
�2�

�T�h�e� �b�o�d�y� �a�n�d� �t�i�s�s�u�e�s� �o�f� �t�h�e� �d�e�v�e�l�o�p�i�n�g� �e�m�b�r�y�o� �a�r�e� 
�r�e�p�e�a�t�e�d�l�y� �d�i�v�i�d�e�d� �i�n�t�o� �s�u�b�-�r�e�g�i�o�n�s� �s�p�e�c�i�f�i�e�d� �b�y� 
�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �a�n�d� �m�o�r�p�h�o�l�o�g�y�.� �T�h�e� �p�r�o�c�e�s�s� 
�t�h�a�t� �g�i�v�e�s� �r�i�s�e� �t�o� �t�h�e�s�e� �s�u�b�-�r�e�g�i�o�n�s�,� �a�c�c�o�r�d�i�n�g� �t�o� �a� �d�e�f�i�n�e�d� 
�p�a�t�t�e�r�n�,� �i�s� �c�a�l�l�e�d� ´�p�a�t�t�e�r�n� �f�o�r�m�a�t�i�o�nµ� �o�r� ´�p�a�t�t�e�r�n�i�n�g�.µ� �O�u�r� 
�l�a�b�o�r�a�t�o�r�i�e�s� �a�i�m� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� 
�u�n�d�e�r�l�y�i�n�g� �p�a�t�t�e�r�n� �f�o�r�m�a�t�i�o�n� �b�y� �s�e�v�e�r�a�l� �d�i�f�f�e�r�e�n�t� �a�p�p�r�o�a�c�h�e�s�.
�T�h�e� �m�o�s�t� �p�o�p�u�l�a�r� �m�o�d�e�l� �t�o� �e�x�p�l�a�i�n� �t�h�e� �p�a�t�t�e�r�n�i�n�g� �p�r�o�c�e�s�s� �i�s� 
�t�h�e� ´�m�o�r�p�h�o�g�e�n� �g�r�a�d�i�e�n�t� �a�n�d� �t�h�r�e�s�h�o�l�dµ� �t�h�e�o�r�y�.� �M�a�n�y� 
�g�e�n�e�t�i�c� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �s�e�c�r�e�t�e�d� �s�i�g�n�a�l� �p�r�o�t�e�i�n�s� �s�u�c�h� �a�s� 
�W�n�t�,� �B�M�P�,� �a�n�d� +�e�d�g�e�h�o�g� �f�u�n�c�t�i�o�n� �a�s� �m�o�r�p�h�o�g�e�n�s� �i�n� �m�a�n�y� 
�a�s�p�e�c�t�s� �o�f� �t�h�e� �p�a�t�t�e�r�n�i�n�g� �p�r�o�c�e�s�s�.� �I�n� �s�p�i�t�e� �o�f� �t�h�e� 
�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �g�e�n�e�t�i�c� �e�v�i�d�e�n�c�e�,� �h�o�w�e�v�e�r�,� �t�h�e� �b�i�o�c�h�e�m�i�c�a�l� 
�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �m�o�r�p�h�o�g�e�n�s�,� �i�n�c�l�u�d�i�n�g� �m�o�d�i�f�i�c�a�t�i�o�n� �a�n�d� 
�h�i�g�h�e�r� �o�r�d�e�r� �s�t�r�u�c�t�u�r�e�,� �r�e�m�a�i�n� �t�o� �b�e� �e�l�u�c�i�d�a�t�e�d�.� �T�h�u�s�,� �o�n�e� �o�f� 
�o�u�r� �m�a�j�o�r� �g�o�a�l�s� �i�s� �t�o� �r�e�v�e�a�l� the real image� �o�f� �m�o�r�p�h�o�g�e�n�s� 
�a�n�d� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� �u�n�d�e�r�l�y�i�n�g� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 
�m�o�r�p�h�o�g�e�n� �g�r�a�d�i�e�n�t�s�,� �i�n�c�l�u�d�i�n�g� �t�h�e� �s�e�c�r�e�t�i�o�n� �a�n�d� 
�e�x�t�r�a�c�e�l�l�u�l�a�r� �t�r�a�n�s�p�o�r�t� �o�f� �t�h�e�s�e� �m�o�r�p�h�o�g�e�n�s�.
�T�h�e� �s�e�g�m�e�n�t�a�l� �s�u�b�-�r�e�g�i�o�n�s� �o�f� �s�e�v�e�r�a�l� �s�p�e�c�i�f�i�c� �t�i�s�s�u�e�s�,� 
�i�n�c�l�u�d�i�n�g� �t�h�e� �p�a�r�a�x�i�a�l� �m�e�s�o�d�e�r�m� �(�o�r� �s�o�m�i�t�e�s�)� �a�n�d� �t�h�e� 
�p�h�a�r�y�n�g�e�a�l� �p�o�u�c�h�e�s�,� �b�y� �c�o�n�t�r�a�s�t�,� �a�p�p�e�a�r� �n�o�t� �t�o� �b�e� �s�i�m�p�l�y� 
�d�i�r�e�c�t�e�d� �b�y� �t�h�e� �m�o�r�p�h�o�g�e�n� �g�r�a�d�i�e�n�t� �a�n�d� �t�h�r�e�s�h�o�l�d�,� �b�u�t� �b�y� �a� 
�u�n�i�q�u�e� �m�e�c�h�a�n�i�s�m� �p�r�o�c�e�e�d�i�n�g� �p�e�r�i�o�d�i�c�a�l�l�y�.� �F�o�r� �i�n�s�t�a�n�c�e�,� 
�s�o�m�i�t�e�s� �a�r�e� �s�e�q�u�e�n�t�i�a�l�l�y� �g�e�n�e�r�a�t�e�d� �i�n� �a�n� �a�n�t�e�r�i�o�r�-�t�o�-�p�o�s�t�e�r�i�o�r� 
�o�r�d�e�r� �b�y� �c�o�n�v�e�r�t�i�n�g� �o�s�c�i�l�l�a�t�o�r�y� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �i�n�t�o� �r�e�p�e�a�t�e�d� 
�s�t�r�u�c�t�u�r�e�s�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m� �u�n�d�e�r�l�y�i�n�g� �t�h�i�s� 
�c�o�n�v�e�r�s�i�o�n� �a�n�d� �m�o�r�p�h�o�l�o�g�i�c�a�l� �s�e�g�m�e�n�t�a�t�i�o�n�,� �h�o�w�e�v�e�r�,� �i�s� �n�o�t� 
�y�e�t� �f�u�l�l�y� �u�n�d�e�r�s�t�o�o�d�.� �T�h�u�s�,� �a�n�o�t�h�e�r� �g�o�a�l� �o�f� �o�u�r� �c�u�r�r�e�n�t� 
�s�t�u�d�i�e�s� �i�s� �t�o� �r�e�v�e�a�l� �t�h�e� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� �o�f� this other 
and unique mode of patterning� �t�h�a�t� �u�n�d�e�r�l�i�e�s� �t�h�e� �p�e�r�i�o�d�i�c�a�l� 
�a�n�d� �s�e�q�u�e�n�t�i�a�l� �s�u�b�-�d�i�v�i�s�i�o�n� �i�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �s�o�m�i�t�e�s� 
�a�n�d� �p�h�a�r�y�n�g�e�a�l� �a�r�c�h�e�s�.

