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Abstract

:

Considering the importance of programmed cell death in the formation of the skeleton during embryonic development, the aim of the present study was to analyze whether regulated cell degeneration also accompanies the differentiation of embryonic limb skeletal progenitors in high-density tridimensional cultures (micromass cultures). Our results show that the formation of primary cartilage nodules in the micromass culture assay involves a patterned process of cell death and cell senescence, complementary to the pattern of chondrogenesis. As occurs in vivo, the degenerative events were preceded by DNA damage detectable by γH2AX immunolabeling and proceeded via apoptosis and cell senescence. Combined treatments of the cultures with growth factors active during limb skeletogenesis, including FGF, BMP, and WNT revealed that FGF signaling modulates the response of progenitors to signaling pathways implicated in cell death. Transcriptional changes induced by FGF treatments suggested that this function is mediated by the positive regulation of the genetic machinery responsible for apoptosis and cell senescence together with hypomethylation of the Sox9 gene promoter. We propose that FGF signaling exerts a primordial function in the embryonic limb conferring chondroprogenitors with their biological properties.
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1. Introduction


Cell death is a constant event accompanying the differentiation, growth, and tissue remodeling of biological systems [1]. In embryonic systems, cell death may appear scattered in the differentiating tissues or, most often, it takes place in a massive fashion sculpting the shape and/or the structure of the organ primordia. In adult individuals, cell death is a basic mechanism of tissue turnover, but accumulating evidence indicates that it is also of great importance in stem cell and tumor biology [2].



The formation of the vertebrate skeleton is accompanied by programmed cell death and cell senescence within or around the differentiating skeletal tissues, including the cartilaginous bone primordia and the developing joints [3,4]. The formation of the cartilaginous template that prefigures the future chondral bones is a critical step of skeletogenesis [5]. The regulation of the cellular mass of the cartilage templates to establish their size and morphology might be among the functions of cell death in skeletogenesis [6]. In embryonic tissues, a variable intensity of dead cells is recognizable around the zones of cartilage formation [4,7], but the contribution of cell degeneration to the early steps of skeletogenesis has not received much attention. Remarkably, dysregulation of these dying processes causes skeletal malformations [8].



Genetic and classical embryological studies in vivo have identified complex signaling networks that influence the formation of the skeleton, including WNTs and BMPs, but FGFs appear to exert a central role in the formation of most cartilages [9,10,11]. Most of these signals have dual opposite functions, being growth- and differentiation- or cell death-inducing signals in a stage- and regional- dependent fashion [4,12,13,14,15]. The design of an in vitro model to analyze mechanisms involved in the control of programmed cell death is of great interest to understand this important biological process.



The study of the regulatory signals and the cellular basis of chondrogenesis have been largely addressed in vitro by employing a tridimensional organoid-like culture assay termed the “micromass culture”. This assay mimics in vitro changes associated with skeletogenesis in vivo [16] and has been proposed to replicate the regulatory signals involved in cartilage formation [17]. Studies in monolayer culture provided evidence for the association between apoptosis and chondrodifferentiation [18], but the micromass culture assay has largely been employed in studies focused on the growth and differentiation of progenitors, and less attention was paid to clarify the potential implications of cell death [19].



In this work, we have analyzed the pattern of cell death and the role of FGF signaling in primary micromass cultures of limb skeletogenic progenitors. For this study, we chose the undifferentiated autopod mesodermal cells whose fate in vivo is to form digits or to be eliminated by cell death and senescence in the interdigital regions [4,20]. We show that the formation of primary cartilage nodules in the micromass culture assay involves a patterned process of cell death and cell senescence, complementary to the pattern of chondrogenesis. Treatments with FGF2 alone or in combination with growth factors active during limb skeletogenesis revealed that, in addition to the well-known function of FGF signaling directing the growth of the limb primordia, this pathway modulates the response of progenitors to signals implicated in the regulation of programmed cell death. Transcriptional changes induced by FGF treatments suggest that this function is mediated by positive regulation of the genetic machinery responsible for apoptosis and cell senescence. We propose that FGFs not only direct limb outgrowth but also serve a morphogenetic function tuning the response of progenitors to WNT and BMP signaling.




2. Materials and Methods


We employed Rhode Island chicken embryos of 4.5 days for incubation, which represent stage HH25. This stage precedes in two days the establishment of the areas of interdigital cell death.



