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Abstract

:

The presence of cartilage tissue in the embryonic and adult hearts of different vertebrate species is a well-recorded fact. However, while the embryonic neural crest has been historically considered as the main source of cardiac cartilage, recently reported results on the wide connective potential of epicardial lineage cells suggest they could also differentiate into chondrocytes. In this work, we describe the formation of cardiac cartilage clusters from proepicardial cells, both in vivo and in vitro. Our findings report, for the first time, cartilage formation from epicardial progenitor cells, and strongly support the concept of proepicardial cells as multipotent connective progenitors. These results are relevant to our understanding of cardiac cell complexity and the responses of cardiac connective tissues to pathologic stimuli.
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1. Introduction


Distinct, discrete cartilage tissue clusters have been described in different regions of the adult vertebrate heart. These cartilage clusters often appear in the semilunar valves located at the base of the aortic and pulmonary trunks and adjacent in adjacent tissues of reptiles [1], avians [2,3] and mammals [4]. Indeed, cartilage differentiation is initiated by the condensation of mesenchymal, connective tissue under the instructive signalling provided by key growth factors like BMPs and FGFs and the master regulation of the key transcription factors Sox9 [5]. This differentiation process results in the active synthesis of a characteristic extracellular matrix (ECM) enriched in collagen II, chondroitin sulphate, hyaluronic acid and several proteoglycans [6].



So far, the only accepted source of cartilage in the heart is the cardiac neural crest [2], a multipotent ectomesenchyme whose cellular cardiac derivatives are mostly limited to the aorto-pulmonary septum, the developing pulmonary and aortic valves and surrounding tissues [7,8,9,10]. However, recent reports have revealed that the embryonic epicardium, i.e., the tissue layer that covers the cardiac muscle (myocardium), also makes a significant contribution to various cardiac connective tissues. The epicardium develops from the proepicardium, a mass of coelomic progenitors located at the venous pole of the embryonic heart. Proepicardial cells attach to and spread over the myocardium to form the primitive epicardial epithelium. Then, the epicardium undergoes an epithelial-to-mesenchymal transition to give rise to a heterogeneous population of epicardium-derived cells (EPDCs) that invade the cardiac interstitium and progressively differentiate into various cell types, including endothelial and smooth muscle cells and cardiac fibroblasts [11,12,13]. The wide mesodermal differentiation potential of the epicardium prompted us to evaluate its ability to differentiate into chondrocytes. In order to do so, we have combined in vivo cell tracing experiments in avian embryos (quail-to-chick proepicardial chimeras) with in vitro differentiation of avian proepicardial cells into chondrocytes. Our results indicate that (pro)epicardial-derived cells have the potential to differentiate into chondrocytes and suggest that at least part of the cartilaginous nodes found in the aortic ring-left cardiac outflow tract domain derive from the epicardial lineage.




2. Results


2.1. Chondrocyte Clusters Are Present in the Chick Heart


Cartilage-like tissue was observed in the forming proximal outflow tract region of the perinatal chick heart, including the aorta and pulmonary trunks (HH44-46), close to the commissures of semilunar valve leaflets (Figure 1A,B and Figure S1). Near these valvular chondrocyte clusters, additional masses of cartilage-like mesenchymal condensations were identified in a low percentage of embryos (3/20); such clusters were located between the insertion of the aortic ring, the left ventricular outflow tract myocardium, and the left atrioventricular sulcus [14] (Figure 1C and Figure S1, from here onwards LOT). Both chondrocyte clusters were positive for classic cartilage alcian blue and safranin red staining, as well as immunoreactive to collagen type II-alpha 1 (COL2A1) antibody (Figure 1D–I). Interestingly, the embryonic aortic cartilage shows higher intensity of Safranin red and COL2A1 staining than the LOT one (Figure 1E–I). A detailed study of adult chick hearts revealed these chondrocytes accumulated in the same anatomical region described for chick embryos (Figure 1J–P and Figure S2A–C). In these adult hearts, cell density was also significantly higher in aortic and pulmonary trunk chondrocyte clusters than in LOT ones (p < 0.01 and p < 0.05, respectively) (Figure 1Q and Figure S2).




2.2. LOT Cartilage Derives from the (Pro)Epicardium In Vivo


In order to determine the potential contribution of (pro)epicardial-derived cells to any of these chondrocyte clusters, quail-to-chick proepicardial (PE) chimeras were constructed in the avian heart (Figure 2A). In these chimeras, quail proepicardial derivatives were traced in the chick embryonic heart by using the quail specific pan-nuclear QCPN antibody (Figure 2B–C’). These lineage tracing studies are based in the high homology between chick and quail embryonic tissues, including the PE. In accordance, we observed that the aortic root of quail and chick embryos are anatomically comparable (Figure S3).



