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Hopx and the Cardiomyocyte Parentage
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For a multiplicity of reasons, a fundamental mechanistic understanding of the heart’s developmental origins in early life has emerged as instrumental to leading-edge therapeutic opportunities. These include blocking the “fetal” transcriptional programme in stressed cardiomyocytes, which contributes to myocyte dysfunction; overriding the block to cell proliferation in post-mitotic cardiomyocytes, which confounds restorative growth after injury; driving non-myocytes to a cardiac fate, using a cocktail of heart-forming transcription factors; grafting cardiomyocytes created from pluripotent stem cells, using peptide growth factors and their inhibitors sequentlally to recapitulate developmental signals; and exploiting the dormant stem cells in adult hearts, either as a cell therapy product potentially superior to others or as a target for activation in situ 1-5. Cornerstones of this current understanding have been the dissection of steps that pattern primitive mesoderm (marked by the transcription factor Mesp1 6,7) toward the cardiovascular lineages, along with the identification of bi- and multipotent cardiovascular progenitor cells (markedly by the transcription factors Nkx2-5 or Isl1, indicators of the first and second heart-forming fields respectively) 8-10. What has been missing, though, from this intricate stepwise scheme is a molecular feature that is unique, within the heart, to the future cardiomyocytes themselves.  To illustrate, mapping the descendants of cells expressing either Nkx2-5 or Isl1, using the Cre/lox system to indelibly label the progeny in vivo, encompasses virtually all cell types of the later heart including smooth muscle, endothelium, epicardium, and fibroblasts 11: this inclusiveness results from expression of Nkx2-5 and Isl1 in the proepicardial organ 12. In other words, what has been missing is a marker of cardiomyocytes’ immediate and specific precursor, rather than earlier and multifarious ones. Recent work by Jain et al. proves that an atypical homeodomain transcription factor, Hopx, is restricted solely to the parents of cardiomyocytes, yet not ancestors of various other cardiac cells 11. 
Hopx was first discovered as an usual homeodomain protein lacking the usual residues for binding DNA, and was shown through loss-of-function mutations to be required for normal myocardial development in mice and zebrafish, its absence resulting in hyperplasia 13. While not contacting DNA directly, Hopx is tethered indirectly serum response factor and other proteins, acting as a co-repressor of genes to which it is bound 13, through the recruitment of histone deacetylases (Hdac) responsible for “repressed” chromatin 14. In the case of Gata4, co-repression involves a ternary complex with Hopx and Hdac2, the latter deacetylating Gata4 15.  In the current report, Jain et al. used a formidable series of refined genetic and genomic tools to establish more exactly the involvement of Hopx in early cardiac development 11: (1) epitope-tagged Hopx co-expressing green fluorescent protein, to track early expression; (2) Hopx-driven Cre recombinase and tamoxifen-dependent Cre, for fate-mapping; (3) Hopx-deficient embryonic stem cell lines, for in vitro differentiation; (4) transcriptome-wide expression profiling; (5) the identification of gene sequences bound by indirectly Hopx, a co-repressor, in embryonic hearts (chromatin immunoprecipitation followed by massively parallel sequencing; ChIP-seq); and (6) mass spectrometry of Hopx protein-protein complexes immunoprecipitated from E9.5 Hopx3XFlag/+ hearts. 	Comment by Michael D Schneider: See comment on next paragraph
Hopx was expressed at the onset of heart formation, following Nkx2-5 and Isl1, contributed to all four chambers of the heart, and preceded cardiac troponin T (Tnnt2), an early sarcomeric gene. Ablation of Hopx reduced cardiomyocyte formation in differentiating ESCs, as measured in three ways: Tnnt2+ cells, beating clusters, and myocyte-related genes by microarray profiling. Analogously, Tnnt2 expression in second heart field myoblasts was delayed in Hopx-/- hearts. Notably, however, rather than sarcomeric genes as the most common targets of Hopx, as might be anticpated from the microarray results, Hopx was most often associated physically with genes for Wnt ligands and the Wnt signaling pathway. Indeed, Wnt2, Wnt5b, and Wnt6 were up-regulated in embryoid bodies lacking the co-repressor Hopx, and Hopx occupancy in their proximal promoter regions was confirmed. Consistent with these findings, expression of the Wnt target gene Axin2, increased more than 2-fold in Hopx-null cells. XAV939, an inhibitor of the -catenin-dependent Wnt pathway, restored normal levels of both Axin2 and Nkx2-5, and partially corrected the defects in sarcomeric gene expression (Myh6, Myh7, Myl7, Myl3, Tnnc1, Actn2, Actc1). From this it can be inferred that normal cardiomyogenesis requires the inhibition of Wnt signals by Hopx.   	Comment by Michael D Schneider: The phenotypes are not easy to reconcile with hyperplasia in Chen 2002. It is always possible that delayed differentiation results in delayed cell cycle exit, hence more myocytes.  But, hard to explain the directional difference in the respective loss of function experiments. Perhaps I’m missing something!! 
Hopx-interacting proteins included Hdac2, as expected, plus other members of the nucleosome remodeling deacetylase complex. Less foreseeably, Hopx also bound Smad4, a transcription factor that is crucial to signaling by the transforming growth factor-beta superfamily, and was recovered in tandem with Smad4 and activated (phosphorylated) Smad1/5/8 from E9.5-10 embryo lysates. These ligand-activated partners of Smad4 are selective for bone morphogenetic proteins (BMPs), superfamily members having particular importance to cardiac myogenesis. Confirming their physical association, Smad4 and Hopx were co-enriched at the Wnt loci discussed above, suggesting further that inhibition of Wnt signals by Hopx is driven by developmentally and spatially regulated BMPs. As further proof of this circuit, the Wnt-responsive gene Axin2 was repressed by BMP4 in wild-type EBs, but not in EBs lacking Hopx. A possibly similar function coupling BMPs to Wnt suppression and differentiation has been hypothesized for other progenitor cell types that express Hopx, including stem cells of the intestine and hair follicle 11.
The need to silence Wnt signaling for cardiac myogenesis to proceed is evident from diverse studies both in model organisms and in pluripotent stem cells, including human ones 16. The specificity of Hopx as a prospective marker of future cardiomyocyes, together with its biological role coupling BMPs to Wnt suppression, adds importantly to the developmental insights that guide cardiac regenerative medicine 1-5,11.
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