2.1. Micromass Cultures and Treatments


The leg buds were excised from the embryo and immersed in L-15 culture medium (Leibovitz medium, Lonza Group) and the undifferentiated tissue of the distal margin of the limb (“progress zone”) expressing HoxA13 (Figure 1A–A’) was dissected free under the dissecting microscope. To dissociate the cell components, samples were first incubated at 37 °C in 0.25% trypsin (Sigma) for 6 min and next in 0.25% collagenase (Worthington) for 12 min. Digestion was blocked by addition of 1 mL of DMEM (Dulbecco´s modified eagle medium, Lonza Group) with 10% fetal bovine serum (FBS, Lonza Group) where cells were dissociated by gently pipetting. Next, 9 mL of L-15 medium were added to the dissociated tissue and filtered through a 70 μm strainer (Miltenyi Biotec) to remove clumps of undissociated tissue and ectodermal debris. The cell suspension was centrifuged at 1000 rpm for 10 min and re-suspended in DMEM/10% FBS medium. Cell density was adjusted to 3 × 105 cells/mL, and 10 µL drops were pipetted into each well of a 48-well plate (Thermo Scientific), allowed to be attached for 2 h in an incubator (37 °C and 5% CO2) and then 200 µL of the selected growth medium was added into each well. DMEM with or without 10% FBS containing 100 units/mL penicillin and 100 mg/mL streptomycin were employed as culture medium.



Cell death, cell senescence, cell proliferation, DNA methylation, and transcriptional changes, were analyzed in control cultures and experimental cultures treated with recombinant proteins and signaling inhibitors added to the culture medium, including: FGF2 (25 or 50 ng/mL, Peprotech); BMP7 (200 ng/mL, Peprotech); Noggin (200 ng/mL, Peprotech); human WNT5A (100 ng/mL, R&D System); DKK1 (200 ng/mL, Peprotech); SU5402 (800 ng/mL, Calbiochem); and U0126 (20 nM; Calbiochem). The medium was changed every alternate day. At least 8 experiments for each treatment were performed.




2.2. Morphological and Immunohistochemical Studies


For histological analysis, cultures were fixed in 4% paraformaldehyde (PFA), washed in PBS, dehydrated in acetone, and embedded in araldite. Semithin sections (1 µm) were stained with toluidine blue.



Chondrogenic differentiation was analyzed by Alcian blue staining (0.5% at pH 1.0) in cultures fixed with alcohol/acetic.



Cell senescence was analyzed using the β-galactosidase activity assay [21] in cultures fixed overnight in 4% glutaraldehyde at pH 6.



Immunolabeling was performed in samples grown on glass coverslip previously treated with 1 mg/mL fibronectin. At the desired stage, cultures were fixed for 3 h in 4% PFA, washed for 2 h in PBS-0.1% triton and blocked for 1.5 h in PBS-3% BSA and incubated overnight in the primary antibody. The samples were next washed for 30 min in PBS and incubated in the secondary antibody. We employed rabbit polyclonal anti-SOX9 (Merck-Millipore, AB5535) as a chondrogenic lineage marker and mouse monoclonal anti-γH2AX (Merck-Millipore, 05–636) to evaluate DNA damage. Actin labeling was performed with rhodamine-phalloidin (Sigma).



Apoptotic cell death was analyzed by TUNEL assay using the in-situ cell death detection kit (Roche) following the manufacturer recommendations.



Histological observations were made with a LSM51O laser confocal microscope (Zeiss).




2.3. Flow Cytometry


Control and treated cultures were dissociated with trypsin EDTA (Lonza) and fixed in 90% ethanol. Samples containing one million cells were incubated overnight at 4 °C with 0.1% sodium citrate, 0.01% Triton X-100, and 0.1 mg/mL Propidium iodide (Sigma). The cell suspension was subjected to flow cytometry analysis in a Becton Dickinson FacsCanto cytometer and analyzed using Cell Quest software.




2.4. Quantification of Culture Growth


Culture growth was evaluated using the MTT assay. A total of 20 µL of 5 mg/mL tetrazolium salt was added to each culture well. After 2 h of further incubation the medium was replaced by dimethyl sulfoxide (DMSO) to lysate the tissue and the absorbance was evaluated by spectrophotometry at 570 nm.




2.5. In situ Hybridization


The expression of growth factors tested in the study and a panel of limb mesodermal markers was confirmed by in situ hybridization in the cultured micromasses. Cultures fixed in 4% PFA were washed in PBT and treated with 7 µg/mL proteinase K for 2–5 min at 20 °C. Hybridization with digoxigenin-labeled anti-sense RNA probes was performed at 68 °C. Reactions were developed with BM-purple AP substrate (Roche).