I.  Spatial regulation of secreted Wnt proteins 
in vertebrate development 

� �T�h�e� �W�n�t� �f�a�m�i�l�y� �o�f� �s�e�c�r�e�t�e�d� �s�i�g�n�a�l� �p�r�o�t�e�i�n�s� �p�l�a�y�s� �a� �k�e�y� �r�o�l�e� 
�i�n� �n�u�m�e�r�o�u�s� �a�s�p�e�c�t�s� �o�f� �e�m�b�r�y�o�g�e�n�e�s�i�s�.� �I�n� �a� �c�l�a�s�s�i�c�a�l� �v�i�e�w�,� �i�t� 
�h�a�s� �b�e�e�n� �p�r�o�p�o�s�e�d� �t�h�a�t� �s�e�c�r�e�t�e�d� �W�n�t� �p�r�o�t�e�i�n�s� �s�p�r�e�a�d� �a�n�d� 
�f�u�n�c�t�i�o�n� �o�v�e�r� �a� �d�i�s�t�a�n�c�e� �o�f� �s�e�v�e�r�a�l� �c�e�l�l�s� �i�n� �m�a�n�y� �a�s�p�e�c�t�s� �o�f� 
�m�o�r�p�h�o�g�e�n�e�s�i�s�.� �I�n� �c�o�n�t�r�a�s�t�,� �a�c�c�u�m�u�l�a�t�i�n�g� �e�v�i�d�e�n�c�e� �a�l�s�o� 
�i�m�p�l�i�e�s� �t�h�a�t� �W�n�t� �p�r�o�t�e�i�n�s� �a�p�p�e�a�r� �t�o� �t�r�a�n�s�m�i�t� �t�h�e�i�r� �s�i�g�n�a�l�s� 
�l�o�c�a�l�l�y� �i�n� �s�o�m�e� �p�a�r�t�i�c�u�l�a�r� �c�a�s�e�s�,� �p�r�e�s�u�m�a�b�l�y� �s�i�n�c�e� �t�h�e�i�r� 
�s�e�c�r�e�t�i�o�n� �a�n�d� �t�r�a�n�s�p�o�r�t� �a�r�e� �u�n�d�e�r� �t�i�g�h�t� �c�o�n�t�r�o�l�.� �T�o� �u�n�d�e�r�s�t�a�n�d� 
�t�h�e� �m�o�l�e�c�u�l�a�r� �m�e�c�h�a�n�i�s�m�s� �u�n�d�e�r�l�y�i�n�g� �m�o�r�p�h�o�g�e�n�e�s�i�s� 
�m�e�d�i�a�t�e�d� �b�y� �e�x�t�r�a�c�e�l�l�u�l�a�r� �t�r�a�n�s�m�i�s�s�i�o�n� �o�f� �W�n�t� �s�i�g�n�a�l�s�,� �i�t� �w�i�l�l� 
�b�e� �r�e�q�u�i�r�e�d� �t�o� �r�e�v�e�a�l� �m�a�n�n�e�r�s� �o�f� �d�i�f�f�u�s�i�o�n� �a�n�d��o�r� 
�a�c�c�u�m�u�l�a�t�i�o�n� �o�f� �W�n�t� �p�r�o�t�e�i�n�s� �i�n� �e�x�t�r�a�c�e�l�l�u�l�a�r� �s�p�a�c�e�.
�F�o�r� �a� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �e�x�t�r�a�c�e�l�l�u�l�a�r� �t�r�a�n�s�p�o�r�t� �o�f� 
�W�n�t� �p�r�o�t�e�i�n�s�,� �w�e� �s�t�a�r�t�e�d� �t�o� �v�i�s�u�a�l�i�z�e� �W�n�t� �p�r�o�t�e�i�n�s� �i�n� �t�h�e� 
�e�x�t�r�a�c�e�l�l�u�l�a�r� �s�p�a�c�e� �b�y� �a� �t�w�o� �d�i�f�f�e�r�e�n�t� �a�p�p�r�o�a�c�h�e�s�.� �O�n�e� �i�s� �a� 
�l�i�v�e� �i�m�a�g�i�n�g� �a�p�p�r�o�a�c�h� �w�i�t�h� �E�G�F�P�-�t�a�g�g�e�d� �W�n�t� �p�r�o�t�e�i�n�s� �a�n�d� � 
�t�h�e� �o�t�h�e�r� �i�s� �i�m�m�n�o�h�i�s�t�o�c�h�e�m�i�s�t�r�y�.� �O�u�r� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�y� 
�i�n�d�i�c�a�t�e�d� �t�h�a�t� �W�n�t� �p�r�o�t�e�i�n�s� �a�r�e� �n�o�t� �s�i�m�p�l�y� �d�i�f�f�u�s�e�d� �d�u�r�i�n�g� 
�e�m�b�r�y�o�g�e�n�e�s�i�s� �o�f� �t�h�e� �m�o�u�s�e�.� �W�e� �p�r�e�c�i�s�e�l�y� �e�x�a�m�i�n�e�d� 
�r�e�g�u�l�a�t�o�r�y� �m�e�c�h�a�n�i�s�m�s� �a�n�d� �t�h�e� �b�i�o�l�o�g�i�c�a�l� �s�i�g�n�i�f�i�c�a�n�c�e� �o�f� 
�W�n�t� �p�r�o�t�e�i�n� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �m�o�u�s�e� �e�m�b�r�y�o�s�.� �T�h�e�s�e� �a�n�a�l�y�s�e�s� 
�r�e�v�e�a�l� �a� �n�o�v�e�l� �v�i�e�w� �o�f� �s�p�a�t�i�a�l� �r�e�g�u�l�a�t�i�o�n� �o�f� �W�n�t� �s�i�g�n�a�l�i�n�g�.