At perinatal stages, quail proepicardial derived cells (QCPN+) were not found in the aortic or the pulmonary valve chondrocyte clusters (Figure 2B,B’ and Figure S4). However, when present, the LOT chondrocytes cluster contained high numbers of QCPN immunoreactive cells (Figure 2C,D and Figure S4). Finally, to test whether the alteration of tissue homeostasis affects epicardial differentiation into chondrocytes in vivo, quail-to-chick proepicardial (PE) chimeras were constructed over cryodamaged chick embryo hosts (Figure 2E). Cryoinjury disrupts ventricular myocardial wall continuity (Figure 2F); the damage site contained large numbers of non-myocardial QCPN+ cells (Figure 2G). Seven days after cryoinjury (HH 35-36 stage), no chondrocyte clusters were found in the injured region (n = 8) (Figure 2F,G). However, at later stages (16 days after cryoinjury; HH45-46 stage), QCPN+ chondrocyte clusters were observed at the wound area in 13% (2/15) of chick damaged hearts (Figure 2H–K). The cartilaginous nature of these cell clusters was confirmed by Safranin red, Alcian blue, and SOX9 nuclear staining (Figure 2I–K); QCPN immunorreactivity was used to reveal the proepicardial origin of cells (Figure 2J).




2.3. Proepicardium-Derived Cells Differentiate into Chondrocytes In Vitro


To confirm that proepicardial cells can differentiate into chondrocytes, quail proepicardia were isolated, cultured and expanded in vitro using a hanging drop system to generate embryonic bodies (EBs) (Figure S5). To promote cartilage differentiation, these EBs were incubated in a standard chondrogenic medium (see material and methods section) (Figure S5).



Twenty-one days after induction, an enrichment on proteoglycans (Figure 2L,M), SOX9-positive nuclei staining (Figure 2N) and COL2A1 deposits (Figure 2O) were observed in the PE-derived EBs.





3. Discussion


The presence of discrete masses of cartilage in the heart is a well-known histomorphological trait of many vertebrate species such as the cow [15], the camel [16], the water buffalo [17], the sheep [18] and the otter [19]. In these animals, chondrocytes preferentially differentiate close to the valvular ring at the base of cardiac great vessels [1,3,4].



The possible functions of cardiac cartilage have been extensively discussed, although no clear conclusions are to be found in the literature. Remarkably, in some vertebrate taxa such as bovines, chondrification events were described at perinatal stages in physiological, spontaneous conditions [20]. This is the case of cardiac cartilage development in the chick: while aorta and pulmonary valve chondrocyte clusters (neural crest derived) differentiate at embryonic stages, the new-described PE-derived LOT cluster described in our work differentiates at perinatal stages. These findings suggest a developmental delay in the differentiation of LOT chondrocytes with respect to the aortic and pulmonary ones.



In contrast with the described spontaneous cartilage differentiation in the avian heart, the presence of cartilage in the human heart is regarded as a rare event, and associates with aging and some pathological conditions [21,22,23]. This finding prompted us to test whether anomalous developmental conditions could alter the normal pace of cardiac cartilage differentiation. Our experiments, which combine cell fate tracing methods (quail-to-chick avian chimeras) with controlled damage of the embryonic tissues, revealed an accumulation of EPDCs at the site of injury, as well as the differentiation of some of these cells into cartilage in response to the experimental insult.



The cellular origin of cardiac cartilage has also been extensively discussed, but the current consensus is that cardiac chondrocytes derive from the neural crest [2]. Since the migration of these cells distally to the base of the cardiac outflow tract is considered an infrequent event [9,10], we did seek to study whether an alternative source for cardiac cartilage exists. Our first candidate was the epicardial-derived mesenchyme, that contributes to a large portion of cardiac ventricular interstitium, coronary vessel walls, atrioventricular cardiac valve primordium mesenchyme, and the annulus fibrosus [24]. This latter element is in contact with the LOT, a cardiac location relevant to cartilage differentiation. The hypothesis of epicardial lineage cells differentiating into chondrocytes is in accordance with the ability of proepicardial progenitor (proepicardial) cells to differentiate into multiple mesodermal cell types [12] (Figure 3). Cell types differentiating from the proepicardium include endothelial cells [25,26,27,28], smooth muscle cells [29,30,31], cardiac fibroblasts [31,32,33,34,35], adipocytes [36], some cardiomyocytes [37,38,39,40,41,42] and circulating cells [43,44]. Our work is the first one reporting on the chondrogenic potential of proepicardial derived cells both in vivo and in vitro. This discovery adds further evidence to the wide mesodermal/connective tissue potential of epicardial lineage cells (Figure 3).



