantly deregulated transcript levels following PROX1 suppression. These were the following: the PTK2 gene (encoding the focal adhesion kinese, FAK kinase protein), CAV2 (caveolin-2), SYNE2 (nesprin 2), ITGA2 (integrin alpha 2), ITGA11 (integrin alpha 11) and EPHA2 (ephrin type-A receptor 2). We found that protein expression patterns obtained by Western blot and immunocytochemistry analyses directly corresponded to RNA-Seq and RT-qPCR data for all of the tested genes (Figure 5 and Figure 6). The protein levels of FAK kinase and caveolin-2 as well as of ezrin, radixin and moesin (ERM) proteins, all associated with focal adhesions and cytoskeleton regulation, paralleled increased mRNA expression levels, while the expression of SYNE2 encoding the nesprin 2 protein that links the cytoskeleton and nucleoskeleton with the nuclear membrane was significantly downregulated in PROX1-deficient cells as compared to control cells (Figure 5). The expression of active, phosphorylated form of FAK, caveolin-2 proteins was also significantly increased (Figure 5). An immunofluorescent analysis of their cellular localization revealed that FAK, Cav-2 and ERMs in the PROX1-deficient CGTH cells localized mainly in the membranes at focal adhesions and in cellular protrusion.



Then, we analysed the activation levels of FAK and CAV-2 measuring relative expression levels of their phosphorylated forms. We found that lack of PROX1 affected not only the basal expression levels of FAK and CAV-2 but also their activation status in CGTH cells. The expression level of major phosphorylation site Tyr (tyrosine) 397 of FAK was considerably higher when compared to cells transfected with siNEG. Since the FAK Tyr 397 autophosphorylation site is coupled with Src kinase activity, we evaluated the expression of activated proto-oncogene tyrosine-protein kinase Src-Tyr 416. We found that the levels of activated Src kinase phosphorylated at Tyr 416 were also much higher in PROX1-depleted cells than in controls. In the same line, the caveolin-2 phosphorylated at Tyr 19 expression was greater in PROX1-deprived cells.



Finally, we verified the activation status of the other proteins which are crucial for cell adhesion and organization of cell cortex: ERM proteins. These are three related proteins which function as linkers between membranes and cytoskeleton, coupling transmembrane proteins to the actin cytoskeleton through a common FERM (four point one, ERM) domain.



Although lack of PROX1 did not affect basal expression levels of these proteins, we found that their phosphorylation was significantly higher in PROX1-deficient cells (Figure 5 and Figure 6). Loss of PROX1 expression also significantly influenced the focal adhesions’ location and density. Immunofluorescent staining showed that phosphorylated forms of Src kinase, FAK, Cav-2 and ERM proteins abundantly localized at the numerous focal contacts localized along actin stress fibres at the numerous elongated focal adhesions and at the ends of cell protrusions (Figure 5).



Moreover, we observed a significant reduction in the expression of integrin (ITGA11 expression and a significant increase in the expression of ITGA2 after PROX1 silencing in the CGTH cells (Figure 6). We have also found significantly enhanced protein levels of ephrin type A receptor 2 (EPHA2) in CGTH cells with silenced PROX1.



Western blot analysis confirmed immunocytochemistry results, showing that PROX1 suppression leads to an increased expression of FAK, Caveolin 2, ERMs, ITGA2 and EPHA2 and a reduced expression of Nesprin2 and ITGA11 proteins, as well as to an increased expression of phosphorylated forms of FAK, Cav-2, SRC kinase and ERM proteins (Figure 6). Overall, these results indicate that loss of PROX1 in follicular thyroid cancer cells induces significant changes in the expression of genes involved in cellular focal adhesion, dynamic cytoskeleton transformation, determination of cell shape and migration.





2.4. PROX1 Expression in Human FTC Tissues


Finally, PROX1 expression was evaluated in human follicular thyroid cancer using RT-qPCR and Western blotting in the case of frozen specimens and immunohistochemistry for archived tissues (Figure 7a,b and Figure 8). The expression of PROX1 transcript in FTC tissues revealed high variability, where among 11 samples some cases showed differently reduced PROX1 or very low mRNA level and the others revealed similar or even higher PROX1 expression than paired non-tumoral tissue (Figure 7a). Moreover, transcript levels did not correlate with protein expression (Figure 7b).



Next, PROX1 expression and tissue distribution were evaluated by immunohistochemistry in archived paraffin-embedded samples from 20 FTC cases. Representative immunostaining is shown in Figure 8a–l. All analysed tissues were positive for PROX1 protein expression with variable staining intensity mainly showing uniform distribution in the cytoplasm. LEC cells used as internal positive controls showed intense PROX1 staining (Figure 8o). In the normal thyroid (Figure 8m,n), PROX1 protein was distributed in both follicles and thyrocytes. We also examined the expression of PROX1 protein in three cases of FTC metastases to the lungs and, as shown in Figure 8p–r, the strong immunostaining of PROX1 was detected in most of the nuclei with weak or moderate cytoplasmic reactivity (Figure 8p–r insites).





3. Discussion


The homeobox gene PROX1 plays a key role in the embryonic development of different organs such as the lens, liver, pancreas, central nervous system and lymphatic system and may function as a suppressor gene or an oncogene, depending on the tissue and cancer type [22]. While PROX1 expression is associated with tumour development and metastasis, its exact function in the process of tumorigenesis remains unclear.



We reported previously levels of PROX1 mRNA in follicular thyroid carcinoma-derived cells as compared to cells derived from papillary thyroid cancer that may relate to follicular thyroid cancer progression and enhanced invasion [37]. The PROX1 protein expression influenced in vitro migratory and invasive capacities and cytoskeleton deregulation but did not affect other classic hallmark characteristics of tumour cells, such as proliferation, apoptosis or cell cycle. However, it triggered the expression of several genes, including PTK2/FAK, CAV1, CAV2 and others associated with the regulation of cytoskeleton and cell focal adhesion, causing observable changes in cell shape. The aim of this study was to determine the molecular signature of PROX1 in follicular thyroid cancer and to perform functional analyses of the CGTH cells following PROX1 silencing. CGTH cells, which were derived from a sternal metastasis of follicular thyroid carcinoma, express the highest levels of PROX1 among the three tested FTC-originating cell lines: FTC-133, CGTH-W1 and ML1.



We found that PROX1 depletion in CGTH cells significantly suppressed their in vitro motility, migration and invasion properties, whereas cell viability, proliferation and apoptosis were not changed. In fact, the expression of AKT and ERK1/2, key genes of proliferation signalling pathways, was not affected by PROX1 depletion (data not shown), consistently with our previous findings for FTC-133 cells [37]. Thus, these two cell lines, derived from different patients and possibly differing in their molecular contexts but showing the same response to PROX1 depletion, supports the hypothesis that PROX1 plays a role in thyroid carcinogenesis, being involved in regulating invasion and metastasis but not in determining the cells’ fate. However, studies on the role of PROX1 in tumorigenesis of other cancer types, like glioblastoma [40] and gastric cancer [41], reported results contradictory to ours and the observed effect of PROX1 may be specific for thyroid cells.



RNA-seq profiling in PROX1-depleted CGTH cells revealed that nearly 1200 genes were affected by the PROX1 knock-down. We further confirmed RNA-seq data by examining the expression of 58 selected genes by RT-qPCR and in 98% of cases the PCR data were consistent with the RNA-seq. Such a broad spectrum of deregulated genes may indicate that PROX1 plays an important role in the metabolism of follicular cancer cells. However, our analysis does not identify a bona fide PROX1 gene targets and it is likely that altered expression levels of many of these genes is due to an indirect effect of the PROX1 depletion. Such identification would require comparison of the expression data with PROX1 chromatin immunoprecipitation genome wide (ChIP-seq) distribution but such a dataset is not available for CGTH cells.