�F�i�g�u�r�e� �1�.� �A�c�c�u�m�u�l�a�t�i�o�n� �o�f� �W�n�t� �p�r�o�t�e�i�n�s� �b�e�t�w�e�e�n� �c�e�l�l�s�.� �W�n�t� �p�r�o�t�e�i�n�s� �a�r�e� 
�a�c�c�u�l�m�u�l�a�t�e�d� �i�n� �a� �p�u�n�c�t�a�t�e� �p�a�t�t�e�r�n� �b�e�t�w�e�e�n� �e�p�i�t�h�e�l�i�a�l� �c�e�l�l�s� �i�n� �a� Xenopus� 
�e�m�b�r�y�o�.� �(�L�e�f�t�)� �I�m�m�u�n�o�s�t�a�i�n�i�n�g� �o�f� �e�n�d�o�g�e�n�o�u�s� �W�n�t�� �p�r�o�t�e�i�n�s� �(�R�i�g�h�t�)� 
�T�h�e� �l�e�f�t� �i�m�a�g�e� �i�s� �m�e�r�g�e�d� �w�i�t�h� �a� �b�r�i�g�h�t� �f�i�e�l�d� �o�n�e�.

Extracellular molecules are known to regulate special 
distribution of Wnt proteins. Heparan sulfate sugar chains 
with different modifications form distinct extracellular 
structures, which are called heparan sulfate nanostructures 
(HSNSs), in the early Xenopus embryo. Interestingly, 
Xenopus Wnt8 proteins were preferentially retained by 
HSNSs with N-sulfo modification (N-sulfo HSNSs). To 
understand the mechanism by which distinct distributions of 
HSNSs, especially N-sulfo HSNSs are formed, we focused 
on an enzyme catalyzing N-sulfation of heparan sulfate. 
Gain and loss of function studies of this enzyme indicated 
that it is necessary and sufficient for the conversion of 
N-acetyl HSNSs into N-sulfo HSNSs. Extracellular 
accumulation of Wnt proteins and the convergent extension 
movement, which is regulated by Wnt non-canonical 
signaling, were also affected by perturbation of expression of 
this enzyme. These results indicated that N-sulfo 
modification of heparan sulfates  are important for 
extracellular distribution of Wnt proteins and Wnt signaling.
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II.  Heterogeneity of secreted Wnt proteins 
secreted from cultured cells