Such chondrogenic differentiation potential could be interpreted as a particular case of connective tissue differentiation program reactivation in a naïve or non-fully committed mesodermal tissue. Indeed, different mesodermal populations have been reported to display a wide differentiation potential, including cartilage formation, when experimentally manipulated (e.g., when submitted to specific signals or heterotopically transplanted) [45,46].



Taken together, our results confirm that epicardial-derived mesenchymal cells are able to differentiate into cartilage in defined domains of the developing and postnatal avian heart. Our data also suggest that these cells are sensitive and responsive to changes in their milieu. All these findings are relevant to our understanding of cardiac tissue responses to pathologic stimuli and strongly argue in favour of epicardial-derived mesenchyme as a cell source for cell-based reparative therapies, but also as the possible origin of anomalous connective tissue differentiation in the diseased heart.




4. Materials and Methods


4.1. Avian Embryos


The animals used in our research program were handled in compliance with the international guidelines for animal care and welfare. This work used avian embryos only, which are not regarded as experimental animal models sensu stricto by the European Directive 2010/63/UE, so that no formal ethical approval is required for work on these subjects. Eggs were kept in a rocking incubator at 38 °C. Due to developmental similarities between chick and quail embryos during the first days of incubation [47], both models were staged according to the Hamburger and Hamilton (1951) stages of chick development [48].




4.2. Quail to Chick Chimeras


Quail donor embryos were incubated around 60 h until stages 16–17 of development [47], excised and washed in sterile PBS. For proepicardial transplantations, quail proepicardia were carefully dissected using tungsten needles, small iridectomy forceps and scissors and transplanted into prospective pericardial cavity, close to the inner curvature of HH16-17 (60 h of incubation) chick embryo host hearts. For the endocardial chimeras, HH16-17 quail ventricles were isolated and opened in sterile PBS, and then grafted into the prospective pericardial cavity (the quail endocardium facing to the chick myocardium) of HH16-17 chick embryos.




4.3. PE Isolation and Culture


PE were isolated from quail embryos as previously described [25]. Two PE per well were cultured in four-well plates (VWR) in DMEM (Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum, 2% chick serum (Sigma, St. Louis, MO, USA), 1% L-Glutamine and 1000 IU penicillin/streptomycin (Gibco). After 4 days of incubation at 37 °C and 5% CO2, proepicardial cells were progressively expanded up to the third passage. Then, embryoid bodies (EBs) were formed by incubating 100,000 cells in hanging drop culture overnight. After that, each EB was transferred to a well in a low adherent V-bottom microtiter plate (Deltalab) and incubated with the chondrogenic medium (StemPro Chondrogenesis Differentiation Kit, Gibco) for 7 and 21 days.




4.4. Samples Treatment


Chick embryos and quail-to-chick chimeras were isolated, washed in PBS and fixed in Methanol:DMSO (4:1) overnight at −20 °C. Adult chick hearts were washed in PBS, dissected and fixed in 10% PFA overnight at room temperature. Embryonic bodies (EBs) derived from PE cultures were fixed in Methanol:DMSO (4:1) for 10 min. All samples were dehydrated in a graded series of ethanol, cleared in butanol, embedded in paraffin (56 °C), sectioned (10 μm) and mounted on microscope slides.




4.5. Histochemistry


Mallory’s trichrome staining of paraffin embedded embryonic and adult samples was performed as previously described [49]. Some samples were stained with a commercial Alcian blue solution (Sigma, B8438) for 30 min at room temperature, then washed in distilled water and mounted. Other samples were stained in an aqueous solution of 1.5% Safranin-O (Sigma, S8884), washed in distilled water, counterstained with an ethanolic solution of 0.02% Fast Green FCF (Sigma, F7258), cleared with 1% acetic acid, washed and mounted.




4.6. Immunohistochemistry


All samples were dewaxed, rehydrated and washed in PBS. For Col2a1 immunostaining, samples were incubated in 0.25% pepsin (Fluka 77152, in Tris-HCl 10 mM pH2) for 2–4 min at 37 °C. Nonspecific binding sites were blocked in 16% sheep serum, 1% bovine serum albumin, and 0.5% Triton X-100 in Tris-PBS (SBT) for 1 h at room temperature (RT). Avian tissue samples were incubated overnight at 4 °C with anti-COL2A1 primary antibody and 1 h with donkey anti-Mouse IgG AF647 (Jackson, 715-175-150) secondary antibody. All nuclei were counterstained with DAPI (1/2000, Sigma D9542).