2.6. Epigenetic Analysis


We employed the Methylation-Sensitive Restriction Enzyme and Quantitative Polymerase Chain Reaction (MSRE-qPCR) technique to study changes in the methylation status of the Sox9 and Scleraxis promoters. Genomic DNA samples from micromass cultures were extracted using NucleoSpin Tissue (Macherey–Nagel). In order to evaluate the methylation level of the target genes, we employed the EpiJET DNA Methylation Analysis Kit (MspI/HpaII) following manufacturer’s instructions. A total of 100 ng of purified genomic DNA were digested with the non-CpG-methylation-sensitive enzyme MspI or with the CpG-methylation-sensitive restriction enzyme HpaII for 6 h. Undigested Genomic DNA samples were treated as digested samples by replacing the volumes of the enzymes with DNase-free water. SYBRGreen-based qPCR was carried out in triplicates with a total volume of 20 μL per tube containing 2 μL of genomic DNA (MspI-digested, HpaII-digested, or undigested DNA), 0.4 μL of each specific primer, 10 μL of SYBR Select Master Mix (Life Technologies), and 7.2 μL of DNase-free water. Reactions were carried out in a StepOne Real Time System and analyzed by StepOne software v2.3 (Life Technologies). The relative percentage of methylated DNA was calculated according to the equation 2−ΔΔCt. Non-specific amplification was monitored by melting curve analysis of each reaction. Specific primers for CpG islands are indicated in Supplementary Table S1.




2.7. Real-Time Quantitative PCR (qPCR) for Gene Expression Analysis


Total RNA was extracted using the NucleoSpin RNA kit (Macherey–Nagel). First-strand cDNA was synthesized using random hexamers with the RevertAid RT Kit (Thermo Scientific). The cDNA concentration was adjusted to 0.5 μg/μL. SYBRGreen-based qPCR was performed employing SYBR Select Master Mix (Life technologies) using the CFX Connect Real-Time System (BioRad). Specificity was checked by the presence of single peaks in the dissociation curves. Gapdh was chosen as the normalizer. Mean values for gene expression fold changes were calculated relative to a calibrator according to the 2-ΔΔCt equation. qPCR chicken specific primers are indicated in Supplementary Table S1.





3. Results


Limb mesoderm micromass culture is an organoid-like tridimensional culture assay that closely recapitulates the chondrogenic differentiation of limb skeletal progenitors in vivo, including their spatial pattern and molecular regulatory signals [16,22]. To avoid employing a pool of cells with heterogeneous molecular signatures [15] and differences in their pattern of differentiation [18,23], in this study, we selected mesodermal progenitors obtained from the distal margin of stage 25 leg buds that express HoxA13 (Figure 1A–A´). All these progenitors have identical potential to form digits [24], but in normal development, they follow three distinct fates according to their position in the autopod: (i) forming digit cartilages at the digit ray position; (ii) forming the different autopodial fibrous connective tissues in the peridigital regions; or, (iii) undergoing programmed cell death in the interdigital spaces.



3.1. Differentiation, Proliferation, and Cell Death in Relation to the Presence or Absence of FBS in the Culture Medium


Our findings show that the micromass cultures obtained from limb bud mesoderm at stage 25 mimic, not only the chondrogenic differentiation, but also the degenerative events occurring in normal skeletal development. The difference is that cartilages in vitro take a nodular appearance rather than the radial arrangement of the digits observed in vivo, likely due to the polarized growth of the limb bud versus the uniform growth of the micromass culture.



To select the conditions of our experiments we first evaluated differences in chondrogenesis, cell death, and cell proliferation in cultures growing in medium with or without FBS. In the first three days of culture, the growing tissue undergoes chondrogenic differentiation following a geometric nodular pattern that is believed to reflect the interactive molecular cues that govern normal skeletal development in vivo [22,25]. At Day 1 of culture in DMEM, the cells showed an irregular cell distribution, with zones of higher cell concentration and regions where cells were less compacted, but staining with Alcian blue, which is a cartilage matrix-specific dye, was negative at this stage (Figure 1B–B´). By Day 2 of culture, progenitors form regions of increased cell concentration that are intensely positive for SOX9 and show incipient nodules that are Alcian blue positive (Figure 1C–C´). By the third day of culture, the chondrogenic nodules expanded in number and size, forming numerous nodules positive for Alcian-blue staining (Figure 1D–D´) and SOX9 immunolabeling (Figure 1E). Cultures growing in a medium containing 10% FBS followed a similar sequence of chondrogenic differentiation, but the size of the cartilage nodules were significantly larger than those present in cultures lacking FBS (not shown).



Analysis of cellular DNA contents by measuring propidium iodide uptake (Figure 1F) was performed in micromasses lacking FBS in the medium to avoid the interference of components present in the FBS with the treatments.




3.2. Patterned Cell Death and Cell Senescence


Tissue sections of three-day-old DMEM-only cultures revealed that degenerating cells were located around the differentiating cartilages (Figure 2A). These alterations included characteristic apoptotic cells, identifiable by the condensed nuclear morphology, and senescent cells [26] displaying a foamy and enlarged aspect because of vacuolization of the cytoplasm that was positive for senescence-associated β-galactosidase (SA-β-gal) labeling (Figure 2B).



Analysis by flow cytometry revealed that the number of dead cells was similar in cultures of the same stage, i.e., the dead intensity was stage dependent (Figure 2C). On Day 1 of culture, 9.82% cells were dead. At Day 2, dead cells were 16.41% of the dissociated cells, and the rate of dead cells was 19.13% at Day 3. Consistent with these findings, the total tissue mass of the culture, evaluated by the MTT test, decreased during the first three days of culture (Figure 2D). In subsequent growth stages, the cartilage nodules expanded, showing a parallel increase in the total tissue mass of the culture as evaluated by MTT.



