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DEPARTMENT OF CELL BIOLOGY 
LABORATORY OF GROWTH REGULATION 
 
 The research interest of this laboratory is to understand the molecular mechanism of cell 
differentiation and organogenesis. Particularly, we are interested in basic helix-loop-helix (bHLH) 
transcription factors that regulate mammalian neural development. We are characterizing their 
functions by misexpressing the genes with retrovirus and electroporation (gain-of-function study) 
and by generating knock-out mice (loss-of-function study). During neural development, the 
following steps occur sequentially: (1) maintenance of neural stem cells, (2) neurogenesis and (3) 
gliogenesis. Our results indicate that all three steps are regulated by bHLH genes. However, bHLH 
genes alone are not sufficient but homeodomain genes are additionally required for neuronal 
subtype specification. We are also interested in biological clocks that regulate embryogenesis. We 
found that the bHLH genes Hes1 and Hes7 display oscillatory expression with two-hour periodicity 
and regulate the timing of developmental processes. In addition, we have recently revealed the 
structural and functional significance of continuous neurogenesis in the adult brain. 
 
1)  Mash1 is required for enteroendocrine cell development in the glandular stomach: H. 

KOKUBU, T. OHTSUKA and R. KAGEYAMA 
 
 In the epithelium of the developing glandular stomach, neuroendocrine cells differentiate 
from common progenitors, but the mechanism of how these cells are specified remains to be 
determined. Here, we show that the basic helix-loop-helix (bHLH) gene Mash1 is highly expressed 
in the glandular stomach epithelium. In Mash1-null mice, almost all gastric neuroendocrine cells are 
missing, whereas development of non-neuroendocrine cells is not significantly affected. The bHLH 
gene Neurogenin3 (Ngn3), which is known to regulate formation of subsets of gastric 
neuroendocrine cells (gastrin-, glucagon-, and somatostatin-producing cells), is expressed normally 
in the Mash1-null stomach. Thus, Ngn3 alone is not sufficient but Mash1 is additionally required 
for differentiation of these neuroendocrine cells. Taken together, these results indicate that 
formation of gastrin-, glucagon-, and somatostatin-producing cells depends on both Mash1 and 
Ngn3, while that of other neuroendocrine cells depends on Mash1 alone, suggesting that 
combinations of bHLH genes may contribute to cell type diversity. 
 
2)  Oscillations in Notch signaling regulate maintenance of neural progenitors: H. 

SHIMOJO, T. OHTSUKA and R. KAGEYAMA 
 

Expression of the Notch effector gene Hes1 is required for maintenance of neural 
progenitors in the embryonic brain, but persistent and high levels of Hes1 expression inhibit 



proliferation and differentiation of these cells. Here, by using a real-time imaging method, we found 
that Hes1 expression dynamically oscillates in neural progenitors. Furthermore, sustained 
overexpression of Hes1 down-regulates expression of proneural genes, Notch ligands and cell cycle 
regulators, suggesting that their proper expression depends on Hes1 oscillation. Surprisingly, the 
proneural gene Neurogenin2 (Ngn2) and the Notch ligand Delta-like1 (Dll1) are also expressed in 
an oscillatory manner by neural progenitors, and inhibition of Notch signaling, a condition known 
to induce neuronal differentiation, leads to down-regulation of Hes1 and sustained up-regulation of 
Ngn2 and Dll1. These results suggest that Hes1 oscillation regulates Ngn2 and Dll1 oscillations, 
which in turn lead to maintenance of neural progenitors by mutual activation of Notch signaling. 
 
3)  Requirement of multiple lysine residues for the transcriptional activity and the 

instability of Hes7: A.ISHII, T. KOBAYASHI and R. KAGEYAMA 
 
 The basic helix-loop-helix (bHLH) gene Hes7 is expressed in an oscillatory manner and 
regulates the periodic somite formation. Oscillatory expression of Hes7 depends on negative 
feedback and rapid degradation of the gene products, but the precise mechanisms of how the 
transcriptional activity and the degradation of Hes7 protein are regulated remain to be analyzed. 
Here, we found that lysine residues (K22, K52 and K55) in the bHLH domain are essential not only 
for the instability of Hes7 protein but also for the transcriptional repressor activity. Introduction of 
lysine-to-arginine mutations into the bHLH domain led to stabilization of Hes7 protein and to 
abnormalities in either the N box-binding activity or partner preference in heterodimer formation. 
These results indicate that common amino acid residues are involved in both the transcriptional 
repressor activity and the instability of Hes7 protein, suggesting of a critical link between the 
transcription and degradation control. 
 