For QCPN immunostaining, nuclear epitopes were unmasked with TEG buffer (0.12% trizma base and 0.02% EGTA diluted in distiller water; pH 8.95–9.1) in a pressure cooker for 10 min. Endogenous peroxidase activity was quenched incubating the sections for 30 min in 3% hydrogen peroxide. Endogenous biotin was blocked with avidin/biotin kit (Vector Laboratories, SP2001), and incubated in 16% sheep serum, 1% bovine serum albumin, and 0.5% Triton X-100 in Tris-PBS (SBT) for 1 h at room temperature (RT). Samples were then incubated overnight at 4 °C with QCPN primary antibody, incubated for 1 hr at RT in biotin-conjugated goat anti-mouse IgG (B7264; Sigma-Aldrich, Madrid, Spain), and incubated for 1 h at RT in streptavidin–peroxidase complex (S5512; Sigma-Aldrich). Finally, sections were washed, and peroxidase activity was detected using SIGMAFAST 3,3′-diaminobenzidine tablets (D4293; Sigma-Aldrich). Tissues were counterstained with alcian blue solution (Sigma, B8438) for 30 min.



The collagen type II antibody, developed by Holmdahl, R. and Rubin, K., and the QCPN antibody, developed by Bruce M. and Jean A. Carlson, were obtained from the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242.




4.7. Quantifications


Cell density on cardiac cartilage of chick adult hearts was measured by quantifying cell number and cartilage area with ImageJ (Fiji) software.




4.8. Statistics


Statistical analyses were performed by using GraphPad Prism software (GraphPad Software, San Diego CA, USA). t-test with Welch correction were performed in all cases (see figure legends for additional statistical details); p-value significance was defined as follows: * p < 0.05, ** p < 0.01.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms23073614/s1.





Author Contributions


Conceptualization, P.P.-G., J.M.P.-P. and J.A.G.; Data curation, P.P.-G. and J.A.G.; Formal analysis, P.P.-G., E.M.-S., G.A.R.-L. and J.A.G.; Funding acquisition, J.M.P.-P. and J.A.G.; Investigation, P.P.-G., E.M.-S., A.R.-V., G.A.R.-L., J.M.P.-P. and J.A.G.; Methodology, P.P.-G., E.M.-S. and J.M.P.-P.; Project administration, J.M.P.-P. and J.A.G.; Resources, J.M.P.-P. and J.A.G.; Supervision, J.M.P.-P. and J.A.G.; Validation, A.R.-V., J.M.P.-P. and J.A.G.; Visualization, P.P.-G.; Writing—original draft, P.P.-G.; Writing—review & editing, P.P.-G., E.M.-S., A.R.-V., G.A.R.-L., J.M.P.-P. and J.A.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Spanish Ministry of Science, grant number RTI2018-095410-B-I00; ISCIII-RETICs, grant number RD16/0011/0030; University of Málaga, grant number UMA18-FEDERJA-146 (JMPP); and the Consejería de Salud y Familias, Junta de Andalucía, grant number PIER-0084-2019 (JAGD).




Institutional Review Board Statement


This work used avian embryos only, which are not regarded as experimental animal models sensu stricto by the European Directive 2010/63/UE, so that no formal ethical approval is required for work on these subjects.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


ARV is supported by funds from University of Málaga (I Plan Propio de Incorporación de Doctores, 2020) and Proyectos I + D + i del Plan Nacional “Retos Investigación” modalidad JIN, 2020 (PID2020-119430RJ-IOO); EMS is the recipient of a Spanish Ministry of Education FPU fellowship (FPU18/05219).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Young, B.A. Cartilago cordis in serpents. Anat. Rec. 1994, 240, 243–247. [Google Scholar] [CrossRef] [PubMed]

	



Sumida, H.; Akimoto, N.; Nakamura, H. Distribution of the neural crest cells in the heart of birds: A three dimensional analysis. Anat. Embryol. 1989, 180, 29–35. [Google Scholar] [CrossRef] [PubMed]

	



López, D.; Durán, A.C.; Sans-Coma, V. Formation of cartilage in cardiac semilunar valves of chick and quail. Ann. Anat. Anat. Anz. 2000, 182, 349–359. [Google Scholar] [CrossRef]

	



Duran, A.C.; Lopez, D.; Guerrero, A.; Mendoza, A.; Arque, J.M.; Sans-Coma, V. Formation of cartilaginous foci in the central fibrous body of the heart in Syrian hamsters (Mesocricetus auratus). J. Anat. 2004, 205, 219–227. [Google Scholar] [CrossRef] [PubMed]

	