Next we found that the expression of several kinases was significantly changed, including a decreased expression of the Rho associated coiled-coil containing protein kinase 1 (ROCK1), pseudopodium enriched atypical kinase 1 (PEAK1), phosphatidylinositol-4-phosphate 5-kinase type 1 gamma (PIP5K1C) and doublecortin like kinase 1 (DCLK1), all being involved in the cytoskeleton organization, angiogenesis and metastasis.



The focal adhesion dynamics and the cytoskeletal rearrangement as well as signalling of cell survival and motility involve two key non-receptor tyrosine kinases: FAK and Src kinase. Located in complexes of focal adhesion, FAK and Src interact and activate one another. This FAK-Src signalling complex contributes to regulating focal adhesion dynamics and turnover, actin-cytoskeletal structures, cytoskeleton rearrangement and cell morphology whereas Src catalytic activity controls the turnover of focal adhesion structures during cell motility [42].



Similarly, the expression of active forms of ERM proteins significantly increased following the PROX1 knock-down. ERM proteins are located at filopodia, microvilli and adhesion sites of cells and are involved in regulating such cellular processes as reorganization of actin cytoskeleton, membrane dynamics, cell adhesion and migration [43]. It seems that a high expression of phospho-ERM at cellular protrusions is the cellular response to the stress following PROX1 silencing. These results were concordant between Western blot and immunofluorescence analyses. However, we did not analyse the expression levels of ezrin, radixin and moesin separately and, therefore, we do not know whether the expression of any of these proteins alone constitutes a molecular signature specific for follicular thyroid carcinoma and contributes to the observed cytoskeletal, morphological and adhesive changes, or whether this is a result of all the three ERM proteins acting together.



Another protein highly deregulated after PROX1 silencing was caveolin-2 but not caveolin-1, one of the major structural components of detergent-resistant cholesterol-rich membrane invaginations (caveolae). The caveolin-2 function may be cell- and tissue-specific [44]. The phosphorylated caveolin-2, pCAV-Tyr19, unlike its unphosphorylated form, co-localized with activated FAK mainly near or at focal adhesions associated with the ends of stress fibres, confirming that phospho-CAV-2 may play a role during signal transduction [45]. Moreover, we found that the high expression of caveolin-2 associated with changes in the cytoskeleton organization and cell shape in PROX1-depleted cells implicating a role of phosphorylated CAV-2 in the regulation of both cytoskeleton rearrangement and cell shape, also during thyroid carcinogenesis [46]. Our immunocytochemistry results suggest that PROX1 depletion induces the formation of multiprotein complexes at the ends of protrusions as active forms of several of the analysed proteins.



Silencing PROX1 has also altered the expression of other proteins controlling cell morphology and migration, such as nesprin 2, ITGA2 (integrin alpha 2), ITGA11 (integrin alpha 11) and EPHA2 (ephrin type-A receptor 2). In particular, we observed a significant reduction of nesprin 2 expression at nuclear membranes following the PROX1 depletion. Nesprins link the cytoskeleton and nucleoskeleton with the nuclear membrane and play an important role in nuclear positioning during various cellular processes, including cellular response to stress. These proteins affect cellular architecture playing a role in cellular signalling [47,48,49].



ITGA2 and ITGA11 are transmembrane receptors for extracellular matrix (ECM) fibrillar collagens and related proteins that mediate cell adhesion to the extracellular matrix, PROX1 silencing in the CGTH cells significantly reduced expression ITGA11 and enhanced the expression of ITGA2. Although ITGA2 has been shown to be a target gene for certain microRNAs in aggressive papillary thyroid carcinoma [50], the impact and significance of its increased expression in follicular thyroid carcinoma cells upon PROX1 silencing, like that of the ITGA11 downregulation, remains to be clarified.



EphA2 is a member of the largest family of receptor tyrosine kinases that are implicated in tumorigenesis, regulating transformation of normal cells, metastasis and angiogenesis [51]. Overexpression of EPHA2 was observed in cell lines derived from many aggressive human cancers and is frequently associated with enhanced angiogenesis and invasion [52]. The protein level of EPHA2 was increased in CGTH cells after PROX1 silencing. In fact, downstream target molecules of EPHA2, including FAK/Src kinases, are critical regulators of the cancer progression and a pronounced increase of active FAK/Src form expression associates with the PROX1 knock-down. Therefore, we may hypothesize that EPHA2 signalling regulates cell adhesion and spreading in follicular thyroid cancer cells in a FAK/Src-dependent manner.



Functional GO analyses allowed us to group genes based on their cellular function and to identify three major signalling pathways affected by PROX1 deficiency—a pathway controlling cytoskeleton organization, cell migration and cell adhesion. These findings are in accordance with phenotypical changes observed in functional cellular assays which showed changes in the cytoskeleton as well as altered migratory and adhesive properties in PROX1-deficient cells. Of note, to the best of our knowledge, the current study is the first study ever to report a genome-wide analysis of gene expression in PROX1-deficient cells.



Finally, we observed that PROX1 is expressed in most of the examined FTC cases with high inter-individual variability, whereas all archived cancer tissues showed cytoplasmic and homogenously distributed PROX1 protein staining. Cellular localization of PROX1 however, is tumour tissue-dependent, as PROX1 can be localized in the cytoplasm, in the cell nucleus or both the cytoplasm and the nuclei [28,34,53,54]. Noteworthy, PROX1 in FTC tissues was cytoplasmic, whereas in the metastases of FTCs was detected mostly in the nuclei. Although cytoplasmic PROX1 may not exert its transcription factor activity, recent reports have shown that evaluation of cytoplasmic PROX1 in cancer patients may have a predictive value [34,55]. Nevertheless, the exact role of cytoplasmic PROX1 expression is still unknown. The hypothesis related to the presence of PROX1 in the cytoplasm of cancer cells hint at a possibility of enrichment and activation of PROX1 in the cytoplasm before being translocated to the nucleus to become functionally active [55]. Although decrease of PROX 1 expression in various thyroid cancers tissues was presented, there was a significant variability in the PROX1 expression in FTC cases [56,57,58]. Moreover, whereas in PTC (papillary thyroid cancer) derived cell lines the PROX1 transcript level was negative or negligible in all three FTC derived cell lines (FTC-133, CGTH and ML1 tested by us), the PROX1 mRNA was present at different level [37]. In addition, PROX1 inactivation seen in PTCs promotes the malignant behaviour of thyroid carcinoma and suggest that PROX1 reactivation could be considered as potential therapeutic factor [26]. The current study show that decrease of PROX1 expression suppress the malignant features of follicular thyroid cancer cells such as migration, motility and invasion. These results parallel the previous one, where FTC-133 cells were analysed [37], and suggest that in follicular thyroid carcinomas, PROX1 might contribute to their progression.



In conclusion, we have shown that silencing PROX1 expression strongly reduces motility and invasive potential of CGHT cells but does not affect their proliferation, apoptosis/necrosis and cell cycle. The PROX1 protein seems to contribute to follicular thyroid cancer metastases mainly by regulating cytoskeleton, focal adhesion and migration controlling pathways. Further studies should focus on the identification of cellular context-dependent signalling pathways regulated by PROX1 in follicular thyroid carcinoma.




4. Materials and Methods


4.1. Thyroid Cell Line


The study was performed on CGTH-W-1, (hereafter referred to us as CGTH) a thyroid carcinoma cell line derived from follicular thyroid cancer (metastasis to sternum; obtained from the German Collection of Microorganisms and Cell Cultures, DSMZ, Braunschweig, Germany). The cells were put in culture from frozen stocks two passages before the experiments and maintained in culture for a maximum of ten passages. They were cultured in complete RPMI-1640 medium (ThermoFisher Scientific, Rockford, IL USA) supplemented with 10% foetal bovine serum (FBS, ThermoFisher Scientific) at 37 °C in a humidified 5% CO2 atmosphere. They were regularly tested for the presence of mycoplasma contamination using a PCR-based method as described elsewhere [59].




