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Abstract

:

Simple Summary


While 90% of cancer patient deaths are caused by cancer dissemination through metastasis, no current therapy selectively targets this process due to the lack of selective inhibitors. Various intratumoral factors are known to promote metastasis, notably low oxygen concentration, called hypoxia, and various growth factors, including transforming growth factor β (TGFβ). Our group previously demonstrated that hypoxia enhances TGFβ-induced cancer cell invasion processes. The present study further characterizes the mechanisms involved in hypoxia-induced cancer cell invasion using in vitro, in vivo and in silico approaches and identifies a HDAC6- SMAD3 pathway that can be pharmacologically targeted to inhibit tumor progression.




Abstract


Transforming growth factor β (TGFβ) plays a paradoxical role in cancer, first inhibiting then promoting its progression, a duality that poses a real challenge for the development of effective TGFβ-targeted therapies. The major TGFβ downstream effectors, SMAD2 and SMAD3, display both distinct and overlapping functions and accumulating evidence suggests that their activation ratio may contribute to the dual effect of TGFβ. However, the mechanisms responsible for their selective activation remain poorly understood. Here, we provide experimental evidence that hypoxia induces the pro-invasive arm of TGFβ signaling through a selective increase in SMAD3 interaction with SMAD-Anchor for Receptor Activation (SARA). This event relies on HDAC6-dependent SMAD3 bioavailability, as well as increased SARA recruitment to EEA1+ endosomes. A motility gene expression study indicated that SMAD3 selectively increased the expression of ITGB2 and VIM, two genes that were found to be implicated in hypoxia-induced cell invasion and associated with tumor progression and metastasis in cohorts of cancer patients. Furthermore, CAM xenograft assays show the significant benefit of selective inhibition of the SMAD3 signaling pathway as opposed to global TGFβ inhibition in preventing tumor progression. Overall, these results suggest that fine-tuning of the pro-invasive HDAC6-SARA-SMAD3 axis could be a better strategy towards effective cancer treatments.
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1. Introduction


Transforming growth factor β (TGFβ) is a ubiquitously expressed growth factor involved in a variety of normal and pathological cellular processes, ranging from cell differentiation and apoptosis to cell invasion and tumor immune evasion (reviewed in [1,2]). TGFβ is frequently overexpressed in solid tumors [3,4,5,6], and its expression is correlated with tumor progression and metastasis in human cancers [7,8,9]. Due to its central role in tumor progression, many compounds targeting TGFβ signaling have been developed for therapeutic purposes [10]. Disappointingly, most of these molecules have shown limited or no activity in clinical trials [11,12]. This was presumably due to the concomitant inhibition of both normal and pathological TGFβ signaling activities. TGFβ is indeed known to play a dual/biphasic role in tumor progression. Initially acting as a tumor suppressor, due to its cytostatic program that induces cell cycle arrest in G1 phase and regulates apoptosis, TGFβ signaling subsequently switches to bypass this protective program and promote various pro-tumorigenic and pro-invasive functions of cancer cells throughout tumor progression [2,13,14].



Canonical TGFβ signaling is initiated by the binding of TGFβ to its receptor, TGFBR2, which allows this receptor to recruit and phosphorylate TGFBR1. The downstream cytosolic effectors, SMAD2 and SMAD3 transcription factors, are then recruited to the activated TGFBR1, which, in turn, phosphorylates SMAD2/3 at their C-terminal SSXS domain. Activated SMAD2/3 (pSMADs) can then oligomerize with SMAD4, allowing the translocation of the SMAD complex to the nucleus and subsequent gene regulation (reviewed in [15]). The importance of TGFβ downstream effectors, SMAD2 and SMAD3, in the pro- and anti-tumoral effects of TGFβ has been demonstrated in vitro and in vivo [16,17,18]. In addition, recent studies suggest the use of SMAD2/3 expression or activation level as a prognostic marker in various cancers [19,20,21]. Despite their 84% protein sequence homology and similar mode of activation, increasing evidence indicates that SMAD2 and SMAD3 perform distinct and opposing functions during tumor progression, including cell invasion, tumor growth, and metastasis [18,22,23], suggesting that SMAD2/SMAD3 expression or activation ratio could be determining factors in the pro- or anti-tumorigenic roles of TGFβ.



The intracellular level of pSMAD2/3 is known to be controlled by multiple cellular processes ranging from SMAD expression to nucleocytoplasmic trafficking [15]. SMAD2/3 are ubiquitously expressed, but studies have shown that their expression can be modulated by different stimuli present in the tumor microenvironment [24,25]. In addition, SMAD2/3 can be sequestered by binding to the microtubule network [26] or the transmembrane prostate androgen-induced protein (TMEPAI) [27], preventing the recruitment of SMAD2/3 to the activated TGFBR and subsequent effects on gene regulation. However, the mechanisms responsible for the selective activation of SMAD2 versus SMAD3 during cancer progression are still poorly understood.



Tumor hypoxia is among the stimuli known to influence TGFβ signaling. Hypoxia is a fundamentally important feature of solid tumors known to drive cancer progression and metastasis and to correlate with poor prognosis in a wide variety of cancers, including pancreatic, cervical, and brain [28,29,30,31]. Hypoxia has been described to increase the expression [32] and bioavailability [33,34] of TGFβ. In addition, hypoxia has been shown to induce SMAD2 proteolysis [35] and to stimulate SMAD3 transcriptional activity [36]. We previously demonstrated that hypoxia selectively increases the phosphorylation of SMAD3 (pSMAD3) in the HT-1080 cancer cell line, a process that was required for the hypoxia-induced increase in cancer cell invasion [37], suggesting that hypoxia induces a pSMAD equilibrium bias that might contribute to the shift in TGFβ signaling from the anti-tumorigenic to the pro-tumorigenic state.



In this study, we sought to determine the mechanism by which hypoxia regulates SMAD3 signaling in cancer and how this affects cancer progression and metastasis. We demonstrate that the selective activation of SMAD3 signaling in hypoxia occurs in a wide variety of cancers and that SMAD2 and SMAD3 exert dichotomous roles in cell invasion, in which SMAD3 drives the invasive properties of cancer cells in vitro and in vivo. The identified mechanism involves a hypoxia-induced HDAC6-SARA-SMAD3- axis that contributes to the ability of cancer cells to degrade the extracellular matrix and form metastases. It also involves ITGB2 and VIM as potential downstream targets of SMAD3 action.




2. Materials and Methods


2.1. Plasmid DNA


Mission shRNA plasmids targeting SMAD2 (TRCN0000010477, TRCN0000010478), SMAD3 (TRCN000033055, TRCN0000330128), RHOB (TRCN0000047848, TRCN0000047849), ITGB2 (TRCN0000029643, TRCN0000236135), VIM (TRCN0000029120, TRCN0000029121), or scrambled control were from Sigma-Aldrich (Oakville, ON, Canada). SMAD overexpression plasmids, pCMV5b-SMAD2 and pCMV5b-SMAD3, as well as their mutants incapable of C-terminal phosphorylation, pCMV5b-SMAD2-3SA and pCMV5b-SMAD3-3SA [38], were kindly provided by Pr. Attisano (University of Toronto, Canada). VIM-DDK and ITGB2-DDK overexpression plasmids were from Origene (Rockville, MD, USA).