Ng, L.-J.; Wheatley, S.; Muscat, G.; Conway-Campbell, J.; Bowles, J.; Wright, E.; Bell, D.; Tam, P.P.; Cheah, K.S.; Koopman, P. SOX9 Binds DNA, Activates Transcription, and Coexpresses with Type II Collagen during Chondrogenesis in the Mouse. Dev. Biol. 1997, 183, 108–121. [Google Scholar] [CrossRef]

	



Dash, S.; Trainor, P.A. The development, patterning and evolution of neural crest cell differentiation into cartilage and bone. Bone 2020, 137, 115409. [Google Scholar] [CrossRef]

	



Kirby, M.L.; Stewart, D.E. Neural crest origin of cardiac ganglion cells in the chick embryo: Identification and extirpation. Dev. Biol. 1983, 97, 433–443. [Google Scholar] [CrossRef]

	



Kirby, M.L.; Waldo, K.L. Neural Crest and Cardiovascular Patterning. Circ. Res. 1995, 77, 211–215. [Google Scholar] [CrossRef]

	



Jiang, X.; Rowitch, D.H.; Soriano, P.; McMahon, A.P.; Sucov, H.M. Fate of the mammalian cardiac neural crest. Development 2000, 127, 1607–1616. [Google Scholar] [CrossRef]

	



Karunamuni, G.H.; Ma, P.; Gu, S.; Rollins, A.M.; Jenkins, M.W.; Watanabe, M. Connecting teratogen-induced congenital heart defects to neural crest cells and their effect on cardiac function. Birth Defects Res. Part C 2014, 102, 227–250. [Google Scholar] [CrossRef]

	



Wessels, A.; Pomares, J.M.P. The epicardium and epicardially derived cells (EPDCs) as cardiac stem cells. Anat. Rec. Part A 2004, 276A, 43–57. [Google Scholar] [CrossRef] [PubMed]

	



Smits, A.M.; Dronkers, E.; Goumans, M.-J. The epicardium as a source of multipotent adult cardiac progenitor cells: Their origin, role and fate. Pharmacol. Res. 2018, 127, 129–140. [Google Scholar] [CrossRef] [PubMed]

	



Dueñas, A.; Aranega, A.E.; Franco, D. More than Just a Simple Cardiac Envelope; Cellular Contributions of the Epicardium. Front. Cell Dev. Biol. 2017, 5, 44. [Google Scholar] [CrossRef] [PubMed]

	



Saremi, F.; Sanchez-Quintana, D.; Mori, S.; Muresian, H.; Spicer, D.E.; Hassani, C.; Anderson, R.H. Fibrous Skeleton of the Heart: Anatomic Overview and Evaluation of Pathologic Conditions with CT and MR Imaging. Radiographics 2017, 37, 1330–1351. [Google Scholar] [CrossRef]

	



James, T.N. Anatomy of the sinus node, AV node and os cordis of the beef heart. Anat. Rec. 1965, 153, 361–371. [Google Scholar] [CrossRef]

	



Ghonimi, W. Os cordis of The Mature Dromedary Camel Heart (Camelus dromedaries) with Special Emphasis to The Cartilago Cordis. J. Vet. Sci. Technol. 2014, 1, 3. [Google Scholar] [CrossRef]

	



Daghash, S.; Farghali, H.A. The cardiac skeleton of the Egyptian Water buffalo (Bubalus bubalis). Int. J. Adv. Res. Biol. Sci. 2017, 4, 1–13. [Google Scholar] [CrossRef]

	



Frink, R.J.; Merrick, B. The sheep heart: Coronary and conduction system anatomy with special reference to the presence of an os cordis. Anat. Rec. 1974, 179, 189–199. [Google Scholar] [CrossRef]

	



Egerbacher, M.; Weber, H.; Hauer, S. Bones in the heart skeleton of the otter (Lutra lutra). J. Anat. 2000, 196, 485–491. [Google Scholar] [CrossRef]

	



Yamada, M.-O.; Takeuchi, H.; Yamamoto, K.; Takakusu, A. Hematopoiesis in Bovine Heart Bone. Cell Struct. Funct. 1977, 2, 353–360. [Google Scholar] [CrossRef]

	



Kelsall, M.A.; Visci, M. Aortic cartilage in the heart of Syrian hamsters. Anat. Rec. 1970, 166, 627–633. [Google Scholar] [CrossRef] [PubMed]

	



Bell, D.A.; Greco, M.A. Cardiac myxoma with chondroid features: A light and electron microscopic study. Hum. Pathol. 1981, 12, 370–374. [Google Scholar] [CrossRef]

	



Groom, D.A.; Starke, W.R. Cartilaginous Metaplasia in Calcific Aortic Valve Disease. Am. J. Clin. Pathol. 1990, 93, 809–812. [Google Scholar] [CrossRef] [PubMed]

	