�A�l�t�h�o�u�g�h� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �W�n�t� �p�r�o�t�e�i�n� �h�a�s� �a�l�r�e�a�d�y� �b�e�e�n� 
�r�e�v�e�a�l�e�d�,� �i�t�s� �h�i�g�h�e�r� �o�r�d�e�r� �s�t�r�u�c�t�u�r�e� �i�n� �e�x�t�r�a�c�e�l�l�u�l�a�r� �s�p�a�c�e� �h�a�s� 
�n�o�t� �y�e�t� �b�e�e�n� �f�u�l�l�y� �u�n�d�e�r�s�t�o�o�d�.� �O�n�e� �o�f� �t�h�e� �p�r�o�p�o�s�e�d� �f�o�r�m�s� �o�f� 
�W�n�t� �p�r�o�t�e�i�n� �i�n� �e�x�t�r�a�c�e�l�l�u�l�a�r� �s�p�a�c�e� �b�i�n�d�s� �t�o� �l�i�p�o�p�r�o�t�e�i�n� 
�p�a�r�t�i�c�l�e�s�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �r�e�c�e�n�t� �s�t�u�d�i�e�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 
�W�n�t� �p�r�o�t�e�i�n�s� �a�r�e� �s�e�c�r�e�t�e�d� �o�n� �a�n�o�t�h�e�r� �l�i�p�i�d�-�b�a�s�e�d� �c�a�r�r�i�e�r�,� 
�c�a�l�l�e�d� �t�h�e� �e�x�o�s�o�m�e�,� �w�h�i�c�h� �i�s� �a�n� �M9�B� �(�M�u�l�t�i9�e�s�i�c�u�l�a�r� 
�B�o�d�y�)�-�d�e�r�i�v�e�d� �m�e�m�b�r�a�n�e� �v�e�s�i�c�l�e�.� +�o�w�e�v�e�r�,� �i�t� �r�e�m�a�i�n�s� 
�u�n�c�l�e�a�r� �w�h�e�t�h�e�r� �W�n�t� �p�r�o�t�e�i�n�s� �a�r�e� �s�e�c�r�e�t�e�d� �i�n� �t�h�e�s�e� �t�w�o� �f�o�r�m�s� 
�f�r�o�m� �t�h�e� �s�a�m�e� �c�e�l�l�s�.� 
�T�o� �a�d�d�r�e�s�s� �t�h�e�s�e� �i�s�s�u�e�s�,� �w�e� �s�y�s�t�e�m�a�t�i�c�a�l�l�y� �e�x�a�m�i�n�e�d� 
�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �W�n�t� �p�r�o�t�e�i�n�s� �s�e�c�r�e�t�e�d� �f�r�o�m� �s�e�v�e�r�a�l� 
�d�i�f�f�e�r�e�n�t� �c�e�l�l� �l�i�n�e�s�.� �F�i�r�s�t�,� �w�e� �f�r�a�c�t�i�o�n�a�t�e�d� �c�o�n�d�i�t�i�o�n�e�d� �m�e�d�i�a� 
�o�f� �W�n�t��a�-�e�x�p�r�e�s�s�i�n�g� �c�e�l�l�s� �b�y� �d�e�n�s�i�t�y� �g�r�a�d�i�e�n�t� �c�e�n�t�r�i�f�u�g�a�t�i�o�n� 
�w�i�t�h� �S�o�d�i�u�m� �B�r�o�m�i�d�e�.� �T�o� �e�x�a�m�i�n�e� �w�h�e�t�h�e�r� �W�n�t� �p�r�o�t�e�i�n�s� �a�r�e� 
�a�t�t�a�c�h�e�d� �t�o� �e�x�o�s�o�m�e�s�,� �w�e� �t�h�e�n� �c�o�l�l�e�c�t�e�d� �e�x�s�o�s�o�m�e�-�l�i�k�e� 
�m�o�l�e�c�u�l�e�s� �b�y� �u�l�t�r�a�c�e�n�t�r�i�f�u�g�a�t�i�o�n� �a�n�d� �f�r�a�c�t�i�o�n�a�t�e�d� �t�h�e� �p�e�l�l�e�t� 
�b�y� �s�u�c�r�o�s�e� �d�e�n�s�i�t�y� �g�r�a�d�i�e�n�t� �u�l�t�r�a�c�e�n�t�r�i�f�u�g�a�t�i�o�n�.� �O�u�r� �r�e�s�u�l�t�s� 
�i�n�d�i�c�a�t�e� �t�h�a�t� �s�e�c�r�e�t�e�d� �f�o�r�m�s� �o�f� �W�n�t� �p�r�o�t�e�i�n�s� �d�i�f�f�e�r� �a�m�o�n�g� 
�d�i�f�f�e�r�e�n�t� �W�n�t� �s�u�b�t�y�p�e�s� �a�n�d� �t�h�i�s� �d�i�v�e�r�s�i�t�y� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� 
�c�e�l�l�u�l�a�r� �c�o�n�t�e�x�t�.