2.2. Antibodies and Reagents


TGFβ1 was a kind gift from Dr F.W. Ruscetti (Biological Response Modifiers Program, FRCF, NCI, Maryland, USA). All fluorophore-coupled reagents (Alexa546-phalloïdin, Alexa488 anti-mouse IgG) were purchased from Invitrogen (Carlsbad, CA, USA). HDAC6 inhibitors (tubacin and CAY10603), SMAD3 inhibitor SIS3 and TGFBR inhibitor Galunisertib (LY2157299) were from Selleckchem (Houston, TX, USA). Cell nucleus stain 4′,6′-diamidino-2-phenylindole (DAPI) was from Invitrogen (Carlsbad, CA, USA). Anti-SMAD2, -SMAD3 and phosphoSMAD2(Ser465/467) and all HRP-coupled secondary antibodies were from Cell Signaling Technology (Boston, MA, USA). Anti-phosphoSMAD3(Ser423/425) was from Abcam (Cambridge, MA, USA). Anti-tubulin and anti-acetylated tubulin were from Sigma Aldrich (Oakville, ON, CA). Anti-SARA and anti-EEA1 antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit TrueBlot was purchased from Rockland Immunochemicals (Limerick, PA, USA). Pimonidazole hydrochloride and anti-pimonidazole mouse antibody were purchased from Hypoxyprobe (Burlington, MA). ITGB2 blocking antibody was from Novus Biologicals (Centennial, CO, USA). Anti-DDK antibody was from Origene.




2.3. Cell Culture and Treatment


Human fibrosarcoma HT-1080, lung adenocarcinoma A549; and invasive breast carcinoma MDA-MB-231 cell lines (ATCC, Manassas, VA, USA) were cultured in Eagle’s minimal essential medium (EMEM; Wisent, Saint-Bruno QC, Canada) at 37 °C in a 5% CO2 humidified incubator. Each medium was supplemented with 10% heat inactivated fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and 40 mg/L of gentamicin sulfate (Wisent, Saint-Bruno QC, Canada). All cells were routinely tested to be free of mycoplasma contamination by DAPI staining. Hypoxic conditions were used as follows: cells were serum-starved then placed in a sealed humidified chamber (In VivO2 400 hypoxic workstation; Ruskinn, Bridgend, UK) maintained at 1% O2, 5% CO2 and balanced in N2 for different periods of time, as indicated in the figure legends. For experiments using TGFβ1 and/or pharmacological inhibitors, cells were pre-treated for 30 min with the inhibitor before the addition of TGFβ1.




2.4. Immunofluorescence Staining and Analysis


Twenty thousand cells per well were seeded on a coverslip placed at the bottom of a 12-well plate and allowed to adhere for 24 h. Cells were serum starved for 4 h prior to incubation for 3 h in normoxic (21% O2) or hypoxic (1% O2) conditions, or in the presence of TGFβ1 (1 ng/mL), as described in the figure legends. Immunofluorescence staining of phospho-SMADs, SARA, and EEA1, and image acquisition was performed as previously described [37]. Images were analyzed using FluoView software and the nuclear accumulation of phosphorylated SMADs (pSMADs) or SARA-EEA1 colocalization was calculated according to the formula: (number of co-localized pixels/total number of positive pixels for control (DAPI or EEA1)) × 100. Data from three independent experiments, comprising images of 10 to 20 cells per experiment, were used for statistical analysis.




2.5. Chorioallantoic Membrane (CAM) Xenograft Tumor Assay


White leghorn chicken fertilized eggs were obtained from the Public Health Agency of Canada (Nepean, ON, Canada). All experimental procedures involving embryos were conducted in accordance with regulations of the Canadian Council on Animal Care and the Ethics Committee on Animal Research of the University of Sherbrooke (Protocol #054-13). CAM assays were performed as previously described [39], with the following modifications. When indicated, cell suspensions were mixed with the appropriate inhibitors (SIS3, CAY10630, or LY2157299) or vehicle, prior to grafting onto the CAM. Following grafting, the eggs returned to the incubator for 7 days. Forty-five minutes prior to sample collection, pimonidazole was injected intravenously into the CAM vasculature. Following sacrifice, xenografts were removed and fixed in 4% PFA and submitted to sucrose solution gradient (4–15%) to avoid water crystal formation, before cryo-embedding in OCT (Fisher Scientific, Ottawa, ON, Canada), following the manufacturer’s instructions. Livers from chick embryo were also collected, immediately frozen in liquid nitrogen and cryopreserved at −80 °C.




2.6. Xenograft Immunofluorescence and Quantitation


Immunofluorescence staining for pimonidazole was performed as previously described [39] on 5µm thick xenograft cryosections. Tumor sections were double stained for pimonidazole and pSMAD2 or pSMAD3 antibody (1:50). For quantitation of pSMAD staining intensity, a minimum of 6 representative areas from at least 3 different tumors for each condition were captured using an Axioskop 2 phase-contrast/epifluorescence microscope (Carl Zeiss Inc., Oberkochen, Germany). Fluorescence intensities were analyzed using the ImagePro Plus software version 6 (Media Cybernetics, Rockville, MD, USA). The sum of pSMAD labeling intensity (density) relative to the total area of pimonidazole positive or negative areas was calculated.




2.7. Genomic DNA Extraction and Alu-Repeats qPCR


Liver tissue was ground in liquid nitrogen and genomic DNA was extracted using DNAzol reagent (Invitrogen), following the manufacturer’s instructions. PCR amplification of primate Alu-repeats was performed as previously described [40] using BiMake SYBR Green MasterMix (BiMake, Houston, TX, USA). A standard curve of human DNA (HT-1080 cells lysate) serially diluted in control chick embryo liver genomic DNA was used to determine the amount of human DNA in liver samples (hepatic metastatic burden).




2.8. Cell Transfection and Transduction


Third generation lentiviral production in HEK293 lenti+ cells (ATCC) was performed by transfection of PLP1, PLP2, PLP-VSVG and pLKO.1 shRNA plasmid using polyehylenimine (PEI) transfection reagent (PolyScience, Niles, IL, USA). After 72 h, the medium containing the produced lentiviral particles was centrifuged 5 min at 1000× g, to remove cellular debris, aliquoted and stored at −80 °C until use. HT-1080, MDA-MB-231 and A549 cells were transduced with the lentiviral particles using polybrene (Millipore, Burlington, MA, USA) for 72 h followed by a 0.2 µg/mL puromycin (InvivoGen, San Diego, CA, USA) selection for 5 days. Transient transfection of overexpression plasmids was achieved using TransIT-LT1 reagent (Mirus Bio, Madison, WI, USA), following the manufacturer’s instructions.