4.2. Silencing PROX1 by Small Interfering RNA


The PROX1 gene was silenced in the CGTH cells by transfection with siPROX1 targeting human PROX1 (MISSION esiRNA human Prox1, Sigma-Aldrich, Darmstadt, Germany) using the Ambion Silencer siRNA Transfection II Kit (ThermoFisher Scientific) according to the manufacturer’s protocol. Cells were trypsinized and suspended in complete growth medium (RPMI-1640 medium supplemented with 10% FBS) to a concentration of 1 × 105 cell/mL. The cells were kept at 37 °C while the transfection complexes were prepared. Next, 100 µL of the transfection mix (30 nM siRNA in OptiMEM (ThermoFisher Scientific) plus 5 μL of Lipofectamine 2000 (Life Technologies, Carlsbad, CA, USA)) was added to 2 mL of 1 × 105 CGTH cells (in complete RPMI-1640 medium supplemented with 10% FBS) and the cells were seeded in 6-well plates. Cells were incubated for 48 or 72 h at 37 °C in a humidified 5% CO2 atmosphere. Control cells were transfected with negative siRNA (siNEG; MISSION siRNA, SIC-001, Sigma-Aldrich). Cells transfected with the transfection mix without any siRNA (Lipofectamine only, Life Technologies) were used as a technical negative control. The experiments were conducted in triplicates and at least three times. Before further processing cells were silenced for 48h, unless otherwise indicated. Each time PROX1 knockdown was verified by qPCR.




4.3. RNA Extraction and cDNA Synthesis


Total RNA was extracted from cultured cells 48 h after the transfection using GeneMATRIX Universal RNA Purification Kit (EURx, Gdansk, Poland), followed by an on-column DNase A digestion (A&A Biotechnology, Gdynia, Poland) according to the manufacturer’s protocol. The concentration and purity of RNA samples were determined using the Synergy 2 Multi-Mode Reader (BioTek Instruments, Vinooski, VT, USA). cDNA was synthetized from 1 µg of total RNA using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (ThermoFisher Scientific) according to the manufacturer’s protocol.




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


The expression of fifty-eight genes involved in regulating basic cellular characteristics and processes (cytoskeleton organization, cell motility, invasive potential, adhesion) was quantified by RT-qPCR. Each reaction contained: 2 µL of 10-fold diluted cDNA, 10 µL of 2× DNA-specific SYBR Green dye (Maxima SYBR Green/Fluorescein qPCR Master Mix, Fermentas, Vilnius, Lithuania) and 10 nM of specific oligonucleotide primers (Supplementary Table S1) in a total volume of 20 μL. PCR reactions were performed in triplicates on the iQ5 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using the following conditions: 30 s at 95 °C, followed by 40 amplification cycles (95 °C for 5 s, 58 °C for 15 s, 72 °C for 10 s). The Ct values were normalized to the corresponding Ct values of the ACTB reference gene.




4.5. RNA-Seq Library Preparation and Sequencing


The integrity of the extracted RNA was verified on the 2100 Bioanalyzer (Agilent Technologies, St. Clara, CA, USA) using the Agilent RNA 6000 Nano Kit. Samples with RNA integrity numbers (RIN) above eight were used to construct a cDNA library. Ion AmpliSeq Transcriptome Human Gene Expression Panel (ThermoFisher Scientific) was used for library preparation according to the manufacturer’s protocol [60]. Briefly, RNA was reverse-transcribed, and the cDNA was subjected to multiplex PCR reactions to amplify fragments of the targeted transcripts. The amplicons were then partially digested at primer sequences followed by the adapters’ ligation to amplicons and purification on AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA). The created library was quantified on 2100 Bioanalyzer and diluted to 80 pM prior to template preparation. Up to eight barcoded libraries were subjected to automated template preparation with Ion PI IC 200 Kit (ThermoFisher Scientific) on the Ion Chef Instrument (ThermoFisher Scientific). Barcoded RNA-seq libraries’ samples were sequenced on a PI chip in Ion Proton (Ion PI IC 200 Kit, ThermoFisher Scientific) according to the manufacturer’s instructions. Raw reads were processed by Torrent Suite analysis pipeline and mapped to human genome assembly hg19 AmpliSeq Transcriptome version by Torrent Mapping Alignment Program TMAP. Reads corresponding to each gene were counted with htseq-count v (Available online: https://htseq.readthedocs.io/en/release_0.11.1/) [61].



Normalization and differential expression were conducted by DESeq2 (Available online: https://doi.org/doi:10.18129/B9.bioc.DESeq2) using default parameters and options as described elsewhere [62]. Transcripts with adjusted P-value below 0.05 were considered to be statistically significant. Over-representation of Gene Ontology terms with hypergeometric test was determined by the R BioConductor package clusterProfiler (Available online: https://doi.org/doi:10.18129/B9.bioc.clusterProfiler) as described elsewhere [63]. GO visualization was conducted with the GOplot R package [64]. The expression data have been deposited as BAM files in the GEO database (Available online: https://www.ncbi.nlm.nih.gov/geo/) with the entry number GSE80135.




4.6. Western Blotting


Forty-eight hours after transfection, the cells were harvested, washed with phosphate-buffered saline (PBS) and lysed with RIPA lysis buffer (150 mM sodium chloride, 1% nonidet P40 (NP-40), 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris; pH 8.0) supplemented with 1× protease and phosphatase inhibitor cocktails (cOmplete Protease Inhibitor Cocktail Tablets, Roche Diagnostics GmbH, Mannheim, Germany and Pierce Phosphatase Inhibitor Mini Tablets, ThermoFisher Scientific, respectively) and viscolase (according to the manufacturer’s protocol, A&A Biotechnology, Gdynia, Poland). The protein concentrations were determined using the Bradford assay (Sigma-Aldrich). Then, 30 μg of protein per well were separated by electrophoresis in 8–10% SDS–PAGE gels and transferred to nitrocellulose membranes (Bio-Rad). The blots were blocked with 5% non-fat milk or 5% bovine serum albumin (BSA) in PBS—0.05% Tween 20 (PBST), for one hour and probed with specific primary antibodies (Supplementary Table S2) for 12 h at 4 °C. Next, the membranes were washed with PBST buffer (4×) and incubated with appropriate HRP-conjugated secondary antibodies (Supplementary Table S2). The signals were visualized with a chemiluminescence detection substrate (SuperSignal West Dura Extended Duration Substrate, ThermoFisher Scientific). β-actin was used as a loading control.




4.7. Immunocytochemistry


Transfected cells were grown for 72 h on glass coverslips, washed with PBS and finally fixed with 4% paraformaldehyde at room temperature for 15 min. Next, the cells were permeabilized with 0.25% Triton X-100 in PBS (10 min) and then non-specific fluorescence was quenched using the Image-iT® FX Signal Enhancer reagent (Life Technologies, Eugene, OR, USA) for 30 min and finally the non-specific sites were blocked with 3% BSA in PBS. Subsequently, the slides were incubated with a specific primary antibody (Supplementary Table S2) resuspended in 2% BSA in PBS (overnight at 4 °C). After several washes with PBST, the cells were incubated with a secondary fluorochrome-conjugated antibody (Supplementary Table S2), diluted in 3% BSA in PBS for one hour in the dark.