Pomares, J.M.P.; De La Pompa, J.L. Signaling During Epicardium and Coronary Vessel Development. Circ. Res. 2011, 109, 1429–1442. [Google Scholar] [CrossRef]

	



Guadix, J.A.; Carmona, R.; Muñoz-Chápuli, R.; Pérez-Pomares, J.M. In vivo and in vitro analysis of the vasculogenic potential of avian proepicardial and epicardial cells. Dev. Dyn. 2006, 235, 1014–1026. [Google Scholar] [CrossRef]

	



Katz, T.C.; Singh, M.K.; Degenhardt, K.; Rivera-Feliciano, J.; Johnson, R.L.; Epstein, J.A.; Tabin, C.J. Distinct Compartments of the Proepicardial Organ Give Rise to Coronary Vascular Endothelial Cells. Dev. Cell 2012, 22, 639–650. [Google Scholar] [CrossRef]

	



Cano, E.; Carmona, R.; Ruiz-Villalba, A.; Rojas, A.; Chau, Y.-Y.; Wagner, K.D.; Wagner, N.; Hastie, N.D.; Muñoz-Chápuli, R.; Pérez-Pomares, J.M. Extracardiac septum transversum/proepicardial endothelial cells pattern embryonic coronary arterio-venous connections. Proc. Natl. Acad. Sci. USA 2016, 113, 656–661. [Google Scholar] [CrossRef]

	



Palmquist-Gomes, P.; Pérez-Pomares, J.M.; Guadix, J.A. Proepicardial Origin of Developing Coronary Vessels. Rev. Española De Cardiol. 2019, 72, 163. [Google Scholar] [CrossRef]

	



Azambuja, A.P.; Portillo-Sánchez, V.; Rodrigues, M.V.; Omae, S.V.; Schechtman, D.; Strauss, B.E.; Costanzi-Strauss, E.; Krieger, J.E.; Perez-Pomares, J.M.; Xavier-Neto, J. Retinoic Acid and VEGF Delay Smooth Muscle Relative to Endothelial Differentiation to Coordinate Inner and Outer Coronary Vessel Wall Morphogenesis. Circ. Res. 2010, 107, 204–216. [Google Scholar] [CrossRef]

	



Volz, K.S.; Jacobs, A.H.; Chen, H.; Poduri, A.; McKay, A.S.; Riordan, D.P.; Kofler, N.M.; Kitajewski, J.; Weissman, I.L.; Red-Horse, K. Pericytes are progenitors for coronary artery smooth muscle. eLife 2015, 4, e10036. [Google Scholar] [CrossRef]

	



Zhou, B.; von Gise, A.; Ma, Q.; Hu, Y.W.; Pu, W.T. Genetic fate mapping demonstrates contribution of epicardium-derived cells to the annulus fibrosis of the mammalian heart. Dev. Biol. 2010, 338, 251–261. [Google Scholar] [CrossRef] [PubMed]

	



Moore-Morris, T.; Guimarães-Camboa, N.; Banerjee, I.; Zambon, A.C.; Kisseleva, T.; Velayoudon, A.; Stallcup, W.B.; Gu, Y.; Dalton, N.D.; Cedenilla, M.; et al. Resident fibroblast lineages mediate pressure overload—Induced cardiac fibrosis. J. Clin. Investig. 2014, 124, 2921–2934. [Google Scholar] [CrossRef] [PubMed]

	



Ruiz-Villalba, A.; Simón, A.M.; Pogontke, C.; Castillo, M.I.; Abizanda, G.; Pelacho, B.; Sanchez, R.; Segovia, J.C.; Prosper, F.; Pérez-Pomares, J.M. Interacting Resident Epicardium-Derived Fibroblasts and Recruited Bone Marrow Cells Form Myocardial Infarction Scar. J. Am. Coll. Cardiol. 2015, 65, 2057–2066. [Google Scholar] [CrossRef] [PubMed]

	



Forte, E.; Skelly, D.A.; Chen, M.; Daigle, S.; Morelli, K.A.; Hon, O.; Philip, V.M.; Costa, M.W.; Rosenthal, N.A.; Furtado, M.B. Dynamic Interstitial Cell Response during Myocardial Infarction Predicts Resilience to Rupture in Genetically Diverse Mice. Cell Rep. 2020, 30, 3149–3163.e6. [Google Scholar] [CrossRef]

	



Wessels, A.; Hoff, M.J.V.D.; Adamo, R.F.; Phelps, A.L.; Lockhart, M.M.; Sauls, K.; Briggs, L.E.; Norris, R.A.; van Wijk, B.; Perez-Pomares, J.M.; et al. Epicardially derived fibroblasts preferentially contribute to the parietal leaflets of the atrioventricular valves in the murine heart. Dev. Biol. 2012, 366, 111–124. [Google Scholar] [CrossRef]