2.9. Invadopodia Assay


Microscopy coverslips were prepared as described [41] using Alexa488-conjugated gelatin (Invitrogen). Thirty thousand cells were seeded per coverslip and incubated under normoxic (21% O2), hypoxic (1% O2), or TGFβ1-supplemented (1 ng/mL) conditions for 10 h. For experiments involving ITGB2 blocking antibodies, the antibodies were added 30 min before stimulation with TGFβ1 or hypoxia at the concentrations indicated in the figure legends. The cells were then fixed in 2% paraformaldehyde for 15 min, permeabilized and blocked with 0.3% triton in 2% BSA for 30 min. Cell nuclei were stained with DAPI (300 nM) for 5 min at room T° and coverslips were mounted on microscopy slides with Vectashield anti-fade mounting medium (Vector Laboratories, Burlingame CA USA). The percentage of invadopodia-forming cells was assessed by visualization on an Axioscop 2 phase-contrast/epifluorescence microscope (Carl Zeiss Inc., Toronto, ON, Canada). A total of 100 cells were counted three times per coverslip in at least three independent experiments. Cells forming ECM-degrading invadopodia were identified based on cells with at least one F-actin-enriched area of matrix degradation (characterized by loss of green fluorescence).




2.10. Mutagenesis


SMAD mutant plasmid constructs incapable of SARA binding (pCMV5b-SMAD2-N381S and pCMV5b-SMAD3-N339S) [42] were generated by PCR amplification using the primers listed in Table 1. PCR-generated amplicons were purified with QIAquick kit (Qiagen), digested with XmaI and SalI-HF restriction enzymes (New England Biolabs, Whitby, ON, Canada) then ligated into the empty pCMV5b backbone using Instant sticky-end ligase (NEB). Positive clones were validated by Sanger sequencing at Centre d’Innovation Génome Québec (M.C.Gill University, Montréal, QC, Canada).




2.11. RNA Extraction, Reverse Transcription and Real-time qPCR


Total RNA from 1 × 106 cells was extracted in TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. Complementary DNA (cDNA) was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen, Mississauga, ON, Canada). Quantitative real-time PCR was performed using BiMake SYBR Green master mix (BiMake) on a Rotor-Gene 3000 real-time PCR machine (Corbett Research, Kirkland, QC, Canada). Cycling conditions consisted of a 95 °C initial denaturation for 15 min, followed by 45 cycles of 15 s denaturation at 95 °C, 45 s annealing at 58 °C and 30 s elongation at 72 °C. A final elongation step of 6 min at 72 °C concluded the PCR run. The primer pair sequences used are presented in Table 2.




2.12. Western Blotting and Co-Immunoprecipitation


Cells (1 × 106) were serum starved for 4 h before incubation for various times under normoxic or hypoxic conditions, as described in figure legends. Protein concentration was assessed using the BCA protein assay (ThermoFisher Scientific, Ottawa, ON, Canada) according to the manufacturer’s instructions. Cells were then lysed in RIPA buffer and immunoblotting was performed as previously described [43]. For co-immunoprecipitation experiments, 5 × 106 cells were lysed in NP-40 buffer supplemented with protease and phosphatase inhibitors (Roche, Mississauga, ON). Co-immunoprecipitation was performed with 500 µg of proteins incubated with primary antibody (1/100) overnight at 4 °C before the addition of protein A-agarose (Roche Applied Science, Mannheim, Germany) for 1 h at 4 °C. Immunocomplexes were then washed thrice in lysis buffer before separation on SDS-PAGE and immunoblotting. Membranes were probed overnight with primary antibodies. Anti-rabbit or anti-mouse HRP-conjugated secondary antibody or rabbit TrueBlot were used, depending on the source of the primary antibody. Peroxidase signal was revealed using the LuminataTM western HRP Chemiluminescence substrate (Millipore, Etobicoke, ON, Canada). HRP signal was captured on autoradiography film (Diamed, Missisauga, ON, Canada) and revealed using a Kodak X-Omat 200A film developer. Band intensity densitometric analysis was performed using ImageLab software (Version 6.0.0, BioRad). Original Western Blot figures shown in File S1.




2.13. RT2 Profiler PCR Array


Total RNA of 1 × 106 HT-1080 cells was extracted with RNeasy-Plus mini kit (Qiagen), as directed by the manufacturer’s instructions. Reverse transcription was performed using RT2 First Strand kit (Qiagen) according to the manufacturer’s instructions. Using a Human Cell Motility RT2 Profiler PCR array (cat no. PAHS-128Z, Qiagen), 84 different genes were simultaneously amplified in 96-well plates using 500 ng of cDNA per sample, as described in the manufacturer’s instructions. Amplification and melt curves were performed on BioRad CFX96 Real-time PCR machine (BioRad), as described in the RT2 Profiler PCR array instructions manual. Results were analyzed using the provided RT2 PCR array data analysis software version 3.5 (SABiosciences). Complete normalized array results are presented in Table S1.




2.14. TCGA Data Analysis


Gene expression from publicly available TCGA Illumina HiSeq RNA-Seq (RSEM normalized) datasets was obtained through the TCGA Data Portal (http://cancergenome.nih.gov, accessed on 7 January 2020) [44]. The sarcoma cohort of 265 patients (SARC-TCGA, provisional) was filtered for fibroblastic sarcomas (n = 86; undifferentiated pleomorphic sarcomas, synovial sarcomas, myxosarcomas and desmoid/aggressive fibromatosis). The lung adenocarcinoma cohort (LUAD) was composed of 510 patients and the breast invasive carcinoma TCGA cohort of 1082 samples. Paired Spearman’s rank correlation coefficients (r) were calculated between SMAD3 target genes (VIM, ITGB2 and RHOB) and tissue specific hypoxia-induced genes (ENO1, ADM, ACOT7, CDKN3 and TUBB6-breast [45]; BACH1, CAV1, LOXL2, PLOD2 and TGFB2-lung [46]; ENO2, ANKRD37, GBE1, PFKB4 and PRSS53-fibroblastic sarcoma [47]) or common hypoxia-induced genes (NDRG1, P4HA1, PDK1 and SLC2A1 [45]) for each cancer patient cohort. Affymetrix gene expression results and associated overall survival and metastasis/recurrence-free survival data from sarcoma (GSE21050, [48]), lung adenocarcinoma (GSE8894, [49]) and breast [50] cancer patient cohorts were used to evaluate the correlation between RHOB, VIM and ITGB2 gene expression and the software-optimized high- and low-risk patient groups using the publicly available online SurvExpress software (http://bioinformatica.mty.itesm.mx:8080/Biomatec/SurvivaXvalidator.jsp, accessed on 8 July 2020) [51].




2.15. Statistical Analysis


Statistical analysis was performed using GraphPad Prism software V8.0 (GraphPad, San Diego, CA, USA). Data are presented as mean ± standard error of the mean (SEM). Unpaired non-parametric Student’s t-test or Kruskal-Wallis ANOVA were used to assess statistical significance, unless otherwise specified. p-value < 0.05 was considered statistically significant.





3. Results


3.1. Hypoxia Selectively Increases pSMAD3 Levels in Different Types of Cancer


We have previously shown that hypoxia increases the cellular level and the nuclear accumulation of phospho-SMAD3 (pSMAD3) without affecting total SMAD3 levels in HT-1080 human fibrosarcoma cells, a mechanism involved in hypoxia-induced invadopodia production. In contrast, pSMAD2 levels were not affected by the hypoxic condition [37]. To determine whether this mechanism is widespread across different types of cancer, we first evaluated the nuclear accumulation of pSMAD2 and pSMAD3 in fibrosarcoma (HT-1080), breast adenocarcinoma (MDA-MB-231) and lung carcinoma (A549) cells incubated under normoxic (21% O2), hypoxic (1% O2) or TGFβ1-supplemented conditions. Hypoxia induced a significant 2 to 3-fold increase in nuclear accumulation of pSMAD3 (Figure 1A,C) without affecting that of pSMAD2 (Figure 1B,D) in each of the cancer cell lines tested. This effect was not related to the inability of SMAD2 to be activated in these cell lines, because significant increases in pSMAD2 following stimulation with TGFβ were observed (Figure 1B,D).