For visualization of actin filaments, the samples were additionally stained for one hour with 2 µg/mL phalloidin-fluorescein isothiocyanate (FITC; Sigma-Aldrich, Merck KGaA, Burlington, MA, USA). Nuclei were stained with 4′6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for two minutes. The signals were then analysed under a fluorescence microscope (AxioObserver D1, Thornwood, NY, USA) or a laser scanning confocal microscope (LSM800, AxioObserver Z.1) and processed with the AxioVison LE or ZEN-2.1 software, respectively (both microscopes and software from Carl Zeiss, Oberkochen, Germany).




4.8. Cell Migration and Matrigel Invasion Assays


Cell migration and invasion assays were performed using Boyden insert chambers with 8 µm pore polycarbonate membranes, either uncoated (for migration assay) or coated with Matrigel (for invasion assay; both from Becton-Dickinson, Franklin Lakes, NJ, USA). Harvested cells were resuspended in a serum-free medium and counted with an EVA Automatic Cell Counter (Nano EnTek, Seoul, Korea). 1 × 105 cells were seeded into each Boyden insert chamber, while medium enriched with 10% FBS was added to the external compartment of the 24-well plate. After 24 h of incubation at 37 °C in a humidified 5% CO2 atmosphere, cells which had migrated through the membrane were fixed and stained using the Diff-Quick Kit (Medion Grifols Diagnostics AG, Düdingen, Switzerland). Five fields from every membrane were photographed at a 400× magnification using an Olympus BX41 microscope (Olympus, Carlsbad, CA, USA) and the number of cells was counted using the ImageJ software (Available online: www.rsbweb.nih.gov). All experiments were repeated three times.




4.9. In Vitro Wound Healing Motility Assay


Cells were grown in 6-well plates to a confluent monolayer. Then, scratches of comparable dimensions were made on this monolayer of cells using a sterile 200 µL pipette tip. The cells were then washed twice with PBS to remove free-floating cells and cell debris and incubated in fresh medium for 24 h. To inhibit proliferation, cells were incubated with actinomycin D (1 µ/mL) for 30 min before the wound was made. Immediately after wounding (time 0 h) and at 6-h intervals during these 24 h, images of the cells were taken using a phase contrast microscope (100× magnification; AxioObserver D1) to determine the speed of wound closure. The width of the wounds was measured in five independent fields. The distance of cell migration was determined by measuring the width of the wound (ImageJ software) divided by two and by subtracting this value from the initial half-wound width. Distance was quantified as follows: with the 10× lens, 1 pixel = 1.026 µm.




4.10. Cell Viability Assay


Cell proliferation was evaluated by counting viable cells using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay (MTT Cell Growth Assay Kit, Merck Millipore, Burlington, MA, USA) 24, 48 and 72 h after transfection with siRNA. Cells were seeded in 96-well plates at a density of 2 × 104 cells per well, with five replicates prepared for each time point on independent plates. Then, 10 µL of the MTT reagent were added to each well and cells were incubated for another 4 h. Subsequently, the assay was performed according to the manufacturer’s instruction. The optical density (OD) was measured at 570 nm using a Labsystems Multiscan RC micro-plate reader (Labsystems, Helsinki, Finland).




4.11. Apoptosis and Cell Cycle Analysis


All samples were analysed with a flow cytometer (FACSCanto II cytometer with FACSDiva software, BD Biosciences, San Jose, CA, USA) to assess cell cycle and apoptosis. The experiments were performed in three replicates. Viability of the cells was estimated using the Annexin V-FITC Apoptosis Detection Kit (Abcam, Cambridge, UK) according to the recommended protocol. Briefly, harvested cells were washed with PBS, incubated with FITC-Annexin V and propidium iodide (PI) for 5 min at room temperature and analysed. Final apoptotic cell number was estimated as a total percentage of early apoptotic cells staining positive for Annexin V and negative for PI and late apoptotic cells positive for both Annexin V and PI.



For the cell cycle distribution patterns, 3 × 105 CGTH cells harvested by trypsinization were washed with PBS and fixed in 70% cold ethanol at −20 °C overnight. Following fixation, cells were washed twice with PBS and stained with 5 µg/mL of propidium iodide in PBS containing 0.1% NP-40 and 10 µg/mL of DNase-free RNase. After 30 min at room temperature in the dark, the cell cycle distribution was analysed on a FACSCanto II cytometer with the FACSDiva software (BD Biosciences, San Jose, CA, USA). Relative percentages of cells in respective cell cycle stages were estimated using the ModFit LT 4.1.7 software (Verity Software House, USA).




4.12. Tissue samples and Immunohistochemistry


For immunohistochemical (IHC) assay tissue sections (4-μm) were dewaxed, deparaffinized, rehydrated and subjected to the heat antigen retrieval (water bath 95 °C in 10 mM Tris-EDTA buffer, pH 9.0 20 min). After endogenous peroxidase activity quenching (3% H2O2 15 min), sections were incubated with anti-human PROX1 antibody (1:1000, AF2727, R&D Systems, Minneapolis, MN, USA) overnight at 4 °C in a humid chamber, followed by incubation with LSAB+ detection kit reagents (DAKO A/S, Glostrup, Denmark) for 2× 30 min at room temperature. Between steps, slides were intensively washed in Tris-buffered saline-1% Tween 20. Immunoreaction was visualized with DAB chromogene (DAKO) and nuclei were counterstained with haematoxylin. The sections were mounted on glass slides and examined under a light microscope (Olympus BX41, Olympus, Carlsbad, CA, USA). Two independent observers evaluated the immunohistochemical staining and scored it as negative or positive.



Fresh FTC samples (n = 11) and archived formalin-fixed, paraffin-embedded tissues (n = 20) from pathologically proved follicular thyroid carcinomas were obtained from patients treated at Clinic of Endocrinological and General Surgery, Chair of Endocrinology, Medical University of Lodz, Poland. Fresh tissue samples were immediately frozen in −80°C until further processing analysed. The local ethical committees approved (approval number: RNN/135/KE; approval date: 15 July 2014) the study and all patients gave their informed consent.




4.13. Statistical Analysis


All experiments were performed at least three times. Data are reported as means with standard deviation (SD). The data were analysed using the nonparametric Mann-Whitney U test (GraphPad, Prism 6.00 for Windows, GraphPad Software, San Diego, CA, USA) and by paired t-test where appropriate. p values below 0.05 were considered as indicative of a statistical significance.
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	ACTB
	beta-actin gene



	AKT
	protein kinase B



	BSA
	bovine serum albumin



	CAV
	caveolin



	ChIP-seq
	chromatin immunoprecipitation genome wide



	DAPI
	4′,6-Diamidino-2-Phenylindole



	DCLK1
	doublecortin like kinase 1



	DMEM
	Dulbecco’s modified Eagle’s medium



	EPHA2
	ephrin type-A receptor 2



	ERM
	ezrin, radixin and moesin



	FAK
	focal adhesion kinase



	FBS
	foetal bovine serum



	FITC
	fluorescein isothiocyanate



	FTC
	follicular thyroid carcinoma



	GO
	gene ontology



	H&E
	haematoxylin and eosin



	HRP
	horseradish peroxidase



	LEC
	lymphatic endothelial cells



	LYVE-
	lymphatic vessel endothelial hyaluronan receptor 1



	PBS
	phosphate buffered saline



	PCA
	principal component analysis



	PEAK
	pseudopodium enriched atypical kinase 1



	PIP5KIC
	phosphatidylinositol-4-phosphate 5-kinase type 1 gamma



	PROX1
	Prospero homeobox protein 1



	PTC
	papillary thyroid carcinoma



	qPCR
	quantitative polymerase chain reaction



	ROCK
	the Rho associated coiled-coil containing protein kinase 1



	RT-PCR
	real-time polymerase chain reaction



	SD
	standard deviation



	SRC
	Proto-oncogene tyrosine-protein kinase



	SYNE
	nesprin



	VEGFR
	vascular endothelial growth factor receptor







References


	