	



Yamaguchi, Y.; Cavallero, S.; Patterson, M.; Shen, H.; Xu, J.; Kumar, S.R.; Sucov, H.M. Adipogenesis and epicardial adipose tissue: A novel fate of the epicardium induced by mesenchymal transformation and PPARγ activation. Proc. Natl. Acad. Sci. USA 2015, 112, 2070–2075. [Google Scholar] [CrossRef]

	



Cai, C.-L.; Martin, J.C.; Sun, Y.; Cui, L.; Wang, L.; Ouyang, K.; Yang, L.; Bu, L.; Liang, X.; Zhang, X.; et al. A myocardial lineage derives from Tbx18 epicardial cells. Nature 2008, 454, 104–108. [Google Scholar] [CrossRef]

	



Smart, N.; Bollini, S.; Dubé, K.N.; Vieira, J.M.; Zhou, B.; Davidson, S.; Yellon, D.; Riegler, J.; Price, A.N.; Lythgoe, M.F.; et al. De novo cardiomyocytes from within the activated adult heart after injury. Nature 2011, 474, 640–644. [Google Scholar] [CrossRef]

	



Zhou, B.; Ma, Q.; Rajagopal, S.; Wu, S.M.; Domian, I.; Rivera-Feliciano, J.; Jiang, D.; Von Gise, A.; Ikeda, S.; Chien, K.R.; et al. Epicardial progenitors contribute to the cardiomyocyte lineage in the developing heart. Nature 2008, 454, 109–113. [Google Scholar] [CrossRef]

	



Buermans, H.P.J.; van Wijk, B.; Hulsker, M.A.; Smit, N.C.H.; den Dunnen, J.T.; van Ommen, G.B.; Moorman, A.F.; van den Hoff, M.J.; Hoen, P.A.C. ’t. Comprehensive Gene-Expression Survey Identifies Wif1 as a Modulator of Cardiomyocyte Differentiation. PLoS ONE 2010, 5, e15504. [Google Scholar] [CrossRef]

	



Dueñas, A.; Expósito, A.; Muñoz, M.D.M.; De Manuel, M.J.; Cámara-Morales, A.; Serrano-Osorio, F.; García-Padilla, C.; Torres, F.H.; Domínguez, J.N.; Aránega, A.; et al. MiR-195 enhances cardiomyogenic differentiation of the proepicardium/septum transversum by Smurf1 and Foxp1 modulation. Sci. Rep. 2020, 10, 9334. [Google Scholar] [CrossRef]

	



Kruithof, B.P.T.; van Wijk, B.; Somi, S.; Kruithof-de Julio, M.; Pérez Pomares, J.M.; Weesie, F.; Wessels, A.; Moorman, A.F.M.; van den Hoff, M.J.B. BMP and FGF regulate the differentiation of multipotential pericardial mesoderm into the myocardial or epicardial lineage. Dev. Biol. 2006, 295, 507–522. [Google Scholar] [CrossRef] [PubMed]

	



Tomanek, R.J.; Ishii, Y.; Holifield, J.S.; Sjogren, C.L.; Hansen, H.K.; Mikawa, T. VEGF Family Members Regulate Myocardial Tubulogenesis and Coronary Artery Formation in the Embryo. Circ. Res. 2006, 98, 947–953. [Google Scholar] [CrossRef] [PubMed]

	



Jankowska-Steifer, E.; Niderla-Bielińska, J.; Ciszek, B.; Kujawa, M.; Bartkowiak, M.; Flaht-Zabost, A.; Klosinska, D.; Ratajska, A. Cells with hematopoietic potential reside within mouse proepicardium. Histochem. Cell Biol. 2018, 149, 577–591. [Google Scholar] [CrossRef] [PubMed]

	



Schultheiss, T.M.; Burch, J.B.; Lassar, A.B. A role for bone morphogenetic proteins in the induction of cardiac myogenesis. Genes Dev. 1997, 11, 451–462. [Google Scholar] [CrossRef] [PubMed]

	



Montero, J.A.; Lorda-Diez, C.I.; Hurlé, J.M. Regenerative medicine and connective tissues: Cartilage versus tendon. J. Tissue Eng. Regen. Med. 2011, 6, 337–347. [Google Scholar] [CrossRef] [PubMed]

	



Ainsworth, S.J.; Stanley, R.L.; Evans, D.J.R. Developmental stages of the Japanese quail. J. Anat. 2010, 216, 3–15. [Google Scholar] [CrossRef]

	