4)  Hes genes and neurogenin regulate non-neural versus neural fate specification in the 

dorsal telencephalic midline: I. IMAYOSHI, T. SHIMOGORI, T. OHTSUKA and R. 
KAGEYAMA 

 
The choroid plexus in the brain is unique because it is a non-neural secretory tissue. It 

secretes the cerebrospinal fluid and functions as a blood-brain barrier, but the precise mechanism of 
specification of this non-neural tissue has not yet been determined. Using mouse embryos and 
lineage-tracing analysis, we found that the prospective choroid plexus region initially gives rise to 
Cajal-Retzius cells, specialized neurons that guide neuronal migration. Inactivation of the bHLH 
repressor genes Hes1, Hes3 and Hes5 up-regulated expression of the proneural gene Neurogenin2 
(Ngn2) and prematurely depleted Bmp-expressing progenitor cells, leading to enhanced formation 
of Cajal-Retzius cells and complete loss of choroid plexus epithelial cells. Overexpression of Ngn2 



had similar effects. These data indicate that Hes genes promote specification of the fate of choroid 
plexus epithelial cells rather than the fate of Cajal-Retzius cells by antagonizing Ngn2 in the dorsal 
telencephalic midline region, and thus this study has identified a novel role for bHLH genes in the 
process of deciding which cells will have a non-neural versus a neural fate. 
 
5)  Roles of continuous neurogenesis in the structural and functional integrity of the 

adult forebrain: I. IMAYOSHI, M. SAKAMOTO, T. OHTSUKA, K. TAKAO, T. 
MIYAKAWA, M. YAMAGUCHI, K. MORI, T. IKEDA, S. ITOHARA and R. 
KAGEYAMA 

 
Neurogenesis occurs continuously in the forebrain of the adult mammals, but the 

functional significance of adult neurogenesis is still unclear. Here, using a genetic labeling method, 
we show that in adult mice, continuous neurogenesis results in replacement of the majority of 
granule neurons in the olfactory bulb and significant addition of granule neurons to the hippocampal 
dentate gyrus. Strikingly, genetic ablation of newly formed neurons in adult mice leads to gradual 
decrease of the granule cell number in the olfactory bulb, inhibition of increases in the granule cell 
number in the dentate gyrus, and impairment of behaviors in contextual and spatial memory, which 
is known to be involved in hippocampus. These results suggest that continuous neurogenesis is 
required for maintenance and reorganization of the whole system in the olfactory bulb, modulation 
and refinement of the existing neuronal circuits in the dentate gyrus, and normal behaviors involved 
in hippocampal-dependent memory. 
 
6)  Dynamic Notch signaling in neural progenitor cells and a revised view of lateral 

inhibition: R. KAGEYAMA, T. OHTSUKA, H. SHIMOJO and I. IMAYOSHI 
 
 In the developing mammalian nervous system, neural progenitor cells first express the 
Notch effector Hes1 at variable levels and then proneural genes and Notch ligands in 
salt-and-pepper patterns. Recent real-time imaging analysis indicates that Hes1 expression in these 
cells oscillates with a period of about 2-3 hours. Furthermore, the proneural gene Neurogenin2 
(Ngn2) and the Notch ligand Deltalike1 (Dll1) are expressed cyclically in neural progenitor cells 
under the control of Hes1 oscillation but are expressed continuously in postmitotic neurons, which 
lose Hes1 expression. Hes1-driven Ngn2 and Dll1 oscillations seem to be advantageous for 
maintenance of a group of cells in an undifferentiated state by mutual activation of Notch signaling. 
This dynamic mode of gene expression would require a revision of the traditional view of how 
Notch-mediated lateral inhibition operates in the developing mammalian nervous system. 
 
7)  Regulation of retinal cell fate specification by multiple transcription factors: R. 



OHSAWA and R. KAGEYAMA 
 
 Retinal cell fate specification is strictly regulated by multiple transcription factors. 
Regarding regulation of cell proliferation and differentiation, basic helix-loop-helix (bHLH) type 
repressors and activators function in an antagonistic manner. Repressor-type bHLH factors maintain 
retinal progenitor cells, whereas activator-type bHLH factors promote neuronal cell fate 
determination. However, bHLH genes alone are not sufficient for acquiring proper neuronal subtype 
identity. Recent findings have shown that retinal cell fate specification is regulated by combinations 
of bHLH and homeobox genes. It is conceivable that homeobox genes confer positional identity 
whereas bHLH genes regulate neuronal determination and differentiation. Moreover, it has been 
shown that bHLH genes implicated in retinal cell fate determination regulate expression of other 
bHLH genes, implying that there is a complicated transcription network regulating retinal 
development. 
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