Bruyere, F.; Noel, A. Lymphangiogenesis: In vitro and in vivo models. FASEB J. 2010, 24, 8–21. [Google Scholar] [CrossRef]

	



Tammela, T.; Petrova, T.V.; Alitalo, K. Molecular lymphangiogenesis: New players. Trends Cell Biol. 2005, 15, 434–441. [Google Scholar] [CrossRef] [PubMed]

	



Bolenz, C.; Fernandez, M.I.; Tilki, D.; Herrmann, E.; Heinzelbecker, J.; Ergun, S.; Strobel, P.; Reich, O.; Michel, M.S.; Trojan, L. The role of lymphangiogenesis in lymphatic tumour spread of urological cancers. BJU Int. 2009, 104, 592–597. [Google Scholar] [CrossRef] [PubMed]

	



Sundar, S.S.; Ganesan, T.S. Role of lymphangiogenesis in cancer. J. Clin. Oncol. 2007, 25, 4298–4307. [Google Scholar] [CrossRef] [PubMed]

	



Banerji, S.; Ni, J.; Wang, S.X.; Clasper, S.; Su, J.; Tammi, R.; Jones, M.; Jackson, D.G. LYVE-1, a new homologue of the CD44 glycoprotein, is a lymph-specific receptor for hyaluronan. J. Cell Biol. 1999, 144, 789–801. [Google Scholar] [CrossRef] [PubMed]

	



Breiteneder-Geleff, S.; Soleiman, A.; Horvat, R.; Amann, G.; Kowalski, H.; Kerjaschki, D. Podoplanin—A specific marker for lymphatic endothelium expressed in angiosarcoma. Verh. Dtsch. Ges. Pathol. 1999, 83, 270–275. [Google Scholar]

	



Dudas, J.; Mansuroglu, T.; Moriconi, F.; Haller, F.; Wilting, J.; Lorf, T.; Fuzesi, L.; Ramadori, G. Altered regulation of Prox1-gene-expression in liver tumors. BMC Cancer 2008, 8. [Google Scholar] [CrossRef]

	



Hong, Y.K.; Harvey, N.; Noh, Y.H.; Schacht, V.; Hirakawa, S.; Detmar, M.; Oliver, G. Prox1 is a master control gene in the program specifying lymphatic endothelial cell fate. Dev. Dyn. 2002, 225, 351–357. [Google Scholar] [CrossRef]

	



Joukov, V.; Pajusola, K.; Kaipainen, A.; Chilov, D.; Lahtinen, I.; Kukk, E.; Saksela, O.; Kalkkinen, N.; Alitalo, K. A novel vascular endothelial growth factor, VEGF-C, is a ligand for the Flt4 (VEGFR-3) and KDR (VEGFR-2) receptor tyrosine kinases. EMBO J. 1996, 15, 290–298. [Google Scholar] [CrossRef] [PubMed]

	



Burglin, T.R. A Caenorhabditis elegans prospero homologue defines a novel domain. Trends Biochem. Sci. 1994, 19, 70–71. [Google Scholar] [CrossRef]

	



Laerm, A.; Helmbold, P.; Goldberg, M.; Dammann, R.; Holzhausen, H.J.; Ballhausen, W.G. Prospero-related homeobox 1 (PROX1) is frequently inactivated by genomic deletions and epigenetic silencing in carcinomas of the bilary system. J. Hepatol. 2007, 46, 89–97. [Google Scholar] [CrossRef]

	



Lu, M.H.; Huang, C.C.; Pan, M.R.; Chen, H.H.; Hung, W.C. Prospero Homeobox 1 Promotes Epithelial-Mesenchymal Transition in Colon Cancer Cells by Inhibiting E-cadherin via miR-9. Clin. Cancer Res. 2012, 18, 6416–6425. [Google Scholar] [CrossRef] [PubMed]

	



Makinena, T.; Norrmen, C.; Petrova, T.V. Molecular mechanisms of lymphatic vascular development. Cell. Mol. Life Sci. 2007, 64, 1915–1929. [Google Scholar] [CrossRef]

	



Schwertfeger, K.L.; Cowman, M.K.; Telmer, P.G.; Turley, E.A.; McCarthy, J.B. Hyaluronan, Inflammation, and Breast Cancer Progression. Front. Immunol. 2015, 6, 236. [Google Scholar] [CrossRef] [PubMed]

	



Su, J.L.; Yen, C.J.; Chen, P.S.; Chuang, S.E.; Hong, C.C.; Kuo, I.H.; Chen, H.Y.; Hung, M.C.; Kuo, M.L. The role of the VEGF-C/VEGFR-3 axis in cancer progression. Br. J. Cancer 2007, 96, 541–545. [Google Scholar] [CrossRef]

	



Becker, J.; Wang, B.G.; Pavlakovic, H.; Buttler, K.; Wilting, J. Homeobox Transcription Factor Prox1 in Sympathetic Ganglia of Vertebrate Embryos: Correlation With Human Stage 4s Neuroblastoma. Pediatr. Res. 2010, 68, 112–117. [Google Scholar] [CrossRef]

	



Oliver, G.; Sosa-Pineda, B.; Geisendorf, S.; Spana, E.P.; Doe, C.Q.; Gruss, P. Prox 1, a prospero-related homeobox gene expressed during mouse development. Mech. Dev. 1993, 44, 3–16. [Google Scholar] [CrossRef]

	



Pistocchi, A.; Feijoo, C.G.; Cabrera, P.; Villablanca, E.J.; Allende, M.L.; Cotelli, F. The zebrafish prospero homolog prox1 is required for mechanosensory hair cell differentiation and functionality in the lateral line. BMC Dev. Biol. 2009, 9. [Google Scholar] [CrossRef] [PubMed]

	



Tomarev, S.I.; Sundin, O.; Banerjee-Basu, S.; Duncan, M.K.; Yang, J.M.; Piatigorsky, J. Chicken homeobox gene Prox 1 related to Drosophila prospero is expressed in the developing lens and retina. Dev. Dyn. 1996, 206, 354–367. [Google Scholar] [CrossRef]

	



Torii, M.A.; Matsuzaki, F.; Osumi, N.; Kaibuchi, K.; Nakamura, S.; Casarosa, S.; Guillemot, F.; Nakafuku, M. Transcription factors Mash-1 and Prox-1 delineate early steps in differentiation of neural stem cells in the developing central nervous system. Development 1999, 126, 443–456. [Google Scholar]

	



Duncan, M.K.; Cui, W.W.; Oh, D.J.; Tomarev, S.I. Prox1 is differentially localized during lens development. Mech. Dev. 2002, 112, 195–198. [Google Scholar] [CrossRef]

	



Elsir, T.; Smits, A.; Lindstrom, M.S.; Nister, M. Transcription factor PROX1: Its role in development and cancer. Cancer Metastasis Rev. 2012, 31, 793–805. [Google Scholar] [CrossRef]

	



Burke, Z.; Oliver, G. Prox1 is an early specific marker for the developing liver and pancreas in the mammalian foregut endoderm. Mech. Dev. 2002, 118, 147–155. [Google Scholar] [CrossRef]

	



Song, K.H.; Li, T.G.; Chiang, J.Y.L. A prospero-related homeodomain protein is a novel co-regulator of hepatocyte nuclear factor 4 alpha that regulates the cholesterol 7 alpha-hydroxylase gene. J. Biol. Chem. 2006, 281, 10081–10088. [Google Scholar] [CrossRef]

	



Akagami, M.; Kawada, K.; Kubo, H.; Kawada, M.; Takahashi, M.; Kaganoi, J.; Kato, S.; Itami, A.; Shimada, Y.; Watanabe, G.; et al. Transcriptional Factor Prox1 Plays an Essential Role in the Antiproliferative Action of Interferon-gamma in Esophageal Cancer Cells. Ann. Surg. Oncol. 2011, 18, 3868–3877. [Google Scholar] [CrossRef]