In the course of limb development in vivo, cell death and cell senescence remove the undifferentiated mesodermal progenitors of the autopod that separate the digit rays [20]. To assess whether the micromass cultures replicate the degenerative events occurring during skeletogenesis in vivo, the spatial pattern of cell degeneration was evaluated. SA-β-gal activity labeling was employed to detect cell senescence, and a TUNEL assay was used to detect apoptosis. At Day 1 of culture, senescent cells are scarce and predominate in the zones of lower cell density (Figure 2E). From Day 2 of culture, the distribution of degenerating cells replicated the degenerative process occurring in vivo. As shown in Figure 2F,G, both SA-β-gal-positive senescent cells (Figure 2F) and TUNEL-positive apoptotic cells (Figure 2G) showed a preferential arrangement in the internodular spaces.



We previously observed that interdigital cell degeneration is preceded by intense DNA damage (DNAD) [27]. The histone variant H2AX is a key factor of the molecular cascade that cells activate by phosphorylation at serine 139 (γH2AX) to repair damaged DNA, and is a precise and precocious marker of the interdigital cells destined to die [28]. Consistent with these observations, we found a preferential distribution of cells with intense γH2AX immunolabeling in the undifferentiated perinodular tissue where apoptotic and senescent cells were distributed (Figure 2H,J). Reduced γH2AX labeling was also observed in some cells located in the core of the differentiating nodules of cartilage that were intensely positive for SOX9 (Figure 2I). This feature is consistent with the so-called noncanonical distribution of γH2AX observed during the differentiation of stem cells, which reflects chromatin epigenomic modifications associated with cell differentiation [29]. Additional markers of cell degeneration, such as a disorganized cytoskeleton [30], confirmed the internodular distribution of the dying cells (Figure 2K,L).



Overall, the above findings revealed a pattern of cell degeneration in the initial stages of differentiation of chondroprogenitors growing in micromass cultures that is reminiscent of the events associated with digit skeletogenesis in vivo.




3.3. FGFs Sensitize Chondroprogenitors to Dying Signals


During normal development, FGFs are considered survival signals for skeletal progenitors, but in vivo gain-of-function experiments via interdigital administration of an exogenous source of FGF showed transiently inhibited cell death [14,31,32]; but 24 h later, cell death increases dramatically [33]. Considering the double effect of FGFs inhibiting and promoting cell death, we performed different protocols of gain- and loss-of-function experiments of FGF signaling.



When FGF2 (25 or 50 ng/mL) was maintained for 48 h in the medium, the rate of cell death was similar to that of the control untreated cultures. However, removal of FGF from the medium for a period of 3 or 6 h at the end of the second day of culture increased cell death (Figure 3A–A’). Remarkably, in contrast to the perinodular distribution of apoptotic and senescent cells in the control cultures (Figure 3B,D), in FGF-treated cultures, degenerating cells were also associated with the regions of cell aggregation (Figure 3C,E).



To further characterize the role of FGF in cell degeneration in the cultured progenitors, we performed pharmacological inhibition of FGF signaling with SU5402 and U0126 during the first two days of culture (Figure 3F). Consistent with observations in the developing mouse limb [32], cultures growing in a medium containing 800 ng/mL SU5402, which is a selective inhibitor of FGF receptor tyrosine kinase activity, increased cell death by 43%. Consistent with the anti-FGF influence of SU5402, the intensity of cell death by SU5402 was attenuated in the presence of exogenous FGF2 in the medium (Figure 3F).



In contrast to SU5402, the addition of the MAPK inhibitor U0126 at a dose of 7.6 ng/mL (20 nM), alone or in combination with FGF, did not modify the rate or the intensity of cell death (Figure 3F). Consistent with studies in vivo [32], U0126 at a much higher concentration (50µM vs. 20 nM) increased cell death in the cultures (not shown).




3.4. Epigenetic Influence of FGFs


We have previously observed an intense positive influence of FGF signaling on the limb expression of the epigenetic modulators Uhrf1 and Uhrf2. These genes encode factors that modulate transcriptional regulation and death sensitivity via chromatin modifications [34]. In addition, FGFs transiently delay chondrogenic differentiation of limb skeletal progenitors as well as counteract the permanent antichondrogenic influence of WNT signaling secondary to the cytosine methylation of the Sox9 promoter [11]. Hence, to explore the importance of epigenetic modifications of differentiating progenitors in the outcome of the micromass cultures, we analyzed by MSRE-qPCR the cytosine methylations (5-mC) in the promoter of Sox9 and Scleraxis (Sclx) genes as master genes for chondrogenic and fibrogenic differentiation of the skeletal progenitors, respectively. In the control cultures, the promoter of Sclx maintained a low percentage of 5-mCs (0.24% at Day 1), and the rate increased moderately during the three days analyzed in our study (Figure 4A). In contrast to Sclx, the promoter of Sox9 showed higher levels of methylation (3.97% of 5-mC at Day 1) that also increased in the course of culture (Figure 4B). The addition of FGF2 (25 ng/mL) to the medium significantly decreased the methylation of the Sox9 promoter (Figure 4C) but not that of Scleraxis (Figure 4D).