To next evaluate the expression level of pSMAD2 or pSMAD3 in hypoxic (pimonidazole-positive) regions of tumors, the different cancer cell lines were grafted onto the chorioallantoic membrane (CAM) of chick embryos to allow them to form solid tumors. We observed significantly higher levels of pSMAD3 in pimonidazole-positive areas compared with negative areas in HT-1080-, MDA-MB-231-, and A549-derived xenografts (Figure 2A,B), whereas pSMAD2 levels were not significantly modulated (Figure 2C and Figure S1). These results demonstrate that selective activation of SMAD3 under hypoxic conditions is a common mechanism in a variety of cancers.




3.2. SMAD2 and SMAD3 Display Opposing Roles in Cancer Cell Invasion


The transcription factors SMAD2 and SMAD3 have long been considered to be signaling partners with common or even redundant roles [52,53]. Although a growing body of evidence indicates that each SMAD can play distinct roles both in vitro and in vivo [23,54,55], very few studies have concomitantly compared the individual roles of SMAD2 and SMAD3 in cancer progression. One important step in tumor progression is the formation of invadopodia, a process that couples focal matrix degradation and cell movement for invasion and metastasis [56,57,58]. To compare the impact of the modulation of SMAD2 or SMAD3 expression on the invasive properties of cancer cells, we used HT-1080 and MDA-MB-231 cells overexpressing shRNA directed against SMAD2 or SMAD3. The efficacy and specificity of the shRNAs were validated by immunoblotting (Figure 3A,B). Knockdown cells were then subjected to invadopodia formation assays under normoxic condition with and without the addition of TGFβ ligand used as control. The results indicate a marked dichotomy between the effect of SMAD2 and SMAD3 inhibition on the percentage of cells producing invadopodia in both cell lines, unstimulated and stimulated with TGFβ. SMAD2 depletion markedly increased the formation of invadopodia that degrades the extracellular matrix (Figure 3C–F). Conversely, depletion of SMAD3 tends to decrease baseline invadopodia levels, an effect that was statistically significant under TGFβ stimulation (Figure 3C–F). Taken together, these results demonstrate a functional dichotomy between SMAD2 and SMAD3, where inhibition of SMAD2 promotes the production of cell invasion structures, whereas SMAD3 depletion prevents it.




3.3. SMAD3 Is Essential for Hypoxia-Induced Cell Invasion and Tumor Progression


To next evaluate the impact of SMAD2 or SMAD3 modulation on the invasive properties of cancer cells in hypoxia, we compared the capacity of HT-1080 and MDA-MB-231 knockdown cells to produce invadopodia under normoxic versus hypoxic conditions. Depletion of SMAD3 significantly reduced the ability of cells to produce invadopodia in response to hypoxia, whereas this ability was retained in SMAD2-depleted cells (Figure 4A,B). This is consistent with the observation that SMAD3 remains intact (thereby available for hypoxic response) in SMAD2-depleted cells (Figure 3A,B). These results suggest a selective role for SMAD3 in hypoxia-induced cell invasion. We have previously shown that the CAM xenograft assay recapitulates the pro-invasive hypoxic microenvironment of solid tumors [59]. Using this xenograft model, we observed a difference in the size of tumors derived from HT-1080 cells transduced with shRNAs directed against SMAD2 or SMAD3 (Figure 4C). SMAD2-depleted xenografts had a significantly larger volume than control tumors, and their volume was, on average, twice that of tumors in which SMAD3 expression was suppressed (Figure 4D). Furthermore, and in agreement with the results of invadopodia formation assays, the relative number of spontaneously metastasized cells to chicken embryo livers was significantly higher in cells depleted of SMAD2 compared to the reduction observed in SMAD3-depleted cells (Figure 4E). Overall, these findings further emphasize the SMAD2/3 dichotomy in tumor progression and suggest that SMAD3 expression is important for cancer cell invasion in response to hypoxia.




3.4. SMAD3-SARA Binding Is Important for Hypoxia-Induced Invadopodia Production


The adaptor protein SMAD Anchor for Receptor Activation (SARA) has been shown to facilitate cytosolic SMAD2/3 recruitment to TGFBR1 [60], which allows SMAD2/3 C-terminal phosphorylation, a necessary step for their nuclear accumulation and subsequent role in the regulation of gene expression. The importance of SARA in SMAD2 C-terminal phosphorylation has been well documented [60,61,62], but its implication in SMAD3 activation remains controversial [63,64]. To determine whether the SMAD2/3 dichotomy found herein depends on a SARA-driven activation cascade, HT-1080 cells were transfected with wild-type or N339/381S (NS) mutant SMAD2/3 constructs, the latter share a point mutation that prevents their binding to SARA. Accordingly, these mutants fail to synergize with SARA to potentiate TGFβ signaling but can still bind and be activated by TGFBR1 independently of SARA [42]. The C-terminal SMAD2/3 mutant (3SA) that cannot be activated by TGBR1 was used as a negative control of SMAD activation [38]. Validation of the overexpression efficiency of each construct was performed by immunoblotting (Figure 5A) and the inhibition of the interaction of SARA with SMAD2-NS and SMAD3-NS constructs was confirmed by co-immunoprecipitation assays (Figure 5B). Cells overexpressing these constructs were then submitted to invadopodia formation assays under normoxic or hypoxic conditions. TGFβ1 stimulation was used as a positive control of SMAD activation. Further supporting its role as a suppressor of cell invasion, overexpression of SMAD2 tends to decrease the percentage of cells producing invadopodia, an effect that was more prominent in cells cultured under hypoxic or TGFβ1-supplemented conditions (Figure 5C). In contrast, the SARA binding-deficient SMAD2-NS mutant failed to suppress invadopodia formation in cells cultured under normoxic, hypoxic, or TGFβ1-supplemented conditions (Figure 5C). Consistent with the opposing roles of SMAD2/3 in cell invasion, overexpression of SMAD3 promoted invadopodia formation in all culture conditions (Figure 5D). This effect was lost in cells expressing the SMAD3-NS mutant (Figure 5D). In addition, SMAD3-3SA had a more pronounced effect in reducing invadopodia production than the NS construct in normoxic and hypoxic conditions, consistent with the inability of the 3SA construct to be activated by the TGFBR1. Collectively, these results suggest that SMAD2 and SMAD3 depend on an interaction with SARA to mediate their anti- and pro-invasive functions, an effect found in different culture conditions, including hypoxia.




3.5. Hypoxia Selectively Increases the Interaction between SARA and SMAD3, an Event Linked to Increased SMAD3 Bioavailability


Because both SMAD2 and SMAD3 require interaction with SARA to modulate invadopodia formation, we next sought to determine why only SMAD3 was essential for hypoxia-induced invadopodia formation by examining the interaction between each SMAD and SARA. To do so, we performed co-immunoprecipitations of SARA, SMAD2 or SMAD3 from cell lysates of HT-1080 cells incubated under normoxic or hypoxic conditions. The results indicate that the interaction between SMAD2 and SARA was not significantly modulated by hypoxia, whereas the interaction between SMAD3 and SARA was increased in a time-dependent manner (Figure 6A,B and Figure S2A).