	



Choi, D.; Ramu, S.; Park, E.; Jung, E.; Yang, S.; Jung, W.; Choi, I.; Lee, S.; Kim, K.E.; Seong, Y.J.; et al. Aberrant Activation of Notch Signaling Inhibits PROX1 Activity to Enhance the Malignant Behavior of Thyroid Cancer Cells. Cancer Res. 2016, 76, 582–593. [Google Scholar] [CrossRef]

	



Wang, J.F.; Kilic, G.; Aydin, M.; Burke, Z.; Oliver, G.; Sosa-Pineda, B. Prox1 activity controls pancreas morphogenesis and participates in the production of “secondary transition” pancreatic endocrine cells. Dev. Biol. 2005, 286, 182–194. [Google Scholar] [CrossRef]

	



Elsir, T.; Eriksson, A.; Orrego, A.; Lindstrom, M.S.; Nister, M. Expression of PROX1 Is a Common Feature of High-Grade Malignant Astrocytic Gliomas. J. Neuropathol. Exp. Neurol. 2010, 69, 129–138. [Google Scholar] [CrossRef]

	



Elsir, T.; Qu, M.; Berntsson, S.G.; Orrego, A.; Olofsson, T.; Lindstrom, M.S.; Nister, M.; von Deimling, A.; Hartmann, C.; Ribom, D.; et al. PROX1 is a predictor of survival for gliomas WHO grade II. Br. J. Cancer 2011, 104, 1747–1754. [Google Scholar] [CrossRef]

	



Liu, Y.; Ye, X.; Zhang, J.B.; Ouyang, H.; Shen, Z.; Wu, Y.; Wang, W.; Wu, J.; Tao, S.; Yang, X.; et al. PROX1 promotes hepatocellular carcinoma proliferation and sorafenib resistance by enhancing beta-catenin expression and nuclear translocation. Oncogene 2015, 34, 5524–5535. [Google Scholar] [CrossRef]

	



Nagai, H.; Li, Y.H.; Hatano, S.; Toshihito, O.; Yuge, M.; Ito, E.; Utsumi, M.; Saito, H.; Kinoshita, T. Mutations and aberrant DNA methylation of the PROX1 gene in hematologic malignancies. Genes Chromosom. Cancer 2003, 38, 13–21. [Google Scholar] [CrossRef]

	



Petrova, T.V.; Nykanen, A.; Norrmen, C.; Ivanov, K.I.; Andersson, L.C.; Haglund, C.; Puolakkainen, P.; Wempe, F.; von Melchner, H.; Gradwohl, G.; et al. Transcription factor PROM induces colon cancer progression by promoting the transition from benign to highly dysplastic phenotype. Cancer Cell 2008, 13, 407–419. [Google Scholar] [CrossRef]

	



Rodrigues, M.; Rodini, C.D.O.; Xavier, F.; Paiva, K.B.; Severino, P.; Moyses, R.A.; Lopez, R.M.; DeCicco, R.; Rocha, L.A.; Carvalho, M.B.; et al. PROX1 Gene is Differentially Expressed in Oral Cancer and Reduces Cellular Proliferation. Medicine 2014, 93. [Google Scholar] [CrossRef]

	



Saukkonen, K.; Hagstrom, J.; Mustonen, H.; Juuti, A.; Nordling, S.; Kallio, P.; Alitalo, K.; Seppanen, H.; Haglund, C. PROX1 and beta-catenin are prognostic markers in pancreatic ductal adenocarcinoma. BMC Cancer 2016, 16. [Google Scholar] [CrossRef]

	



Versmold, B.; Felsberg, J.; Mikeska, T.; Ehrentraut, D.; Kohler, J.; Hampl, J.A.; Rohn, G.; Niederacher, D.; Betz, B.; Hellmich, M.; et al. Epigenetic silencing of the candidate tumor suppressor gene PROX1 in sporadic breast cancer. Int. J. Cancer 2007, 121, 547–554. [Google Scholar] [CrossRef]

	



Liu, Y.; Zhang, J.B.; Qin, Y.; Wang, W.; Wei, L.; Teng, Y.; Guo, L.; Zhang, B.; Lin, Z.; Liu, J.; Ren, Z.G.; Ye, Q.H.; Xie, Y. PROX1 promotes hepatocellular carcinoma metastasis by way of up-regulating hypoxia-inducible factor 1 alpha expression and protein stability. Hepatology 2013, 58, 692–705. [Google Scholar] [CrossRef]

	



Rudzinska, M.; Ledwon, J.K.; Gawel, D.; Sikorska, J.; Czarnocka, B. The role of prospero homeobox 1 (PROX1) expression in follicular thyroid carcinoma cells. Oncotarget 2017, 8, 114136–114155. [Google Scholar] [CrossRef]

	



Shimoda, M.; Takahashi, M.; Yoshimoto, T.; Kono, T.; Ikai, I.; Kubo, H. A homeobox protein, Prox1, is involved in the differentiation, proliferation, and prognosis in hepatocellular carcinoma. Clin. Cancer Res. 2006, 12, 6005–6011. [Google Scholar] [CrossRef]

	



Lin, J.D.; Chao, T.C.; Weng, H.F.; Huang, H.S.; Ho, Y.S. Establishment of xenografts and cell lines from well-differentiated human thyroid carcinoma. J. Surg. Oncol. 1996, 63, 112–118. [Google Scholar] [CrossRef]

	



Young, L.; Sung, J.; Stacey, G.; Masters, J.R. Detection of Mycoplasma in cell cultures. Nat. Protoc. 2010, 5, 929–934. [Google Scholar] [CrossRef]

	



Xu, X.; Wan, X.; Wei, X. PROX1 promotes human glioblastoma cell proliferation and invasion via activation of the nuclear factor-kappaB signaling pathway. Mol. Med. Rep. 2017, 15, 963–968. [Google Scholar] [CrossRef] [PubMed]

	



Park, K.J.; Cho, S.B.; Park, Y.L.; Kim, N.; Park, S.Y.; Myung, D.S.; Lee, W.S.; Kweon, S.S.; Joo, Y.E. Prospero homeobox 1 mediates the progression of gastric cancer by inducing tumor cell proliferation and lymphangiogenesis. Gastric Cancer 2017, 20, 104–115. [Google Scholar] [CrossRef]

	



Fincham, V.J.; Frame, M.C. The catalytic activity of Src is dispensable for translocation to focal adhesions but controls the turnover of these structures during cell motility. EMBO J. 1998, 17, 81–92. [Google Scholar] [CrossRef] [PubMed]

	



Fehon, R.G.; McClatchey, A.I.; Bretscher, A. Organizing the cell cortex: The role of ERM proteins. Nat. Rev. Mol. Cell Biol. 2010, 11, 276–287. [Google Scholar] [CrossRef]

	



Liu, Y.J.; Jang, S.C.; Xie, L.K.; Sowa, G. Host Deficiency in Caveolin-2 Inhibits Lung Carcinoma Tumor Growth by Impairing Tumor Angiogenesis. Cancer Res. 2014, 74, 6452–6462. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.; Park, D.S.; Wang, X.B.; Scherer, P.E.; Schwartz, P.E.; Lisanti, M.P. Src-induced phosphorylation of caveolin-2 on tyrosine 19. Phospho-caveolin-2 (Tyr(P)19) is localized near focal adhesions, remains associated with lipid rafts/caveolae, but no longer forms a high molecular mass hetero-oligomer with caveolin-1. J. Biol. Chem. 2002, 277, 34556–34567. [Google Scholar] [CrossRef]

	