3.5. Transcriptional Effects of FGFs


The survival role of FGFs deduced from SU5402 treatments, along with the intense degeneration caused by the removal of FGFs when the cultures were grown in a medium containing exogenous FGFs, prompted us to characterize the transcriptional modifications induced by FGFs in the skeletal progenitors by qPCR. For this purpose we selected a panel of genes associated with: chondrogenic (Sox9) and fibrogenic (Scleraxis) differentiation; mesodermal cell undifferentiation (Msx1, Msx2, Oct4); cell death (Bcl2, Bak1); cell senescence (p21, GBL1, Mmp2, Cathepsin D, Il-6); epigenetic regulators active in the embryonic limb (Dnmt1; Dnmt3A; Dnmt3B; TET3; HDAC2; HDAC3; HDAC8; and Prmt5); and components of the major signaling pathways active during digit skeletogenesis (Bmp2, Bmp4, Bmp5, Bmp7, Noggin, FgfR1, FgfR2, FgfR3, FgfR4, Wnt5a, and Dkk1). The efficiency of FGF treatments was confirmed by detecting the regulation of Sprouty1 [35].



As shown in Table 1, no major changes were observed in genes associated with differentiation or undifferentiation in the FGF-treated cultures. Changes were not appreciated in Wnt5a. Minor changes were observed in FGF receptors and in the selected epigenetic regulators, in addition to significant down-regulation of FgfR2, Dnmt1, and HDAC3. As described in other experimental settings [36], various BMP ligands involved in programmed cell death [37], including Bmp2, Bmp4 and Bmp7, were intensely upregulated, while Bmp5 and the BMP antagonist Noggin were down-regulated. Dkk1 was also up-regulated.



Remarkably, the most important changes were detected in the expression of apoptotic and cell senescence factors, including members of the senescence-associated secretome (SASP). Thus, the pro-apoptotic factor Bak1 and Cyclin-Dependent Kinase Inhibitor 1 (p21), which is considered the main regulator of developmental senescence, and Cathepsin D and Il-6 were upregulated by more than twofold, while Bcl2, which is an antiapoptotic factor, was not regulated at significant levels. Beta-galactosidase (GBL1) was up-regulated but without reaching statistically significant levels.




3.6. FGF2 Modifies the Response of Cultured Progenitors to BMP- and WNT- Signaling


To analyze the crosstalk between FGF signaling and other signals active in the developing limb, we examined the effects of combined treatments with FGF2 and growth factors that regulate chondrogenic differentiation and cell death in the developing limb [38]. We selected Bmp7, Wnt5a, and the WNT antagonist Dkk1 because they are highly expressed in the micromass cultures (Figure 5A–C) and show overlapping expression with regions of programmed cell death in vivo.



3.6.1. The FGF/BMP Axis


BMPs have been identified as the apoptotic triggering signals for the undifferentiated embryonic limb mesoderm [37,39] but they are also growth-promoting signals for prechondrogenic aggregates [12,37,38,40,41]. Our findings revealed that the proapoptotic influence of BMPs in two-day cultures was only detected in BMP7 treatments combined with FGF2 (182% double-treated vs. 108% BMP7-treated-only: Figure 5D). In a complementary fashion, the apoptotic-protective effect of the BMP antagonist NOGGIN also required combined treatments with FGFs (Figure 5D). These findings suggest a permissive influence of FGF signaling on the regulation of apoptosis driven by BMP signaling.




3.6.2. The FGF/WNT Axis


WNT signaling exerts a critical role in limb outgrowth and skeletogenesis [38,42,43]. Members of the family are believed to exert a protective role against programmed cell death associated with the crosstalk between FGF and BMP signaling rather than a direct influence in the degenerative process [38]. However, WNT5a, which signals via noncanonical pathway [44], and the WNT antagonist DKK1, which inhibits Wnt/β-catenin signaling, have been associated with cell death because they show specific expression domains in the areas of interdigital cell death [45].



In the micromass assay, endogenous expression of Wnt5a and Dkk1 was confirmed by in situ hybridization (Figure 5 B,C) prior to analysis of the influence of their exogenous administration to the medium. As observed in vivo [46], individual addition of WNT5A (100 ng/mL) or DKK1 (200 ng/mL) to the culture medium did not significantly increase the intensity of cell death. However, both treatments increased cell death when they were applied in combination with FGF2 (Figure 5E).