III.  M o l e c u l a r  m e c h a n i s m  o f  s o m i t e 
development

�S�o�m�i�t�e�s� �a�r�e� �s�e�g�m�e�n�t�a�l� �e�p�i�t�h�e�l�i�a�l� �b�l�o�c�k�s� �l�o�c�a�t�e�d� 
�s�y�m�m�e�t�r�i�c�a�l�l�y� �o�n� �e�i�t�h�e�r� �s�i�d�e� �o�f� �t�h�e� �n�e�u�r�a�l� �t�u�b�e�.� �S�o�m�i�t�e�s� �a�r�e� 
�p�e�r�i�o�d�i�c�a�l�l�y� �g�e�n�e�r�a�t�e�d� �i�n� �a�n� �a�n�t�e�r�i�o�r� �t�o� �p�o�s�t�e�r�i�o�r� �m�a�n�n�e�r� 
�f�r�o�m� �t�h�e�i�r� �p�r�e�c�u�r�s�o�r�,� �t�h�e� �p�r�e�s�o�m�i�t�i�c� �m�e�s�o�d�e�r�m� �(�P�S�M�)�,� �w�h�i�c�h� 
�i�s� �l�o�c�a�t�e�d� �p�o�s�t�e�r�i�o�r� �t�o� �n�e�w�l�y� �f�o�r�m�e�d� �s�o�m�i�t�e�s�.� �T�h�i�s� �p�e�r�i�o�d�i�c� 
�g�e�n�e�r�a�t�i�o�n� �i�s� �a�c�h�i�e�v�e�d� �b�y� �a� �c�o�m�p�l�e�x� �a�n�d� �d�y�n�a�m�i�c� 
�m�e�c�h�a�n�i�s�m� �i�n� �t�h�e� �P�S�M�.� �F�i�r�s�t�,� �t�h�e� �m�o�l�e�c�u�l�a�r� �c�l�o�c�k�,� �t�h�e� 
�s�o�-�c�a�l�l�e�d� �s�e�g�m�e�n�t�a�t�i�o�n� �c�l�o�c�k�,� �c�r�e�a�t�e�s� �o�s�c�i�l�l�a�t�o�r�y� �e�x�p�r�e�s�s�i�o�n� 
�o�f� �p�a�r�t�i�c�u�l�a�r� �g�e�n�e�s�,� hairy� �a�n�d� �s�o�m�e� notch�-�r�e�l�a�t�e�d� �g�e�n�e�s�,� �i�n� 
�t�h�e� �p�o�s�t�e�r�i�o�r� �P�S�M�.� �B�e�c�a�u�s�e� �t�h�e� �p�h�a�s�e� �o�f� �o�s�c�i�l�l�a�t�i�o�n� �i�s� 
�g�r�a�d�u�a�l�l�y� �s�h�i�f�t�e�d� �a�l�o�n�g� �t�h�e� �p�o�s�t�e�r�i�o�r�-�t�o�-�a�n�t�e�r�i�o�r� �a�x�i�s�,� �a� �w�a�v�e� 
�o�f� �t�h�e� �o�s�c�i�l�l�a�t�i�o�n� �a�p�p�e�a�r�s� �t�o� �m�o�v�e� �i�n� �a� �p�o�s�t�e�r�i�o�r�-�t�o�-�a�n�t�e�r�i�o�r� 
�f�a�s�h�i�o�n�.� �T�h�i�s� �o�s�c�i�l�l�a�t�o�r�y� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �s�u�b�s�e�q�u�e�n�t�l�y� 
�r�e�s�u�l�t�s� �i�n� �p�e�r�i�o�d�i�c�a�l� �g�e�n�e�r�a�t�i�o�n� �o�f� �m�o�r�p�h�o�l�o�g�i�c�a�l�l�y� 
�s�e�g�m�e�n�t�e�d� �s�o�m�i�t�e�s�.
�T�h�e� �s�p�a�t�i�a�l� �p�a�t�t�e�r�n� �o�f� �s�o�m�i�t�e�s� �i�s� �d�e�f�i�n�e�d� �b�y� �p�o�s�i�t�i�o�n�i�n�g� �o�f� 
�i�n�t�e�r�s�o�m�i�t�i�c� �b�o�u�n�d�a�r�i�e�s� �a�n�d� �r�o�s�t�r�o�-�c�a�u�d�a�l� �p�a�t�t�e�r�n�i�n�g� �w�i�t�h�i�n� �a� 
�s�o�m�i�t�e�.� �T�h�i�s� �s�p�a�t�i�a�l� �p�a�t�t�e�r�n� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �t�h�e� �a�n�t�e�r�i�o�r� �P�S�M� 
�b�y� �c�o�n�v�e�r�t�i�n�g� �t�h�e� �o�s�c�i�l�l�a�t�o�r�y� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n� �i�n�t�o� �s�p�a�t�i�a�l�l�y� 
�r�e�s�t�r�i�c�t�e�d� �p�a�t�t�e�r�n�s� �o�f� �g�e�n�e� �e�x�p�r�e�s�s�i�o�n�.� �S�e�v�e�r�a�l� �i�n�t�r�a�-�c�e�l�l�u�l�a�r� 
�m�o�l�e�c�u�l�e�s�,� �a�s� �w�e�l�l� �a�s� �F�G�F� �a�n�d� �W�n�t� �s�i�g�n�a�l�i�n�g�,� �a�r�e� �i�n�v�o�l�v�e�d� �i�n� 
�t�h�i�s� �c�o�n�v�e�r�s�i�o�n�.� �I�n� �m�i�c�e�,� �t�h�e� �p�r�o�s�p�e�c�t�i�v�e� �s�e�g�m�e�n�t�a�t�i�o�n� 
�b�o�u�n�d�a�r�y� �i�s� �p�e�r�i�o�d�i�c�a�l�l�y� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �t�h�e� �a�n�t�e�r�i�o�r� �P�S�M� �a�t� 
�t�h�e� �r�o�s�t�r�a�l� �b�o�r�d�e�r� �o�f� �M�e�s�p�2� �e�x�p�r�e�s�s�i�o�n� �d�o�m�a�i�n�.� �M�e�s�p�2�,� �o�n�e� 
�o�f� �t�h�e� �k�e�y� �r�e�g�u�l�a�t�o�r�s� �i�n� �t�h�i�s� �c�o�n�v�e�r�s�i�o�n�,� �i�s� �i�n�i�t�i�a�l�l�y� �e�x�p�r�e�s�s�e�d� 
�a�t� �t�h�e� �m�o�s�t� �a�n�t�e�r�i�o�r� �r�e�g�i�o�n� �o�f� �t�h�e� �T�b�x�� �p�r�o�t�e�i�n� �d�o�m�a�i�n�.� �T�h�i�s� 
�e�x�p�r�e�s�s�i�o�n� �i�s� �n�o�t� �a�n�t�e�r�i�o�r�l�y� �e�x�t�e�n�d�e�d� �b�e�y�o�n�d� �t�h�e� �a�n�t�e�r�i�o�r� 
�b�o�r�d�e�r� �o�f� �t�h�e� �T�b�x�� �p�r�o�t�e�i�n� �d�o�m�a�i�n� �b�e�c�a�u�s�e� �M�e�s�p�2� 
�e�x�p�r�e�s�s�i�o�n� �r�e�q�u�i�r�e�s� �T�b�x�� �p�r�o�t�e�i�n�s�.� �T�h�u�s�,� �t�h�e� �a�n�t�e�r�i�o�r� �b�o�r�d�e�r� 
�f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �T�b�x�� �p�r�o�t�e�i�n� �d�o�m�a�i�n� �i�s� �a� �m�o�r�e� �f�u�n�d�a�m�e�n�t�a�l� 
�p�r�o�c�e�s�s� �i�n� �t�h�e� �p�o�s�i�t�i�o�n�i�n�g� �o�f� �t�h�e� �s�e�g�m�e�n�t�a�t�i�o�n� �b�o�u�n�d�a�r�y�.� 
�I�m�p�o�r�t�a�n�t�l�y�,� �t�h�i�s� �b�o�r�d�e�r� �i�s� �n�o�t� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �a�n�t�e�r�i�o�r� 
�b�o�r�d�e�r� �o�f� �T�b�x�� �m�R�N�A�,� �r�a�t�h�e�r� �i�t� �i�s� �r�e�g�u�l�a�t�e�d� �b�y� �a� 