Echarri, A.; Del Pozo, M.A. Caveolae—Mechanosensitive membrane invaginations linked to actin filaments. J. Cell Sci. 2015, 128, 2747–2758. [Google Scholar] [CrossRef]

	



King, S.J.; Nowak, K.; Suryavanshi, N.; Holt, I.; Shanahan, C.M.; Ridley, A.J. Nesprin-1 and nesprin-2 regulate endothelial cell shape and migration. Cytoskeleton 2014, 71, 423–434. [Google Scholar] [CrossRef]

	



Rajgor, D.; Shanahan, C.M. Nesprins: From the nuclear envelope and beyond. Expert Rev. Mol. Med. 2013, 15, e5. [Google Scholar] [CrossRef]

	



Warren, D.T.; Zhang, Q.; Weissberg, P.L.; Shanahan, C.M. Nesprins: Intracellular scaffolds that maintain cell architecture and coordinate cell function? Expert Rev. Mol. Med. 2005, 7, 1–15. [Google Scholar] [CrossRef]

	



Cong, D.; He, M.; Chen, S.; Liu, X.; Sun, H. Expression profiles of pivotal microRNAs and targets in thyroid papillary carcinoma: An analysis of The Cancer Genome Atlas. Onco Targets Ther. 2015, 8, 2271–2277. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.E.; Son, A.I.; Zhou, R. Roles of EphA2 in Development and Disease. Genes 2013, 4, 334–357. [Google Scholar] [CrossRef]

	



Tandon, M.; Vemula, S.V.; Mittal, S.K. Emerging strategies for EphA2 receptor targeting for cancer therapeutics. Expert Opin. Ther. Targets 2011, 15, 31–51. [Google Scholar] [CrossRef] [PubMed]

	



Laitinen, A.; Bockelman, C.; Hagstrom, J.; Kokkola, A.; Kallio, P.; Haglund, C. High PROX1 expression in gastric cancer predicts better survival. PLoS ONE 2017, 12, e0183868. [Google Scholar] [CrossRef] [PubMed]

	



Skog, M.; Bono, P.; Lundin, M.; Lundin, J.; Louhimo, J.; Linder, N.; Petrova, T.V.; Andersson, L.C.; Joensuu, H.; Alitalo, K.; et al. Expression and prognostic value of transcription factor PROX1 in colorectal cancer. Br. J. Cancer 2011, 105, 1346–1351. [Google Scholar] [CrossRef] [PubMed]

	



Taban, O.; Cimpean, A.M.; Raica, M.; Olariu, S. PROX1 Expression in Gastric Cancer: From Hypothesis to Evidence. Anticancer Res. 2014, 34, 3439–3446. [Google Scholar] [CrossRef] [PubMed]

	



Giordano, T.J.; Kuick, R.; Thomas, D.G.; Misek, D.E.; Vinco, M.; Sanders, D.; Zhu, Z.W.; Ciampi, R.; Roh, M.; Shedden, K.; et al. Molecular classification of papillary thyroid carcinoma: Distinct BRAF, RAS, and RET/PTC mutation-specific gene expression profiles discovered by DNA microarray analysis. Oncogene 2005, 24, 6646–6656. [Google Scholar] [CrossRef]

	



Giordano, T.J.; Au, A.Y.; Kuick, R.; Thomas, D.G.; Rhodes, D.R.; Wilhelm, K.G., Jr.; Vinco, M.; Misek, D.E.; Sanders, D.; Zhu, Z.; et al. Delineation, functional validation, and bioinformatic evaluation of gene expression in thyroid follicular carcinomas with the PAX8-PPARG translocation. Clin. Cancer Res. 2006, 12, 1983–1993. [Google Scholar] [CrossRef]

	



Wojtas, B.; Pfeifer, A.; Oczko-Wojciechowska, M.; Krajewska, J.; Czarniecka, A.; Kukulska, A.; Eszlinger, M.; Musholt, T.; Stokowy, T.; Swierniak, M.; et al. Gene Expression (mRNA) Markers for Differentiating between Malignant and Benign Follicular Thyroid Tumours. Int. J. Mol. Sci. 2017, 18, 1184. [Google Scholar] [CrossRef]

	



Li, W.; Turner, A.; Aggarwal, P.; Matter, A.; Storvick, E.; Arnett, D.K.; Broeckel, U. Comprehensive evaluation of AmpliSeq transcriptome, a novel targeted whole transcriptome RNA sequencing methodology for global gene expression analysis. BMC Genomics 2015, 16, 1069. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Anders, S.; Pyl, P.T.; Huber, W. HTSeq—A Python framework to work with high-throughput sequencing data. Bioinformatics 2015, 31, 166–169. [Google Scholar] [CrossRef] [PubMed]

	



Yu, G.; Wang, L.G.; Han, Y.; He, Q.Y. clusterProfiler: An R package for comparing biological themes among gene clusters. Omics 2012, 16, 284–287. [Google Scholar] [CrossRef]

	



Walter, W.; Sanchez-Cabo, F.; Ricote, M. GOplot: An R package for visually combining expression data with functional analysis. Bioinformatics 2015, 31, 2912–2914. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 02212 g001 550]