SMAD signaling through SARA/SMAD interaction depends on three main aspects: SARA abundance, SARA localization, and SMAD abundance/availability. To evaluate the effects of hypoxia on SARA expression levels, we performed immunoblotting and qPCR quantitation of SARA expression in cells exposed to normoxic or hypoxic conditions for different time-periods. The results indicated no significant modulation of SARA protein (Figure 6C,D) or mRNA (Figure S2B,C) expression in hypoxic cancer cell lines.



Because hypoxia is known to alter the subcellular localization of various proteins [33,39,65,66], we next measured the percentage of colocalization between SARA and Early Endosome Antigen 1 (EEA1), a marker of early endosomes, which corresponds to the cellular compartment where SARA is known to facilitate SMAD2- and SMAD3-dependent TGFβ signaling [67,68,69]. Despite a strong colocalization of SARA and EEA1 in normoxia (49%), hypoxia further increased the recruitment of SARA to EEA1-labeled endosomes by 27% (Figure 6E,F).



SMAD availability can be affected by protein expression levels as well as cytoskeleton sequestration [26,70]. We have previously demonstrated that hypoxia did not affect total SMAD2 or SMAD3 protein levels but augmented SMAD3 bioavailability through the activation of a cytosolic histone deacetylase 6 (HDAC6)-dependent tubulin deacetylation pathway [37]. HDAC6 activity was also reported to be important for increasing SMAD3 phosphorylation in response to TGFβ [71]. We therefore reasoned that the increased recruitment of SMAD3 to SARA under hypoxic conditions might be due, at least in part, to HDAC6-induced increased SMAD3 bioavailability. This event would give SMAD3 an advantage for SARA binding, as SMAD2 and SMAD3 share a conserved SARA binding region [42]. Treatment of cells with selective HDAC6 inhibitors, tubacin and CAY10603, whose activity was demonstrated by their ability to prevent tubulin deacetylation (Figure S3), significantly decreased the binding of SMAD3, but not SMAD2, to SARA under hypoxic conditions (Figure 6G,H). So far, these data suggest that hypoxia selectively increases the SMAD3 activation pathway through increased SARA recruitment to EEA1+ endosomes and increased HDAC6-dependent SMAD3 bioavailability, in addition to SARA/SMAD3 binding.




3.6. Pharmacological Inhibition of HDAC6 and SMAD3 Impedes Tumor Progression


To next investigate the relative contribution of the HDAC6-SARA-SMAD3 axis in tumor progression, HT-1080-derived tumors were treated with pathway-specific inhibitors in the CAM xenograft assay. Only xenografts treated with the SMAD3 inhibitor SIS3 showed a significant reduction in volume compared with xenografts treated with vehicle (Figure 7A). In addition, significant inhibition of metastatic load to the chick embryo liver was observed when xenografts were treated with SIS3 or the HDAC6 inhibitor CAY10603 but not with the TGFBR inhibitor, LY2157299 (Figure 7B), which is consistent with the mixed results observed with this compound in clinical trials [12,72,73]. These results suggest an advantage for the selective inhibition of the pro-invasive HDAC6-SMAD3 axis over global inhibition of the TGFBR signaling pathway in order to limit tumor progression.




3.7. Selective SMAD3-Modulated Genes Participate in Hypoxia-Induced Invadopodia Formation


To better understand the selective SMAD3-mediated promotion of cell invasion, we investigated the effect of inhibiting the expression of SMAD2 or SMAD3 on the level of expression of genes involved in cell motility, using a PCR array approach. The expression level of 84 invasion-related genes in cells lacking SMAD2 or SMAD3 compared with control cells (Scr sh) are shown in Figure 8A. Unsupervised clustering of the data dissociated the gene expression profile of SMAD3-depleted cells from that of control cells and SMAD2-depleted cells (Figure 8A). Differential expression analysis identified five genes whose expression was significantly positively or negatively modulated by more than 1.5-fold in response to SMAD3 depletion, compared to control cells (Table 3). Among these genes, RHOB, ITGB2 and VIM were selectively modulated by SMAD3 depletion, while CSF1 and ARF6 were affected by the depletion of SMAD2 or SMAD3. The selective modulation of SMAD2 and SMAD3, and that of the SMAD3-selective target genes, namely RHOB, ITGB2 and VIM, were validated by qPCR in HT-1080 cells transduced with shRNA directed against SMAD2 or SMAD3 (Figure 8B–F).



To determine the contribution of individual SMAD3 target genes to cell invasion in hypoxia, HT-1080 cells were transduced with RHOB, ITGB2 or VIM-targeted shRNAs and submitted to invadopodia-formation assays under various culture conditions. Validation of shRNA efficiency for each target was performed by qPCR (Figure 8G–I). A significant increase in cancer cell invasion under normoxic conditions was observed in RHOB-depleted cells, compared to control cells. In contrast, RHOB depletion did not affect invadopodia formation in cells stimulated with TGFβ1 or incubated under hypoxic conditions (Figure 8J). Interestingly, ITGB2 or VIM depletion selectively abrogated hypoxia-induced invadopodia production in HT-1080 cells (Figure 8K–L), suggesting that their expression is necessary for hypoxia-induced invadopodia production. In addition, the use of ITGB2 blocking antibodies induced a dose-dependent reduction in hypoxia-induced invadopodia production by HT-1080 and MDA-MB-231 cells, whereas no significant modulation was observed under TGFβ-supplemented conditions (Figure S4), suggesting that both ITGB2 expression and its integrin activity are involved in hypoxia-induced invadopodia production.



To establish the importance of VIM and ITGB2 in the SMAD3 pro-invasive pathway exacerbated by hypoxia, we performed rescue experiments in SMAD3-depleted cells which were submitted to invadopodia assays. SMAD3 depletion and VIM or ITGB2 overexpression were confirmed by Western blotting (Figure S5). The results demonstrated that hypoxia-induced invadopodia production in SMAD3-depleted cells was recovered by overexpression of either VIM or ITGB2 (Figure 9). Similar results were obtained in the TGFβ1-supplemented condition. Altogether, these results support a role for ITGB2 and VIM in the SMAD3-dependent pro-invasive properties of cancer cells that are accentuated by hypoxic conditions.




3.8. SMAD3 Proinvasive Gene Signature Correlates with a Hypoxic Gene Signature and Prognosis in Cancer Patients


To study the concordance between the proinvasive SMAD3 gene signature and intratumoral hypoxia, we used publicly available RNA sequencing data and assessed the correlation between the expression of RHOB, VIM and ITGB2 and that of known hypoxia-induced genes in lung adenocarcinoma [46], breast carcinoma [45] and fibroblastic sarcoma [47]. Using the Spearman correlation index, we observed, as expected, that RHOB expression negatively correlated with the hypoxia-induced gene signature in lung, breast and fibrosarcoma tumors (Figure 10A–C), while VIM and ITGB2 expression were generally positively correlated in all three cancer patient cohorts (Figure 10D–I). Consistent with the finding that hypoxic gene signatures are more robust if they are tumor site specific [74], such a correlation was more prevalent with tissue-specific than with common hypoxia-inducible genes.