�p�r�o�t�e�a�s�o�m�e�-�m�e�d�i�a�t�e�d� �m�e�c�h�a�n�i�s�m�.� �A�l�t�h�o�u�g�h� �t�h�e� �m�o�l�e�c�u�l�e�s� 
�d�i�r�e�c�t�l�y� �e�x�e�c�u�t�i�n�g� �t�h�i�s� �p�r�o�t�e�o�l�y�s�i�s� �a�r�e� �s�t�i�l�l� �u�n�c�l�e�a�r� Mesp2�,� �a�s� 
�w�e�l�l� �a�s� Ripply1 �a�n�d� 2�,� �h�a�v�e� �s�h�o�w�n� �t�o� �b�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� 
�d�o�w�n�-�r�e�g�u�l�a�t�i�o�n� �o�f� �T�b�x�� �p�r�o�t�e�i�n�s� �b�y� �a�n�a�l�y�s�i�s� �o�f� �e�m�b�r�y�o�s� 
�d�e�f�e�c�t�i�v�e� �i�n� �t�h�e�s�e� �g�e�n�e�s�.� �S�i�n�c�e� �e�x�p�r�e�s�s�i�o�n�s� �o�f� Ripply1� �a�n�d� 2� 
�a�r�e� �e�l�i�m�i�n�a�t�e�d� �i�n� �M�e�s�p�2� �d�e�f�i�c�i�e�n�t� �m�o�u�s�e� �e�m�b�r�y�o�s�,� �w�e� 
�p�r�e�v�i�o�u�s�l�y� �p�r�o�p�o�s�e�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �m�o�d�e�l�� Mesp2, �w�h�o�s�e� 
�e�x�p�r�e�s�s�i�o�n� �i�s� �a�c�t�i�v�a�t�e�d� �i�n �t�h�e� �m�o�s�t� �a�n�t�e�r�i�o�r� �p�a�r�t� �o�f� �t�h�e� �T�b�x�� 
�d�o�m�a�i�n�,� �c�a�u�s�e�s� �r�e�t�r�e�a�t� �o�f� �t�h�e� �T�b�x�� �p�r�o�t�e�i�n� �d�o�m�a�i�n� �t�h�r�o�u�g�h� 
�a�c�t�i�v�a�t�i�o�n� �o�f� Ripply1� �a�n�d� 2� �e�x�p�r�e�s�s�i�o�n�,� �a�n�d� �t�h�e� �r�e�t�r�e�a�t�e�d� 
�T�b�x�� �s�u�b�s�e�q�u�e�n�t�l�y� �d�e�f�i�n�e�s� �t�h�e� �n�e�x�t� �s�e�g�m�e�n�t�a�t�i�o�n� �b�o�r�d�e�r� �a�n�d� 
Mesp2� �e�x�p�r�e�s�s�i�o�n�.� +�o�w�e�v�e�r�,� �i�t� �i�s� �s�t�i�l�l� �t�o� �b�e� �e�l�u�c�i�d�a�t�e�d� 
�w�h�e�t�h�e�r� �M�e�s�p�2� �c�a�u�s�e�s� �t�h�e� �r�e�t�r�e�a�t� �o�f� �t�h�e� �T�b�x�� �p�r�o�t�e�i�n� �b�o�r�d�e�r� 
�t�h�r�o�u�g�h� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �o�f� �R�i�p�p�l�y�s�’� �e�x�p�r�e�s�s�i�o�n� �o�r� �t�h�a�t� �M�e�s�p�2� 
�a�n�d� �R�i�p�p�l�y�s� �r�e�g�u�l�a�t�e� �t�h�i�s� �r�e�t�r�e�a�t� �i�n� �p�a�r�a�l�l�e�l�.� 
�T�o� �a�n�s�w�e�r� �t�h�i�s� �q�u�e�s�t�i�o�n�,� �w�e� �p�r�e�c�i�s�e�l�y� �e�x�a�m�i�n�e�d� �f�u�n�c�t�i�o�n� �o�f� 
�m�w�s�p� �a�n�d� �r�i�p�p�l�y� �i�n� �t�h�e� �r�e�g�u�l�a�t�i�o�n� �o�f� �T�b�x�� �p�r�o�t�e�i�n�s� �i�n� 
�z�e�b�r�a�f�i�s�h� �e�m�b�r�y�o�s�.� �B�y� �u�t�i�l�i�z�i�n�g� �a�n� �a�n�t�i�b�o�d�y� �a�g�a�i�n�s�t� �z�e�b�r�a�f�i�s�h� 
�T�b�x���F�s�s�,� �w�e� �f�o�u�n�d� �t�h�a�t� �t�h�e� �a�n�t�e�r�i�o�r� �b�o�r�d�e�r� �o�f� �T�b�x�� �d�o�m�a�i�n� 
�c�o�i�n�c�i�d�e�d� �w�i�t�h� �t�h�e� �p�r�e�s�u�m�p�t�i�v�e� �i�n�t�e�r�s�o�m�i�t�i�c� �b�o�u�n�d�a�r�y� �a�l�s�o� �i�n� 
�t�h�e� �z�e�b�r�a�f�i�s�h� �a�n�d� �i�t� �s�h�i�f�t�e�d� �d�y�n�a�m�i�c�a�l�l�y� �d�u�r�i�n�g� �1� �c�y�c�l�e� �o�f� 
�s�e�g�m�e�n�t�a�t�i�o�n�.� �C�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �f�i�n�d�i�n�g�s� �i�n� �m�i�c�e�,� �t�h�e� tbx6 
�m�R�N�A� �d�o�m�a�i�n� �w�a�s� �l�o�c�a�t�e�d� �f�a�r� �a�n�t�e�r�i�o�r� �t�o� �i�t�s� �p�r�o�t�e�i�n� �d�o�m�a�i�n�,� 
�i�n�d�i�c�a�t�i�n�g� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �p�o�s�t�t�r�a�n�s�c�r�i�p�t�i�o�n�a�l� �r�e�g�u�l�a�t�i�o�n�.� 
�W�h�e�n� �b�o�t�h� ripply1/2� �w�e�r�e� �k�n�o�c�k�e�d�d�o�w�n�,� �t�h�e� �T�b�x�� �d�o�m�a�i�n� 
�w�a�s� �a�n�t�e�r�i�o�r�l�y� �e�x�p�a�n�d�e�d�.� �W�e� �f�u�r�t�h�e�r� �d�i�r�e�c�t�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� 