Figure 1. The efficiency of PROX1 knockdown (48 h) with siRNA in CGTH-W-1 cells derived from follicular thyroid cancer (sternal metastasis). (a) Real time (RT)–qPCR analysis of PROX1 knockdown efficiency in CGTH cells. The ACTB gene was used as a reference. Data represent means with standards deviations (SD) from five independent experiments; ****: p < 0.0001 when compared with siNEG-transfected cells. (b) Western blot analysis of PROX1 silencing in CGTH-W-1 cells. β-actin was used as a loading control. (c) Immunofluorescent staining images corroborate the RT-PCR and Western Blot results. Fluorescent rhodamine staining (red) shows nuclear and cytoplasmic localization of the Prox1 protein expression, whereas DAPI (4′,6-diamidino-2-phenylindole, blue) stains the nuclei, (magnification: 400×, scale bar 25 um). Presented immunoblot and immunofluorescent staining images are representative of at least three independent experiments. 
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Figure 2. The effect of PROX1 knock-down on the migration (a), invasion (b) and wound healing capacities (c) of CGTH-W-1 follicular thyroid cancer cells determined by Boyden chamber migration, Matrigel invasion and wound-healing assay, respectively. PROX1 depletion significantly decreased the number of migrating and invading CGTH cells in the Boyden chamber assay. The PROX1–deficient cells significantly decreased wound width closure when compared with control CGTH cells transfected with siNEG (wound borders are marked with red color). To inhibit proliferation, cells were pre-treated with Actinomycin D for 30 min, washed with PBS, then wounded. Error bars represent means with standard deviations (SD). **** indicates p < 0.0001 when compared to the control. Each experiment was repeated at least three times and in triplicate. Images were captured at 0 (t1) and 24 h (t2) after the scratches were made under a light microscope (Olympus BX41, magnification ×400, scale bars 25 µm). 
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Figure 3. Principal component analysis (PCA) of RNA-Seq datasets for PROX1-depleted CGTH-W-1 cells. PCA was determined from abundance of all transcripts detected in RNA-seq survey. siNEG, siPROX1 and Lipo: cells transfected with non-targeting siRNA, with PROX1 siRNA and with lipofectamine alone, respectively. 
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Figure 4. Bubble plots of significantly enriched Gene Ontology (GO) terms for the PROX1-depleted CGTH-W-1 cells. The cut-off for labelling was set at an adjusted p-value of 0.001. The z-score (horizontal axis) indicates whether the given term in more likely to be up- or down-regulated. The area of the displayed circles is proportional to the number of genes assigned to the term in the analysis. The threshold indicates the adjusted p-value of 0.05. 
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Figure 5. PROX1 knock-down induced changes in the organization of the actin cytoskeleton, the cell shape, the filopodia extension and the cell-cell adhesion. Representative confocal microscopy images displaying expression levels and cellular localization of PROX1 (a) and the following immunofluorescently labelled signalling proteins involved in the cell migration, focal adhesion and cytoskeleton organization after PROX1 silencing with PROX1-specific or negative siRNA (b) taken at a 1000× magnification are shown. siNEG: negative control (cells transfected with negative siRNA). CGTH cells were immunofluorescently labelled with DAPI (4′,6-diamidino-2-phenylindole; nuclear staining, blue), FITC-phalloidine (fluorescein isothiocyanate; F-actin, green) and with relevant DyLight® 594 or with Rhodamine Red (red)-conjugated secondary antibodies. 
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Figure 6. The evaluation of selected genes associated with organization of the cytoskeleton, migration and cell adhesion with significantly deregulated mRNA expression due to PROX1 knock-down. The expression levels of proteins (FAK kinase protein, caveolin-2, ezrin, radixin and moesin, nesprin-2, integrin alpha 2, ephrin type-A receptor 2, integrin alpha 11) and phospho-proteins (phosphorylation of FAK at Tyr(tyrosine)-397, phosphorylation of proto-oncogene tyrosine-protein kinase Src at Tyr-416, phosphorylation of caveolin-2 at Tyr-19 and phosphorylation of ezrin at Thr(threonine)-567, radixin at Thr-564 and moesin at Thr-558) in CGTH cells transfected with siPROX1 and siNEG RNA, as determined by Western blotting. The whole cell lysates were resolved using SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis), transferred on nitrocellulose membranes, then incubated with primary and relevant secondary antibodies and visualized with chemiluminescence detection substrate. β-actin was used as a loading control. Presented blots are representative of three independent experiments. 
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Figure 7. The expression of PROX1 was examined in human follicular thyroid cancer and non-cancerous tissues by RT-qPCR and Western blot and shows variability without correlation with protein expression level. (a) Relative PROX1 mRNA expression in 11 FTCs (T) and paired non-tumoral tissues (NT) analysed by RT-qPCR. PROX1 expression level is reported as Ct values normalized to corresponding Ct values of the housekeeping gene (ACTB). (b) PROX1 protein was evaluated in selected human FTCs cases and non-tumoral paired control tissues using Western blotting with anti-Prox1 antibody and β-actin as a loading control. 
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Figure 8. Analysis of PROX1 expression in human FTC tissue sections. Representative immunohistochemistry images of PROX1 expression (a–l) showing variable intensity of immunostaining. In the normal thyroid (m,n), the PROX1 labelling was mostly uniform in both follicles and epithelial cells. Strongly stained lymphoendothelial cells (LEC) (arrows) that showed intense immunoreactivity to PROX1 were used as an internal positive control (o). Metastases of FTC to the lungs (p–r). Tumour sections were stained with anti-PROX1 antibody as described in the Materials and Methods section. Original magnification: a–l, m, n × 200; p,q,r-insets × 400, o × 400; H&E ×100. Insets in the images–haematoxylin and eosin (H&E) staining of analysed FTC tissues. TNM of examined FTCs: a-pT2N0 minimally invasive; b-pT3N0 minimally invasive; c-pT2N0 minimally invasive; d-pT2N0 widely invasive; e-pT3N0 minimally invasive; f-pT3N0 minimally invasive; g-pT3N0 minimally invasive; h-pT3N0 minimally invasive; i-pT3N0, widely invasive; j-pT1a minimally invasive; k-pT3N0 minimally invasive; l-pT3No minimally invasive; average age at diagnosis (range) 57,1 (37–78). 
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Table 1. List of differentially expressed transcripts in RNA-Seq survey encoding proteins involved in cytoskeleton organization validated in RT-qPCR assay. The significance of differences between control and PROX1 depleted cells was determined with t-test based on the results from three biological replicates.
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Gene

	
Refseq ID

	
RNA-Seq

	
RT-qPCR




	
p-Value

	
Fold Change

	
p-Value

	
Fold Change

	
SD






	
TUBB2A

	
NM_001069

	
0.063

	
0.775

	
0.001

	
0.41

	
0.03




	
CALD1

	
NM_033138

	
<0.0001

	
0.558

	
<0.0001

	
0.54

	
0.08




	
ADAM12

	
NM_003474

	
0.001

	
0.518

	
0.001

	
0.57

	
0.11




	
EPS8

	
NM_004447

	
0.022

	
0.653

	
0.001

	
0.62

	
0.09




	
SDC3

	
NM_014654

	
0.012

	
0.694

	
0.016

	
0.63

	
0.12




	
MYO6

	
NM_004999

	
0.012

	
0.555

	
0.039

	
0.65

	
0.10




	
MVP

	
NM_005115

	
0.005

	
0.666

	
0.029

	
0.66

	
0.09




	
PIP5K1C

	
NM_012398

	
0.011

	
0.696

	
0.015

	
0.67

	
0.08




	
MAP4

	
NM_002375

	
0.003

	
0.650

	
0.049

	
0.68

	
0.19




	
SEPT6

	
NM_015129

	
0.053

	
0.744

	
0.006

	
0.68

	
0.13




	
COL6A1

	
NM_001848

	
0.002

	
0.651

	
0.000

	
0.68

	
0.13




	
WASL

	
NM_003941

	
0.010

	
0.714

	
0.015

	
0.74

	
0.09




	
DYNC1H1

	
NM_001376

	
0.001

	
0.633

	
0.002

	
0.76

	
0.21




	
ADAMTS3

	
NM_014243

	
0.011

	
0.503

	
0.033

	
0.77

	
0.13




	
DAG1

	
NM_001177639

	
0.000

	
0.631

	
0.005

	
0.79

	
0.16




	
COL15A1

	
NM_001855

	
0.000

	
0.274

	
0.041

	
0.79

	
0.15




	
DOCK1

	
NM_001380

	
0.017

	
0.680

	
0.001

	
0.79

	
0.09




	
CDC42EP3

	
NM_006449

	
0.048

	
0.761

	
0.049

	
0.81

	
0.18




	
RAPH1

	
NM_213589

	
0.002

	
0.544

	
0.002

	
0.81

	
0.15




	
PFN2

	
NM_053024

	
0.030

	
0.773

	
0.017

	
0.83

	
0.05




	
BRWD3

	
NM_153252

	
0.016

	
0.588

	
0.034

	
0.86

	
0.04




	
FARP1

	
NM_005766

	
0.041

	
0.726

	
0.009

	
0.86

	
0.08




	
ALCAM

	
NM_001627

	
0.001

	
1.511

	
0.000

	
1.24

	
0.11




	
ILK

	
NM_004517

	
0.004

	
1.515

	
0.044

	
1.24

	
0.17




	
CD63

	
NM_001780

	
0.007

	
1.369

	
0.040

	
1.25

	
0.16




	
NPM1

	
NM_002520

	
0.001

	
1.520

	
0.001

	
1.54

	
0.12




	
NUP50

	
NM_007172

	
0.004

	
1.420

	
0.017

	
1.55

	
0.20




	
CLDN12

	
NM_012129

	
0.038

	
1.589

	
0.005

	
1.65

	
0.26




	
EIF6

	
NM_181468

	
0.000

	
1.749

	
0.024

	
1.65

	
0.20




	
FRMD5

	
NM_032892

	
0.008

	
1.538

	
0.000

	
1.81

	
0.20








SD—standard deviation.


media/file13.jpg
Relative PROXT expression

case 42

NT T

case 149

NT T





media/file4.png
Migration b Invasion

e &.
il &

* e

siNEG siPROX1 siPROX1
60 1 60 -
= =
S g
b T
= 40+ 2 40-
5o <
E EE 'E o
5 5
220+ g 201
E 