In addition, we asked whether the expression of the SMAD3 gene signature was correlated with tumor progression, as defined by metastasis-free survival in breast cancer and progression-free survival in lung adenocarcinoma. Using the SurvExpress web tool [51], we found that RHOB expression had conflicted predictive value for cancer progression (Figure 11A,B), whereas high VIM and ITGB2 expression were positively correlated with low metastasis-free/recurrence-free survival in lung adenocarcinoma (Figure 11C,E) and breast cancer (Figure 11D,F) cohorts. We were unable to perform a similar correlation study with fibroblastic sarcoma patients because this cohort was not available for analysis. Overall, these results suggest that the SMAD3-dependent gene signature is present in hypoxic tumors and that VIM and ITGB2 are better predictors of metastasis or cancer recurrence in lung carcinoma and breast cancer than RHOB.





4. Discussion


In this study, we have shown that SMAD2 and SMAD3 exert distinct effects on cancer cell invasion. SMAD2 expression correlated negatively and SMAD3 expression positively with the invasive capacity of cancer cells, both in vitro and in vivo. While both SMAD2 and SMAD3 signaling were detected under hypoxic conditions, only the pro-invasive SMAD3 pathway was exacerbated by the hypoxic microenvironment. Hypoxia-induced activation of the SMAD3 pathway through increased SMAD3 bioavailability and recruitment to the adapter protein SARA induced tumor progression and cancer cell invasion, events associated with the expression of SMAD3 gene targets ITGB2 and VIM. Furthermore, we demonstrated that there was a significant advantage to selectively blocking the SMAD3 signaling pathway rather than inhibiting global TGFBR signaling to prevent tumor progression and metastasis.



The tumor suppressor function of SMAD2 [18,22,75,76] and the pro-tumorigenic role of SMAD3 [16,17,22,77] have already been demonstrated in various models, but only a few studies have been conducted to assess the selective importance of SMAD2 vs. SMAD3 in cancer progression. We described herein the dichotomous role of SMAD2 and SMAD3 in the ability of cancer cells to form invadopodia and to produce spontaneous metastasis. More precisely, we demonstrated that the tumor suppressive function of SMAD2 remained intact while the pro-invasive role of SMAD3 was exacerbated under hypoxic conditions. Although we showed that SMAD2 depleted cells generated larger tumor xenografts, a previous study has shown that selective knockdown of SMAD2 inhibited cell growth in vitro [22]. However, the same study also demonstrated that, despite the reduction in proliferation of SMAD2-deficient cells observed in vitro, the size of the generated metastases was significantly greater [22]. This last finding is consistent with the increase in spontaneous liver metastasis generated by SMAD2 knockdown cells compared with SMAD3-depleted cells observed in this study. Furthermore, low levels of SMAD2 activation were positively correlated with reduced overall survival in ductal carcinoma of the breast [78] and increased cancer invasion in gastric cancer [79]. Conversely, increased SMAD3 expression was associated with shorter overall survival in esophageal squamous cell carcinoma [20] and gastric cancer [80]. Taken together, these findings suggest that cancer progression is related to increased pro-tumorigenic SMAD3 signaling, which prevails over SMAD2 signaling in the hypoxic tumor microenvironment. It is likely that part of the mechanism by which hypoxia activates SMAD3 signaling involves autocrine production of TGFβ, as previous findings have indicated that hypoxia increases the expression of the TGFβ pro-protein convertase furin in cancer cells, resulting in enhanced processing and bioactivation of the TGFβ precursor form [34]. This event was then implicated in hypoxia-induced invadopodia formation [37].



The mechanistic basis of the SMAD3 bias proposed herein includes a hypoxia-induced increase in SMAD3-SARA binding that relies on HDAC6-dependent SMAD3 bioavailability, together with an increased recruitment of SARA to EEA1+ endosomal vesicles. It is known that TGFBR signaling is induced following its internalization into endosomal compartments [67,68,69]. The SARA protein contains a FYVE domain that binds to phosphatidyl-inositol-3-phosphate (PI3P), a phosphoinositide highly enriched in early endosomes where SARA-dependent SMAD signaling is known to occur [81]. Since the affinity of FYVE domains for PI3P has been described to increase in acidic pH [82], and since hypoxia is known to acidify vesicular pH [39,83], pH-dependent changes in SARA affinity for PI3P would be a potential explanation for the increased recruitment of SARA to EEA1+ endosomal vesicles found in this study.



SARA was initially described as an adaptor protein facilitating the recruitment of SMAD2/3 to TGFBR1 [60]. Since then, several discrepancies have been published regarding the importance of SARA in SMAD-dependent TGFβ signaling. One study has shown that the depletion of SARA, or deletion of its SMAD Binding Domain (SBD) in endothelial cells, inhibited the transcriptional activity of both SMAD2 and SMAD3 in vitro [84], whereas a separate study has shown that SARA depletion in HeLa cells or Mv1Lu cells had little effect on these SMADs [64,85]. SARA was also shown to inhibit SMAD2/3 signaling in rat neural cells [86]. As alternatives to the targeting of TGFβ or TGFBR per se, different research groups have developed peptide aptamers of SARA SBD that have shown significant inhibition of SMAD2/3 signaling in human renal epithelial cells and mouse mammary gland cells [87,88]. However, this strategy has failed to progress to clinical trials, possibly due to the lack of studies on the characterization of SARA-dependent SMAD signaling in tumor progression. Our results suggesting that SARA is an active participant in both SMAD2-inhibitory and SMAD3-stimulatory effects on cancer cell invasion are consistent with the possibility that the targeting of SARA/SMAD binding would be unlikely to provide significant therapeutic benefits for cancer patients.



To date, no selective biomarkers of the pro-tumorigenic axis of TGFβ signaling have been uncovered, but it is possible that further study of the SMAD3 signaling axis promoted by hypoxia could lead to the identification of candidate genes. As critical regulators of TGFβ-induced gene transcription, SMAD2 and SMAD3 can interact with distinct transcription factors to regulate selective gene subsets (reviewed in [15]). Among the 84 cell motility genes studied here, VIM and ITGB2 were found to be selective targets of SMAD3, and these two genes strongly correlated with the tissue-specific hypoxic gene signature in fibrosarcoma, breast carcinoma and lung adenocarcinoma cancer types, suggesting their regulation by the exacerbated SMAD3 pathway in various tumors. Using knockdown and rescue experiments, we demonstrated that VIM, in addition to ITGB2, expression was involved in hypoxia-induced invadopodia formation. We also demonstrated that these genes are good predictors of cancer metastasis or recurrence in cohorts of breast and lung cancer patients. These results are in agreement with previous studies demonstrating that high expression of VIM or ITGB2 is related to cancer progression and metastasis [89,90,91,92,93]. In addition, hypoxia [94,95,96] and TGFβ [97,98,99,100] have been shown to induce VIM and ITGB2 expression. Although the effect of hypoxia on ITGB2 activity has not yet been described, hypoxia is known to be involved in the routing, recycling, and activation of various integrin β subunits [101,102,103], suggesting that it may also have an effect on ITGB2 activity. Taken together, these data suggest that VIM and ITGB2 are potential biomarkers of the SMAD3-dependent pro-invasive axis exacerbated by hypoxia.