�F�i�g�u�r�e� ��.� �S�c�h�e�m�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �s�p�a�t�i�a�l� �p�a�t�t�e�r�n�s� �o�f� �T�b�x�� �a�n�d� �p�-�E�r�k� 
�d�o�m�a�i�n�s� �w�i�t�h� ripply1�,� ripply2�,� �a�n�d� mesp-ab� �e�x�p�r�e�s�s�i�o�n�s� �d�u�r�i�n�g� �a� �s�i�n�g�l�e� 
�s�e�g�m�e�n�t�a�t�i�o�n� �c�y�c�l�e�.� �E�x�p�r�e�s�s�i�o�n� �o�f� ripply1� �a�n�d� ripply2� �i�s� �i�n�i�t�i�a�l�l�y� 
�a�c�t�i�v�a�t�e�d� �i�n� �t�h�e� �h�i�g�h� �T�b�x�� �� �l�o�w� �F�G�F� �s�i�g�n�a�l�i�n�g� �r�e�g�i�o�n�.� �T�h�e�s�e� �a�c�t�i�v�a�t�e�d� 
�R�i�p�p�l�y�s appear to suppress Tbx6 protein resulting in formation of a new 
anterior border of the Tbx6 core domain and the upper band. 

�F�i�g�u�r�e� �2�.� �R�i�p�p�l�y� �r�e�d�u�c�e�s� �T�b�x�� �p�r�o�t�e�i�n� �l�e�v�e�l�s�� �W�e�s�t�e�r�n� �b�l�o�t�t�i�n�g� �w�i�t�h� 
�p�r�o�t�e�i�n�s� �r�e�c�o�v�e�r�e�d� �f�r�o�m� �e�m�b�r�y�o�s� �i�n�j�e�c�t�e�d� �w�i�t�h� �F�l�a�g�-�t�a�g�g�e�d� �z�e�b�r�a�f�i�s�h� 
tbx6�m�R�N�A� �a�n�d� �M�y�c�-�t�a�g�g�e�d� �z�e�b�r�a�f�i�s�h� ripply1 �(�A�)� �o�r� �m�o�u�s�e� �R�i�p�p�l�y�2� 
�m�R�N�A�s� �(�B�)�.� �B�o�t�h� �z�e�b�r�a�f�i�s�h� �r�i�p�p�l�y�1� �a�n�d� �m�o�u�s�e� �R�i�p�p�l�y�2� �r�e�d�u�c�e�T�b�x�� 
�p�r�o�t�e�i�n� �l�e�v�e�l�s�.



�2�

�t�h�a�t� �R�i�p�p�l�y� �c�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �e�x�p�r�e�s�s�i�o�n� �l�e�v�e�l� �o�f� �T�b�x�� �p�r�o�t�e�i�n� 
�d�e�p�e�n�d�i�n�g� �o�n� �p�h�y�s�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �R�i�p�p�l�y� �a�n�d� �T�b�x�� 
�(�F�i�g�u�r�e� �2�)�.� �M�o�r�e�o�v�e�r�,� �t�h�e� �o�n�s�e�t� �o�f� ripply1� �a�n�d� ripply2� 
�e�x�p�r�e�s�s�i�o�n� �o�c�c�u�r�r�e�d� �a�f�t�e�r� �r�e�d�u�c�t�i�o�n� �o�f� �F�G�F� �s�i�g�n�a�l�i�n�g� �a�t� �t�h�e� 
�a�n�t�e�r�i�o�r� �P�S�M�,� �b�u�t� �t�h�i�s� �e�x�p�r�e�s�s�i�o�n� �i�n�i�t�i�a�t�e�d� �m�u�c�h� �e�a�r�l�i�e�r� �o�n� 
�t�r�e�a�t�m�e�n�t� �w�i�t�h� �S�U�5��0�2�,� �a� �c�h�e�m�i�c�a�l� �i�n�h�i�b�i�t�o�r� �o�f� �F�G�F� 
�s�i�g�n�a�l�i�n�g�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�t�r�o�n�g�l�y� �s�u�g�g�e�s�t� �t�h�a�t� �R�i�p�p�l�y� �i�s� �a� 
�d�i�r�e�c�t� �r�e�g�u�l�a�t�o�r� �o�f� �t�h�e� �T�b�x�� �p�r�o�t�e�i�n� �l�e�v�e�l� �f�o�r� �t�h�e� 
�e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �i�n�t�e�r�s�o�m�i�t�i�c� �b�o�u�n�d�a�r�i�e�s� �a�n�d� �m�e�d�i�a�t�e�s� �a� 
�r�e�d�u�c�t�i�o�n� �i�n� �F�G�F� �s�i�g�n�a�l�i�n�g� �f�o�r� �t�h�e� �p�o�s�i�t�i�o�n�i�n�g� �o�f� �t�h�e� 
�p�r�e�s�u�m�p�t�i�v�e� �i�n�t�e�r�s�o�m�i�t�i�c� �b�o�u�n�d�a�r�y� �i�n� �t�h�e� �P�S�M� �(�F�i�g�u�r�e� ��)�.