4. Discussion


The culture of limb skeletal progenitors at high concentrations recapitulates embryonic skeletogenesis and is controlled in a fashion similar to that in vivo [16,22,47]. Our findings reveal that the differentiation of progenitors in this assay is accompanied by a patterned process of cell degeneration that delimits the initial regions of prechondrogenic aggregation. Cell death modulates tissue differentiation and morphogenesis during embryonic development of most organs, including limb skeletogenesis [4]. Our present results reveal that a comparable degeneration process accompanies the differentiation of chondroprogenitors in vitro. The initial formation of cartilaginous nodules in the micromass culture assay is accompanied by the elimination of progenitors located in the contour of the differentiating cartilage nodules. Remarkably, degeneration in this assay exhibits the same mechanistic features detected during in vivo tissue remodeling [20,27], which includes initial DNA damage, followed by the appearance of TUNEL-positive apoptosis and cell senescence positive for beta-galactosidase at pH 6. Apoptosis mediated by caspases is the major dying mechanism responsible for programmed cell death in embryonic systems. However, during the last decade cell senescence has gained interest in embryonic studies [48,49,50,51,52] because it may represent a nonapoptotic cell degeneration involving the active participation of lysosomes [20]. The combined participation of apoptosis and cell senescence in this in vitro assay supports a similar relevance of both mechanisms for tissue remodeling in the course of tissue differentiation.



The internodular pattern of distribution of cell death and cell senescence in the control cultures is consistent with observations in monolayer cultures [18], suggesting that prechondrogenic aggregation serves a survival function for chondroprogenitors. A tempting explanation for the patterned dying process in the micromass culture assay is that the intense cell rearrangement involved in the formation of chondrogenic nodules might generate mechanical cues that contribute to modulating degeneration [53]. It has been shown that mechanical stress generated during the initial stages of cell aggregation [54,55] together with BMP signaling [56,57] regulate the expression of Sox9 [58], a master chondrogenic factor that protects chondroprogenitors from cell death [59].



Experiments in vivo were suggestive of an antagonist effect of FGF and BMP signaling [12]. Our findings revealed a survival influence of FGF signaling on the differentiating progenitors accompanied by the sensitization of cells to other apoptotic stimuli. Thus, cell death increased dramatically when FGF signaling was blocked by treatments with the FGF inhibitor SU5402 and also by addition and subsequent removal of FGF2 from the culture medium. Remarkably, the difference in the internodular distribution of senescent and apoptotic cells in control cultures indicates that increased apoptosis and senescence due to FGF removal take place at the expense of the peripheral cells of the prechondrogenic aggregates, which survive and form cartilage in the control untreated cultures. These observations support the role of FGF signaling in maintaining chondroprogenitor survival and proliferation, favoring either subsequent differentiation [10,11] or removal by cell death [33], depending on complementary signals active in specific spatial and temporal patterns. FGFs are master factors that maintain stemness in mesenchymal stem cells [60] and are responsible for controlling embryonic limb outgrowth [61,62,63]. Furthermore, in the developing limb there is a temporal association between the extinction of Fgf8 expression in the AER and establishment of the areas of interdigital cell death [32,64].



The transcriptional changes induced by FGF treatments in the micromass culture assay included the upregulation of factors that participate in the physiological degeneration of the interdigital tissue in the embryonic limb. The increased presence of these factors in the progenitors when the survival influence of FGFs is extinguished may contribute to the onset of degeneration. Among such degeneration-promoting factors upregulated by FGF-treatments are: p21, a specific marker of cell senescence [49], and Bak1, which is responsible for the activation of the mitochondrial apoptotic pathway [32]. The influence of these factors may be counteracted by protective factors regulated by FGF while present in the culture medium. An additional mechanism underlying the effects of FGF signaling is the changes in the epigenetic profile of progenitors. It has been shown that FGFs protect progenitors from irreversible methylation of the promoter of Sox9, favoring their subsequent differentiation into cartilage upon contact with pro-chondrogenic signals [11]. Our observations reveal a negative influence of FGF signaling on the expression of DNA methyltransferase 1 (Dnmt1) and histone deacetylase 3 (HDAC3), accompanied by a decrease in the methylation of the Sox9 promoter. DNA methyl transferase 3A (Dnmt3A) was also downregulated but did not show statistical significance. These changes would result in chromatin architectural modifications likely making progenitors more susceptible to DNA damage. This hypothesis is consistent with the importance of SOX9 for the survival of chondrogenic [59,65] and other cell populations [66].



