Phox2b and Midkine/Alk signaling in the control of sympathetic neuron proliferation and neuroblastoma predisposition
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Neuroblastoma (NB) is the most common extracranial solid tumor in childhood and arises from cells of the developing sympathoadrenal lineage. Mutations in PHOX2B and ALK genes have been observed in familial and sporadic forms of NB and represent the first defined genetic predisposition for neuroblastoma. We have addressed the mechanisms that may underlie this predisposition using a developmental biology approach, comparing the function of wild-type (wt) and mutant (mut) proteins, ectopically expressed in proliferating, embryonic sympathetic neurons. Phox2bwt displays a strong antiproliferative effect, which is lost in all Phox2bmut NB variants analyzed. In contrast, Phox2bmut elicits an increase in sympathetic neuron proliferation, both in vitro and in vivo. The elevated proliferation is blocked by knockdown of the transcription factor Hand2 and the antiproliferative Phox2b effects are rescued by Hand2 overexpression, implying Hand2 in Phox2b-mediated proliferation control. 
Forced expression of wild-type ALK and NB-related constitutively-active ALK mutants in cultures of proliferating embryonic sympathetic neurons results in a strong proliferation increase whereas Alk knockdown and pharmacological inhibition of Alk activity decrease proliferation. Alk activation upregulates NMyc and trkB and maintains Alk expression by an autoregulatory mechanism involving Hand2. The Alk-ligand Midkine (Mk) is expressed in immature sympathetic neurons and in vivo inhibition of Alk signaling by virus-mediated shRNA knockdown of Alk and Mk leads to strongly reduced sympathetic neuron proliferation. Taken together, these results demonstrate that the extent and timing of sympathetic neurogenesis is controlled by Mk/Alk signaling. NB predisposition by activating ALK mutations may thus be explained by aberrations of normal neurogenesis, i.e. elevated and sustained Alk signaling and increased NMyc expression. 

Mutations in ALK and PHOX2B seem to share a common predisposition mechanism, i.e. increased and/or prolonged proliferation during sympathetic neurogenesis. The effects are linked by Hand2, which is involved in the proliferation control exerted by both Phox2b and Mk/Alk signaling. The selective expression of Hand2 and Alk in the sympathoadrenal lineage provides an explanation for the restriction of NB to this part of the autonomic nervous system. 