IV.  Establ i shment  of  gene  knock out 
methodology based on genome editing 
technologies in the zebrafish

=�e�b�r�a�f�i�s�h� �a�r�e� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �s�u�i�t�a�b�l�e� �m�o�d�e�l� �a�n�i�m�a�l�s� �f�o�r� 
�g�e�n�e�t�i�c� �a�n�a�l�y�s�i�s�.� �U�n�t�i�l� �n�o�w�,� �c�h�e�m�i�c�a�l� �m�u�t�a�g�e�n�e�s�i�s�-�m�e�d�i�a�t�e�d� 
�s�c�r�e�e�n�i�n�g� �p�r�o�v�i�d�e�d� �u�s� �a� �g�r�e�a�t� �n�u�m�b�e�r� �o�f� �m�u�t�a�n�t� �s�t�r�a�i�n�s�,� 
�w�h�i�c�h� �c�o�n�t�r�i�b�u�t�e� �t�o� �s�t�u�d�i�e�s� �o�f� �m�o�r�p�h�o�g�e�n�e�s�i�s� �o�f� �v�e�r�t�e�b�r�a�t�e�s�.� � 
�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�i�s� �w�e�l�l�-�e�s�t�a�b�l�i�s�h�e�d� �g�e�n�e�t�i�c� �a�p�p�r�o�a�c�h�,� �r�e�c�e�n�t� 
�a�d�v�a�n�c�e�s� �i�n� �g�e�n�o�m�e� �e�d�i�t�i�n�g� �t�e�c�h�n�o�l�o�g�i�e�s� �h�a�v�e� �m�a�d�e� �i�t� 
�p�o�s�s�i�b�l�e� �t�o� �c�r�e�a�t�e� �a�n�y� �m�u�t�a�t�i�o�n� �o�f� �a� �g�e�n�e� �o�f� �i�n�t�e�r�e�s�t�.� 
�P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �r�e�v�e�a�l�e�d� �m�o�u�s�e� Mesp2 �h�a�s� �e�s�s�e�n�t�i�a�l� �r�o�l�e�s� 
�f�o�r� �m�u�l�t�i�p�l�e� �p�r�o�c�e�s�s�e�s� �o�f� �s�o�m�i�t�o�g�e�n�e�s�i�s� �i�n�c�l�u�d�i�n�g� 
�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �p�o�s�i�t�i�o�n� �o�f� �s�e�g�m�e�n�t� �b�o�u�n�d�a�r�i�e�s�,� �g�e�n�e�r�a�t�i�o�n� 
�o�f� �s�o�m�i�t�e� �b�o�u�n�d�a�r�y� �s�t�r�u�c�t�u�r�e� �a�n�d� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �r�o�s�t�r�o�-
�c�a�u�d�a�l� �p�o�l�a�r�i�t�y� �i�n� �e�a�c�h� �s�o�m�i�t�e�.� �A�l�t�h�o�u�g�h� �f�o�u�r� mesp� �g�e�n�e�s� 
�h�a�v�e� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �z�e�b�r�a�f�i�s�h� �g�e�n�o�m�e�,� �t�h�e�i�r� �r�o�l�e�s� �i�n� 
�s�o�m�i�t�o�g�e�n�e�s�i�s� �s�t�i�l�l� �r�e�m�a�i�n�e�d� �u�n�c�l�e�a�r�.� �T�o� �a�d�d�r�e�s�s� �t�h�i�s� �q�u�e�s�t�i�o�n� 
�w�e� �g�e�n�e�r�a�t�e�d� �m�u�t�a�n�t� �f�i�s�h� �c�a�r�r�y�i�n�g� �t�h�e� �f�r�a�m�e� �s�h�i�f�t� �m�u�t�a�t�i�o�n� �i�n� 
�a�l�l� mesp� �g�e�n�e�s� �u�s�i�n�g� �T�A�L�E�N� �m�e�d�i�a�t�e�d� �m�u�t�a�g�e�n�e�s�i�s� �a�n�d� 
�a�n�a�l�y�z�e�d� �i�t�s� �p�h�e�n�o�t�y�p�e�.� �U�n�l�i�k�e� �t�h�e� �m�o�u�s�e� Mesp2� �m�u�t�a�n�t�,� 
�z�e�b�r�a�f�i�s�h� �m�e�s�p�s� �q�u�a�d�r�u�p�l�e� �k�n�o�c�k�o�u�t� �e�m�b�r�y�o� �e�x�h�i�b�i�t�e�d� 
�n�o�r�m�a�l�l�y� �s�e�g�m�e�n�t�e�d� �s�o�m�i�t�e�s�.� �W�e� �a�r�e� �c�u�r�r�e�n�t�l�y� �e�x�a�m�i�n�i�n�g� 
�s�e�v�e�r�a�l� �m�u�t�a�n�t�s� �g�e�n�e�r�a�t�e�d� �b�y� �T�A�L�E�N� �m�e�d�i�a�t�e�d� �m�u�t�a�g�e�n�e�s�i�s�.� 
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