Due to the central role of TGFβ in tumor progression, numerous compounds aimed at blocking TGFβ signaling have been tested in clinical trials, but none have yet been approved for clinical use. The compounds that are now undergoing clinical testing are mainly ligand traps (AVID200, Luspatercept), blocking antibodies (Fresolisumab), antisense oligonucleotides (Trabedersen) and TGFBR kinase inhibitors (Vactosertib and Galunisertib) [10,104,105]. These treatment strategies often generate serious adverse effects due to the pleiotropic functions of TGFβ in normal and cancer cells and have mitigated effects on tumor progression, perhaps because they do not consider the dual role of TGFβ in cancer. Our results demonstrating that selective inhibition of SMAD3 or HDAC6-dependent SMAD3 bioavailability was more potent than Galunisertib (LY2157299) in inhibiting tumor growth and metastasis, combined with those indicating a significant increase in SMAD3 activation in the hypoxic tumor microenvironment, suggest that SMAD3 can be an interesting therapeutic target for impeding cancer progression. Selective SMAD3 inhibition has not been extensively explored and only a few SMAD3-targeting compounds have been developed. In this regard, the small molecule SIS3 [106], cell-permeable peptides impeding pSMAD3 nuclear localization [107], and the natural flavonoid Naringenin [108] have shown promising therapeutic effects in diabetes, pulmonary fibrosis, heart disease, lung cancer and melanoma animal models [107,109,110,111]. However, none of these compounds have reached clinical trials, stressing the need for further development of these compounds.




5. Conclusions


In the present study, we described how hypoxia selectively induced the pro-invasive arm of TGFβ signaling through activation of a HDAC6- SMAD3-SARA-ITGB2/VIM pathway that contributes to the ability of cancer cells to invade and form metastases. In addition, we demonstrated a significant advantage in selectively inhibiting the SMAD3 signaling pathway rather than inhibiting global TGFBR signaling to prevent tumor progression and metastasis. Altogether, our results suggest that fine-tuning of the TGFBR-SMAD3-associated axis rather than complete inhibition of TGFβ signaling would be a better strategy for cancer treatment. However, confirmation of the direct link between the hypoxic HDAC6-SMAD3-SARA pathway and the ITGB2/VIM effect on hypoxia-induced cancer cell invasion will require further investigation.
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Figure 1. Hypoxia Selectively Increases Nuclear Accumulation of pSMAD3 in Different Cancer Cell Lines. (A,B) Representative confocal microscopy images of HT-1080, MDA-MB-231 and A549 cells incubated under normoxic (21% O2), hypoxic (1% O2) or TGFβ-supplemented conditions, stained with DAPI (blue) and anti-pSMAD3 (Ser423/425) (A) or anti-pSMAD2 (Ser465/467) (B) antibody (green). Scale bar = 10 µm. (C,D) Graphs showing the percentage of nuclear accumulation of pSMAD3 (C) or pSMAD2 (D) in HT-1080, MDA-MB-231 and A549 cells cultured under normoxic, hypoxic or TGFβ1-supplemented (1 ng/mL) conditions. (n = 3–5, 10 cells per group per experiment). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 and **** p < 0.0001. 
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Figure 2. Hypoxia Selectively Increases pSMAD3 Levels in Tumor Xenografts. (A) Representative images of cryosections of HT-1080, MDA-MB-231 and A549 xenograft tumors, grown on CAM, stained for hypoxic areas (hypoxyprobe; red) and pSMAD3 (green). Nuclei were stained with DAPI (blue). Scale bar = 50 µm. (B,C) Quantitation of pSMAD3 (B) and pSMAD2 (C) staining intensity in normoxic (hypoxia −) and hypoxic (hypoxia +) regions. (n = 3–4 experiments; >4 regions analyzed in each experiment). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01. 






Figure 2. Hypoxia Selectively Increases pSMAD3 Levels in Tumor Xenografts. (A) Representative images of cryosections of HT-1080, MDA-MB-231 and A549 xenograft tumors, grown on CAM, stained for hypoxic areas (hypoxyprobe; red) and pSMAD3 (green). Nuclei were stained with DAPI (blue). Scale bar = 50 µm. (B,C) Quantitation of pSMAD3 (B) and pSMAD2 (C) staining intensity in normoxic (hypoxia −) and hypoxic (hypoxia +) regions. (n = 3–4 experiments; >4 regions analyzed in each experiment). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01.



[image: Cancers 14 02751 g002]







[image: Cancers 14 02751 g003 550] 