Hamburger, V.; Hamilton, H.L. A series of normal stages in the development of the chick embryo. J. Morphol. 1951, 88, 49–92. [Google Scholar] [CrossRef]

	



Palmquist-Gomes, P.; Pérez-Pomares, J.M.; Guadix, J.A. Cellular identities in an unusual presentation of cyclopia in a chick embryo. J. Exp. Zool. Part B Mol. Dev. Evol. 2019, 332, 179–186. [Google Scholar] [CrossRef]








[image: Ijms 23 03614 g001 550] 





Figure 1. Chick cardiac chondrocyte clusters are ontogenetically heterogeneous. (A–I) Identification of chondrocyte clusters in HH44 chick embryonic hearts. Mallory’s trichrome staining shows an accumulation of fibrous tissue (blue) in the aortic (A) and pulmonary valves (B), and in the LOT region (C). These clusters were identified by Alcian blue (D,G), Safranin red (E,H) and COL2A1 (F,I) staining. (J–Q) Identification and characterization of chondrocyte clusters in the adult chick heart. Mallory’s trichrome staining shows cartilage clusters in the aortic valve (arrow in J, magnified in K) and the LOT region (arrowhead in J, magnified in N). Aortic valve and LOT chondrocytes were identified by Alcian blue (L,O) and Safranin (M,P) staining methods, respectively. Chondrocyte clusters within the aorta and the pulmonary valves showed no significant differences in cell density (cells/mm2) (ns p = 0.57), while LOT chondrocyte accumulations showed a lower cell density than aorta (** p = 0.003) and pulmonary valve (* p = 0.03) ones. Asterisk (*) in C points to the left coronary aortic sinus. Ao, aorta; AV, aortic valve; AVV, atrioventricular valve; LA, left atrium; LV, left ventricle; PT, pulmonary trunk; PV, pulmonary valve; RA, right atrium; RV, right ventricle. Scale bars: (A–C,J): 200 µm; (D–I,K–P): 50 µm. 
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Figure 2. The proepicardium is a source for chondrocytes in the developing heart. (A) Quail-to-chick proepicardial chimeras were used to dissect the proepicardial contribution for chondrocytes in vivo. (B) In quail to chick PE chimeras, alcian blue and QCPN staining show no contribution of quail cells (QCPN+ cells, black nuclei) to chondrocytes within the aorta or pulmonary valve regions at HH46 stage (arrows; aortic cartilage is magnified in B’’). Proepicardial derived cells contribute to coronary vessels close to the embryonic aorta (B,B’; asterisks point to the lumen of a coronary vessel). (C) Mallory’s trichrome staining reveals an accumulation of fibrous tissue (blue) in the LOT region. (C’) This cluster shows QCPN positive cells in the alcian blue stained matrix. (D) QCPN and SOX9 co-staining (arrowheads) evidence the proepicardial contribution to this cluster. (E) Quail-to-chick chimeras were constructed over chick cryodamaged hearts. (F,H) Mallory’s trichrome of cryoinjured chimeras shows a myocardial discontinuity (asterisk), covered by a fibrotic (blue) region, corresponding to the damage area. (G) The fibrotic region is full of QCPN-positive cells at 7 days post-injury (HH35-36). (H,I) At HH45-46 stage (16 days post-injury), Mallory’s trichrome (H, arrow) and Safranin red staining (I) reveal chondrocyte clusters within the damage area. (J) Alcian blue and QCPN co-staining evidenced the proepicardial contribution to chondrocytes in these clusters. (K) Chondrocyte clusters in the damaged region are positive for SOX9 staining. (L–O) Chondrogenic differentiation is observed in cultured quail PE. (L,M) Proepicardium-derived embryonic bodies (EBs) show an increase in alcian blue intensity from 7 (L) to 21 (M) days of chondrogenic induction. (N) Nuclear expression of SOX9 is described in these EBs after 21 days of chondrogenic induction (arrowheads). (O) These PE-derived EBs also show COL2A1 accumulations. Ao, aorta; EB, embryonic body; Ep, epicardium; Myo, myocardium; PE, proepicardium. Scale bars: 50 µm. 
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Figure 3. Schematic illustration of the in vivo and in vitro differentiation potential of the proepicardium. (A) A model for the integration of different cardiac chondrogenic cell population is shown. (B) Schematic illustration showing different reports of in vivo and in vitro differentiation of proepicardial (PE) derived cells into different cell types. These cell types include fibroblasts [31,32,33,34,35], circulating cells [43,44], cardiomyocytes [37,38,39,40,41,42], adipocytes [36], smooth muscle [29,30,31] and endothelial cells [25,26,27,28]. In this publication we report the differentiation potential of the PE both in vivo and in vitro. PE: proepicardium. 
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