A major finding observed in the present study is the differential response of growing progenitors to BMP and WNT signaling depending on the presence in the medium of FGF2. There is compelling evidence supporting a central role of BMPs as death triggering factors for embryonic limb programmed cell death, including regression of the AER that is the source of FGFs [12,27,37,38,39,40,41]. However, similar experimental approaches demonstrate an opposite role of BMP signaling in promoting the formation and growth of chondrogenic aggregates [12,37,57]. These contradictory functions of BMPs generated controversy about the physiological hierarchy of the death-triggering machinery during interdigit regression [67]. Under the experimental conditions of our study, BMP7 exerted a mild pro-apoptotic influence in the cultures that was potentiated when exogenous FGF2 was added to the culture medium. Considering that suppression of FGF signaling induces cell death and cell senescence in the cultures, our findings indicate that FGF cessation and BMP activation are two complementary pathways accounting for cell death of progenitors.



Wnt/β-catenin canonical signaling inhibits chondrogenesis via epigenetic silencing of the promoter of Sox9 [11] and stimulates limb outgrowth by promoting the expression of FGFs in the AER, which in turn maintain progenitor proliferation and survival [68]. The protective role of WNT signaling appears to be abolished in the areas of cell death due to the expression of the WNT antagonist Dkk1 which is expressed under the control of BMPs [45,68,69]. However, in an opposite fashion, cell death in the developing hindbrain is inhibited by WNT antagonists via upregulation of BMP signaling [70]. Our findings confirm the interaction between FGF and WNT signaling in the control of cell death [45]. We show that neither WNT5A nor DKK treatments modified cell death at significant levels in the absence of exogenous FGFs, but both factors induced apoptosis and cell senescence when they were combined with FGF2. It must be emphasized that WNT5A is a member of the WNT family, which signals via noncanonical inhibiting Wnt/β-catenin canonical signaling in the developing limb [44]. Together, these results emphasize the importance of tuning WNT signaling to control the balance between differentiation and cell death proposed by Kumar and Lassar [11].
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Figure 1. (A–A’) In situ hybridization of the embryonic leg bud at stage 25, showing the expression of HoxA13. A’ the tissue selected for the experiments is illustrated in red. (B–D) are dark field low magnification views of micromasses cultured for 24 (B), 48 (C), and 72 h (D). (B’–D’) illustrate the same cultures after Alcian blue cartilage staining. Note the appearance of Alcian blue-positive nodules on Day 2 of culture. (E) 3-day-old micromass section immunolabeled for SOX9. (F) Flow cytometry histogram showing the cell cycle of 2 days cultures grown in DMEM. Scale bar in B–D’ = 1 mm; scale bar in E = 100 µm. 
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Figure 2. (A) Semithin section of a 3-day-old culture showing the presence of dark apoptotic cells (arrows) and vacuolated senescent cells (arrowheads) around a chrondrogenic nodule (Ch). (B) Detailed view of a micromass tissue showing senescent cells positive for SAβ-gal histochemistry (eosin counterstaining). (C) Graphic representation of the rate of cell death evaluated by flow cytometry during the first 3 days of culture grown in DMEM-only. (D) Total tissue mass of micromass cultures at Days 1, 3, and 7 evaluated by MTT staining. (E) Low-magnification view of 1-day culture after SAβ-gal histochemistry (dark blue staining) showing the distribution of senescent cells. (F) Perinodular restricted distribution of senescent cells positive for SAβ-gal in a 3-day-old micromass. (G) Optical section of 3-day-old micromass showing the arrangement of apoptosis (green TUNEL labeling) in the perinodular tissue. Note the intense positivity for SOX9 (red labeling) in chondrogenic aggregates. (H) A 3-day-old micromass section immunolabeled for γH2AX (green) and SOX9 (red) to show the preferential distribution of γH2AX in perinodular tissue. Note the very reduced nuclear yH2AX labeling in the aggregated cells highly positive for SOX9 (arrows). (I–I”) Detailed view of a SOX9-positive cell (I) with a couple of dots positive for γH2AX (I’). (I”) is the merged image. (J–J”) Detailed view of an internodular cell with poor SOX9 labeling (J) but massive γH2AX labeling (J’). (J”) is the merged image (J”). (K–L) Single channel and merged image of double labeling with γH2AX(green) and phalloidin (red) showing the aligned cytoplasmic actin filaments in healthy progenitors in contrast to the irregular aggregation of actin clumps (arrow) in the cytoplasm of cells highly positive for γH2AX (K). Scale bar in A and H = 20 µm; scale bar in B = 25 µm; scale bar in E and F = 300 µm; scale bar in G = 100 µm; scale bar I-J-K-L= 5 µm. 
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Figure 3. (A–A’) Graphic representation of the rate of cell death evaluated by flow cytometry in cultures treated for 2 days with 25 (light columns) or 50 ng/mL of FGF2 (red columns) to compare the effects of a continuous treatment with FGF (+FGF) and the effect of FGF withdrawal (-FGF) for 3 h (A) or 6 h (A’). The rate of cell death in the control untreated micromasses was considered 100 and is indicated by the dotted line. (B–B’) Confocal view of the perinodular arrangement of TUNEL-positive cells (green labeling) in a labeled control 2-days culture. The sample is also labeled with phalloidin (red labeling). (B) is a merged image, and (B’) shows only the green channel. (C–C’) Confocal view showing the widespread arrangement of TUNEL-positive cells (green labeling) after 3 h of FGF withdrawal in micromasses treated for 2 days with FGF2 (25 ngr/mL). Red labeling corresponds to phalloidin. (C) is a merged image, and (C’) shows only the green channel. (D,E) Detailed view of the SAβ-gal arrangement in control (D) and experimental micromasses subjected to FGF-withdrawal (E). Note the perinodular distribution of SAβ-gal in the control in contrast with the intranodular distribution in the experimental culture. (F) Graphic representation of the rate of cell death evaluated by flow cytometry in 2-day micromasses subjected to treatments with SU5402 (800 ng/mL), SU5402 plus 25 ng/mL of FGF2, U0126 (7.6 ng/mL), and U0126 plus FGF2. Scale bar in B−C´ = 250 µm; scale bar in D−E = 50 µm. * p < 0.05 (versus control); ##, p < 0.01 (versus SU5402+FGF2). 
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Figure 4. (A,B) Changes in the rate of cytosine methylation of the Scleraxis (A) and Sox9 (B) promoters during the first three days of micromass culture. (C,D) Changes in the rate of cytosine methylation of the Sox9 (C) and Scleraxis (D) promoters during the first two days of culture induced by the addition of FGF2 (25 ng/mL) to the culture medium. * p < 0.05; *** p < 0.001. 
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Figure 5. (A–C) In situ hybridizations of 2-day-old micromass cultures showing the expression of Bmp7 (A), Wnt5a (B), and Dkk1 (C). (D) Graphic representation of the rate of cell death evaluated by flow cytometry in cultures treated for 2 days with BMP7 (200 ng/mL); BMP7 plus FGF2 (25 ng/mL); NOGGIN (200 ng/mL); and NOGGIN plus FGF2 (25 ng/mL). The rate of cell death in untreated control cultures was considered to be 100% and indicated by the dotted line. (E) Graphic representation of the rate of cell death evaluated by flow cytometry in cultures treated for 2 days with WNT5A (100 ng/mL), WNT5A plus FGF2(25 ng/mL), DKK1 (200 ng/mL), and DKK-1 plus FGF2 (25 ng/mL). The rate of cell death in untreated control cultures was considered to be 100 and is indicated by the dotted line. Scale bar in A, B, C = 0.5 mm. *** p < 0.001. 
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Table 1. Gene expression fold change values in FGF-treated versus control untreated, two-day-old micromass cultures. Fold change values are expressed as Mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.001. a very low expression level. Bold is regulated genes.
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Gene.