Figure 3. Effect of Silencing the Expression of SMAD2 or SMAD3 on Invasive Properties of Cancer Cells. HT-1080 and MDA-MB-231 cells were transduced with lentiviral shRNA against SMAD2, SMAD3 or a scrambled (Scr) shRNA. (A,B) Representative Western blot images of protein expression of SMAD2 and SMAD3 following depletion of SMAD2 or SMAD3 in HT-1080 (A) or MDA-MB-231 (B) cells. Actin was used as loading control. n = 3. (C,D) Representative immunofluorescence images of nucleus (DAPI:blue), actin filaments (phalloidin:red) and gelatin (grayscale) of invadopodia formation by HT-1080 (E) and MDA-MB-231 (F) cells under normoxic conditions. (E,F) Percentage of invadopodia-forming HT-1080 (E) and MDA-MB-231 (F) cells incubated for 10 h under normoxic (21%O2) or TGFβ1-supplemented (1 ng/mL) conditions (n = 3–5). Data are presented as mean ± SEM. * p < 0.05 and ** p < 0.01. 
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Figure 4. Effect of SMAD2 and SMAD3 Depletion on Hypoxia-Induced Cancer Cell Invasion. (A,B) Percentage of promotion/inhibition of hypoxia-induced invadopodia formation by HT-1080 (A) and MDA-MB-231 (B) cells, compared to Scr sh. (C–E) HT-1080 cells transduced with scrambled, SMAD2- or SMAD3- targeted shRNA were grown on chicken chorioallantoïc membrane (CAM) for 7 days. (C) Representative images of xenograft tumors obtained. Xenograft tumor size (D) and relative amount of spontaneous liver metastasis in the chicken embryo (E) were quantitated (n = 20–24 per group). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01. 
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Figure 5. SMAD2 and SMAD3 Depend on SARA Binding to Modulate Cancer Cell Invasion. HT-1080 cells were transiently transfected with wild-type, C-terminal mutant (3SA), or SARA-binding mutant N339/381S (NS) SMAD2 or SMAD3 constructs, using empty vector (pCMV5b) as a control. (A) Representative Western blot showing overexpression specificity and efficacy of each construct. (B) Representative co-immunoprecipitation assays showing the reduction of SARA-binding to each SMAD NS constructs. Densitometric analysis of co-IP SARA/SMAD2 or SMAD3 IP was performed. C,D) Percentage of invadopodia-forming HT-1080 cells transfected with SMAD2 (C) or SMAD3 (D) constructs after 10 h incubation under normoxic (21% O2), hypoxic (1% O2) or TGF-β1 supplemented (1 ng/mL) condition (n = 3–5). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 6. Effect of Hypoxia and HDAC6 Activity on SMAD3/SARA Interaction. (A,B) Co-immunoprecipitation of SMAD2 or SMAD3 from HT-1080 cells incubated under normoxic (21% O2) or hypoxic (1% O2) condition. Representative Western blot images (A) and densitometric analysis (B) are presented (n = 4–5). (C,D) HT-1080 cell-derived proteins were extracted after increasing incubation period under hypoxic conditions, then immunoblotted for SARA and tubulin, as loading control. Representative western Blot images (C) and densitometric quantitation of relative SARA protein expression (D) are presented (n = 3). Data are presented as mean ± SEM. * p > 0.05; ** p < 0.01. (E,F) Immunofluorescence assay of HT-1080 cells stained for DAPI (nucleus; blue), SARA (green) and EEA1 (red). Representative confocal images (E) and quantitation of SARA/EEA1 colocalization (F) are presented (n = 3, >10 cells per experiment). Data are presented as mean ± SEM. * p > 0.05. (G,H) HT-1080 cells were treated with the HDAC6 inhibitors tubacin or CAY10603, then incubated for 3 h under hypoxic conditions. (G) Representative co-immunoprecipitation of SARA, immunoblotted for SARA, SMAD3 and SMAD2, in hypoxic conditions (1% O2) in the presence or absence of Tubacin (Tub; 10 µM) or CAY10603 (CAY; 1 µM). (H) Densitometric analysis of co-IP SMAD2 or SMAD3/SARA IP was performed (n = 6). Data are presented as mean ± SEM. * p > 0.05; ** p < 0.01. 
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Figure 7. Effect of HDAC6 Inhibition on Tumor Progression. (A,B) HT-1080 cells treated with inhibitors selective for TGFBR (LY215799), SMAD3 (SIS3), or HDAC6 (CAY10603) or control vehicle were grown on CAM for 7 days. Tumor xenograft volume (A) and chick embryo liver metastatic burden (B), as measured by primate Alu-sequence repeats expression relative to chick GAPDH expression, were quantitated. Data are presented as mean ± SEM. Each dot represents one tumor xenograft. * p < 0.05. 
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Figure 8. SMAD3 Target Genes Implication in Invadopodia Production by Cancer Cells. (A) Clustergram generated by RT2 PCR array data analysis software showing expression level of 84 cell invasion-related genes. (B–F) Bar graph showing relative expression of SMAD2 (B), SMAD3 (C) and SMAD3 target genes RHOB (D), ITGB2 (E), VIM (F) in HT-1080 cells transduced with SMAD2- or SMAD3-targeted shRNAs (n = 3). (G–L) HT-1080 cells were transduced with shRNAs targeting the individual SMAD3 invasion-related genes RHOB, ITGB2 and VIM, and submitted to invadopodia assays under normoxic (21% O2), hypoxic (1% O2), or TGFβ1-supplemented conditions. Relative expression (G–I) and percentage of invadopodia-forming cells (J–L) following each gene depletion are presented (n = 3–6). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 9. Overexpression of VIM or ITGB2 Rescues Invadopodia Production in SMAD3-Depleted Cells. HT-1080 cells were stably transduced with control shRNA (Scr sh) or shRNAs targeting SMAD3, and transfected with ITGB2 or VIM overexpression constructs, using empty vector construct as a control. Cells were then submitted to invadopodia assays under normoxic (21% O2), hypoxic (1% O2), or TGFβ1-supplemented conditions. Percentage of invadopodia-forming cells are presented (n = 3–4 independent experiments). Data are presented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001, and **** p < 0.0001. 
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Figure 10. SMAD3-Selective Target Genes Correlate with Hypoxia-Induced Genes in Cancer Patients. TCGA RNA-seq data sets from sarcoma, lung adenocarcinoma and invasive breast cancer patient cohorts were used to assess the correlation coefficient between RHOB (A–C), VIM (D–F) or ITGB2 (G–I) and genes known to be induced by hypoxia in lung adenocarcinoma (A,D,G), breast carcinoma (B,E,H) and fibroblastic sarcoma (C,F,I) patient cohorts. * p < 0.05; ** p < 0.01; *** p < 0.001. 
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Figure 11. SMAD3 Invasion-Related Gene Signature Correlates with Lung and Breast Cancer Progression. Lung adenocarcinoma and breast carcinoma cancer patient cohorts were segregated into high- and low- risk groups for metastasis/recurrence-free survival using SurvExpress online software. Kaplan–Meier curves for high- (red) and low- (green) RHOB (A,B), VIM (C,D) or ITGB2 (E,F) gene expression in lung adenocarcinoma (A,C,E) and breast carcinoma (B,D,F) human tumors are presented. Gehan–Breslow–Wilcoxon test was performed to assess p-value. 
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Table 1. Primer sequences used for the generation of SMAD-NS mutants.
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	Construct
	Primer Sequence





	pCMV5b-SMAD2-N381S
	



	Forward
	 CAAGGGTCGACAATCGTCCATCTTG



	Mutant forward
	 GTTCATCTTCAGACTACAGCCTGGTGG



	Mutant reverse
	 CCACCAGGCTGTAGTCTGAAGATCAAC



	Reverse
	 GATGCCACCCGGGTCTAGATTATGAC



	pCMV5b-SMAD3-N339S
	



	Forward
	 CAAGGGTCGACTGTCGTCCATC



	Mutant forward
	 GATCTTCAGGCTGCATCCTGGTG



	Mutant reverse
	 CACCAGGATGCAGCCTGAAGATC



	Reverse
	 GATGCCACCCGGGTCTACACTAAG







Underlined bases contain the desired mutation.
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Table 2. Primer sequences used for quantitative real-time PCR.
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	Gene
	Forward Primer Sequence
	Reverse Primer Sequence





	SMAD2
	CGAAATGCCACGGTAGAAATG
	GGGCTCTGCACAAAGATTG



	SMAD3
	TCCATCCCCGAAAACACTAAC
	CATCTTCACTCAGGTAGCCAG



	RHOB
	ATCCAAGCCTACGACTACCT
	AGTTGATGCAGCCGTTCT



	ITGB2
	GTGAACACGCACCCTGATAA
	GGAGTTGTTGGTCAGCTTCA



	VIM
	GATTCACTCCCTCTGGTTGATAC
	GTCATCGTGATGCTGAGAAGT



	RPLP0
	GATTACACCTTCCCACTGC
	CCAAATCCCATATCCTCGTCCG



	SARA
	GGATTCTCAGGCTCCAAATTGC
	GGCTGAGCCACATTCATTAGC
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Table 3. SMAD2 and SMAD3 Depletion Affect the Transcription of Different Genes Involved in Cell Invasion.
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SMAD2 sh

	
SMAD3 sh




	
Gene

	
Fold Regulation

	
p-Value

	
Fold Regulation

	
p-Value






	
SMAD3 regulated genes




	
RHOB

	
1.54

	
ns

	
1.58

	
0.002




	
ITGB2

	
−1.28

	
ns

	
−1.80

	
0.013




	
VIM

	
−1.25

	
0.009

	
−1.53

	
0.001




	
SMAD2 and SMAD3 regulated genes




	
CSF1

	
1.81

	
0.002

	
2.91

	
<0.001




	
ARF6

	
−1.55

	
0.011

	
−1.52

	
0.018








Only genes with a fold regulation value > 1.5 or <−1.5 and a p-value < 0.05 are presented. n = 4 (2 replicates × 2 independent experiments).
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