	
FGF2 vs Control.

	
Gene.

	
FGF2 vs Control.






	
Differentiation markers.

	
FGF signaling.




	
Sclx

	
1.06 ± 0.48

	
Sprouty1

	
21.46 ± 13.53 ***




	
Sox9

	
1.40 ± 0.99

	
FgfR1

	
1.11 ± 0.46




	
Senescence markers.

	
FgfR2

	
0.54 ± 0.20 ***




	
p21

	
2.70 ± 1.08 ***

	
FgfR3

	
0.78 ± 0.50




	
GBL1

	
1.42 ± 0.46

	
FgfR4

	
0.94 ± 0.47




	
Cathepsin D

	
2.38 ± 0.84 *

	
BMP signaling.




	
Mmp2

	
1.30 ± 0.26

	
Bmp2

	
2.30 ± 0.86 **




	
Il-6

	
2.59 ± 0.93 *,a

	
Bmp4

	
2.67 ± 1.05 **




	
Cell Death markers.

	
Bmp5

	
0.40 ± 0.23 ***




	
Bcl2

	
1.19 ± 0.46

	
Bmp7

	
3.75 ± 1.63 ***




	
Bak1

	
2.56 ± 0.91 ***

	
Noggin

	
0.73 ± 0.52




	
Undifferentiation markers.

	
WNT signaling.




	
Msx1

	
1.27 ± 0.58

	
Wnt5a

	
0.90 ± 0.34




	
Msx2

	
1.34 ± 0.57

	
Dkk1

	
4.71 ± 1.80 **




	
Oct4

	
1.40 ± 0.23 a

	

	




	
Epigenetic modulators.

	

	




	
Dnmt1

	
0.56 ± 0.24 *

	

	




	
Dnmt3A

	
0.61 ± 0.31

	

	




	
Dnmt3B

	
0.96 ± 0.35

	

	




	
TET3

	
0.69 ± 0.19

	

	




	
HDAC2

	
0.68 ± 0.27

	
Note:

a very low expression level

CTs > 30 vs Gapdh (CT ≈ 18).




	
HDAC3

	
0.55 ± 0.24 *




	
HDAC8

	
0.77 ± 0.26




	
Prmt5

	
1.08 ± 0.10
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