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Abstract  

The cause of nuclear shape abnormalities which are often seen in pre-neoplastic and 

malignant tissues is not clear. In this study we report that deformation of the nucleus can 

be induced by TGF�E1 stimulation in several cell lines including Huh7. In our results, the 

upregulated histone H3.3 expression downstream of SMAD signaling contributed to 

TGF�E1-induced nuclear deformation, a process of which requires incorporation of the 

nuclear envelope (NE) proteins lamin B1 and SUN1. During this process, the NE 

constitutively ruptured and reformed with no observable indications of DNA damage 

response. Contrast to lamin B1 which was relatively stationary around the nucleus, the 

upregulated lamin A was highly mobile, shuttling between the nucleus and cytoplasm, and 

clustering at the nuclear periphery. The chromatin regions that lost NE coverage formed a 

supra-nucleosomal structure characterized by elevated histone H3K27me3 and histone H1, 

the formation of which depended on the presence of lamin A. These results provide 

evidence that shape of the nucleus can be modulated through TGF�E1-induced 

compositional changes in the chromatin and nuclear lamina.   
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�,�Q�W�U�R�G�X�F�W�L�R�Q 

The cell nucleus is a double membrane-enclosed organelle. Most nuclei appear spheroid or 

ellipsoid; however, the shape can vary from trilobed in human neutrophils to dumbbell-

shaped in some white blood cells. Nuclear atypia which refers to abnormally-shaped cell 

nuclei is a term used in cytopathology, and is considered a significant indicator of 

malignancy [1]. The morphology of the cell nucleus is also a key indicator of the disease 

state and prognosis of progeria, neurodegenerative diseases and virus infection [2-7]. 

Changes in nuclear shape have been linked to chromatin reorganization and gene 

expression [5, 8]; however, the molecular signaling underlying the variations in nuclear 

morphology has yet to be elucidated.  

The nuclear lamina beneath the inner nuclear membrane is a meshwork of type V 

intermediate filament proteins consisting primarily of A- and B- type lamins [9]. The 

expression of B-type lamins is relatively constant among tissues, whereas the abundance 

of lamin A vary systematically by as much 30-fold between soft and stiff tissue. High lamin 

A levels can physically stabilize the nucleus against stress and thereby protect the nuclear 

lamina and chromatin. It is suggested that the mechanical signals transmitted from the 

extracellular environment to the nucleus mediated by the cytoskeleton may fine tune the 

lamin A:B for cell-specific gene expression [10]. Abnormalities in the nuclear lamina are 
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hallmarks of many human diseases [11]. Different types of lamina abnormality, such as 

herniations, honeycomb-like structures, and irregular staining, have been observed in 

primary dermal fibroblasts derived from LMNA-variant carriers [12]. These findings 

indicate that the level and composition of nuclear lamins in different tissues must be fine-

tuned in a manner that prevents rupturing of the NE without constraining migration [13].  

Cancer cells utilize epithelial-mesenchymal transition (EMT) in the migration from their 

epithelial cell community and integration into tissue at remote locations (i.e., distant 

metastasis). This switch in cell differentiation and behavior is mediated by changes in cell 

morphology as well as post-transcriptional and post-translational gene regulation [14, 15]. 

Whereas changes in cell shape are linked to local gradients in signaling molecules for the 

subsequent cell activities [16], the means by which the nuclear shape is regulated in 

response to extracellular signaling remains unclear. In this study, we discovered that shape 

of the nucleus became highly deformed under the treatment of TGF�E1. The nuclear 

envelope (NE) proteins SUN1 and the B-type lamin, and the SMAD-downstream 

upregulation of a histone H3 variant H3.3, are required for this process. Whereas the A-

type lamin is dispensable for the TGF�E1-induced nuclear deformation, it is recruited to 

enclose the NE after the rupture, as well as the clustering of H3K27me3 and histone H1. 
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These results provide evidence that nuclear shape is linked to TGF�E1 signaling involved 

in the compositional remodeling of the nuclear lamina, core histones, and linker histones. 
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���������� ���K�X�P�D�Q�� �I�L�E�U�R�V�D�U�F�R�P�D�����F�H�O�O�V�� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J���� �6���%�������7�K�H�V�H�� �U�H�V�X�O�W�V�� �U�H�Y�H�D�O�H�G���W�K�D�W��



7 
 

�P�R�U�S�K�R�O�R�J�\�� �R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� �E�H�F�R�P�H�V�� �K�L�J�K�O�\�� �G�H�I�R�U�P�H�G�� �X�Q�G�H�U�� �7�*�)�E���� �V�W�L�P�X�O�D�W�L�R�Q���� �D�Q��

�R�E�V�H�U�Y�D�W�L�R�Q���V�L�P�L�O�D�U���W�R���Q�X�F�O�H�D�U���D�W�\�S�L�D���R�F�F�X�U�V���L�Q���P�D�O�L�J�Q�D�Q�W���W�L�V�V�X�H�V���� 

 

�1�X�F�O�H�D�U�� �H�Q�Y�H�O�R�S�H�� ���1�(���� �S�U�R�W�H�L�Q�V�� �G�L�I�I�H�U�� �L�Q�� �W�K�H�L�U�� �F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �W�R�� �7�*�)�E�����L�Q�G�X�F�H�G��

�Q�X�F�O�H�D�U���G�H�I�R�U�P�D�W�L�R�Q 

�7�K�H���Q�X�F�O�H�D�U���O�D�P�L�Q�D���S�U�R�Y�L�G�H�V���P�H�F�K�D�Q�L�F�D�O���V�X�S�S�R�U�W���W�R���W�K�H���Q�X�F�O�H�X�V���Y�L�D���L�Q�W�H�U�D�F�W�L�R�Q�V���Z�L�W�K���W�K�H��

�/�,�1�&�� ���O�L�Q�N�H�U�� �R�I�� �Q�X�F�O�H�R�V�N�H�O�H�W�R�Q�� �D�Q�G�� �F�\�W�R�V�N�H�O�H�W�R�Q���� �F�R�P�S�O�H�[�� �F�R�P�S�U�L�V�L�Q�J�� �6�8�1�� ���6�D�G���� �D�Q�G��

�8�1�&���������G�R�P�D�L�Q�� �S�U�R�W�H�L�Q�V�� �D�Q�G�� �S�U�R�W�H�L�Q�V�� �W�K�D�W�� �F�R�Q�W�D�L�Q�� �V�S�H�F�W�U�L�Q�� �U�H�S�H�D�W�V�� �>�������� �����@���� �7�K�X�V���� �Z�H��

�V�R�X�J�K�W���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���Q�X�F�O�H�D�U���O�D�P�L�Q�V���D�Q�G���R�U���L�Q�Q�H�U���Q�X�F�O�H�D�U���P�H�P�E�U�D�Q�H�����,�1�0�����S�U�R�W�H�L�Q�V��

�S�D�U�W�L�F�L�S�D�W�H�� �L�Q���7�*�)�E�����L�Q�G�X�F�H�G�� �Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q���� �.�Q�R�F�N�L�Q�J�� �G�R�Z�Q�� �O�D�P�L�Q�� �%���� �R�U�� �6�8�1����

�X�V�L�Q�J���V�L�5�1�$�V���P�R�G�H�V�W�O�\���U�H�G�X�F�H�G���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���P�H�V�H�Q�F�K�\�P�D�O���P�D�U�N�H�U�V���1���&�D�G�K�H�U�L�Q���D�Q�G��

�9�L�P�H�Q�W�L�Q���L�Q���F�H�O�O�V���V�W�L�P�X�O�D�W�H�G���E�\���7�*�)�E�����W�R���X�Q�G�H�U�J�R���(�0�7�����D�Q�G���W�K�H���Q�X�F�O�H�L���U�H�P�D�L�Q�H�G���R�Y�R�L�G��

�O�L�N�H���� �&�R�Q�Y�H�U�V�H�O�\���� �W�K�H���G�H�S�O�H�W�L�R�Q���R�I���O�D�P�L�Q���$���� �6�8�1������ �R�U���(�P�H�U�L�Q���K�D�G���Q�R���H�I�I�H�F�W���R�Q���9�L�P�H�Q�W�L�Q��

�H�[�S�U�H�V�V�L�R�Q�� �R�U�� �7�*�)�E�����H�O�L�F�L�W�H�G�� �D�E�H�U�U�D�Q�F�L�H�V�� �L�Q�� �Q�X�F�O�H�D�U�� �P�R�U�S�K�R�O�R�J�\�� ���)�L�J���� �������$���&������ �2�Q�� �W�K�H��

�R�W�K�H�U���K�D�Q�G�����N�Q�R�F�N�L�Q�J���G�R�Z�Q���O�D�P�L�Q���%�����R�U���6�8�1�����W�Z�R���G�D�\�V���D�I�W�H�U���7�*�)�E�����W�U�H�D�W�P�H�Q�W���D�E�R�O�L�V�K�H�G��

�W�K�H�� �L�Q�G�X�F�H�G�� �G�H�I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J���� �6������ �$���&�������7�K�H�V�H�� �U�H�V�X�O�W�V��

�L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H���P�H�F�K�D�Q�L�F�D�O���I�R�U�F�H�V���W�U�D�Q�V�P�L�W�W�L�Q�J���W�K�U�R�X�J�K���O�D�P�L�Q���%�����D�Q�G���6�8�1�����L�Q�G�H�S�H�Q�G�H�Q�W�O�\��

�F�R�Q�W�U�L�E�X�W�H�� �W�R���7�*�)�E�����L�Q�G�X�F�H�G�� �F�K�D�Q�J�H�V�� �L�Q�� �Q�X�F�O�H�D�U�� �V�K�D�S�H���� �U�H�J�D�U�G�O�H�V�V�� �R�I�� �W�K�H�� �R�F�F�X�U�U�H�Q�F�H�� �R�I��

�(�0�7���� 



8 
 

� � � � � ��7�K�H���L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���V�W�D�L�Q�L�Q�J���L�P�D�J�H�V���U�H�Y�H�D�O�H�G���W�K�D�W���D���S�R�U�W�L�R�Q���R�I���W�K�H���F�K�U�R�P�D�W�L�Q���L�Q��

�F�H�O�O�V���W�U�H�D�W�H�G���Z�L�W�K���7�*�)�E�����O�R�V�W���F�R�Y�H�U�D�J�H���R�I���E�R�W�K���$�����D�Q�G���%���W�\�S�H���O�D�P�L�Q�V�����L���H�����1�(���U�X�S�W�X�U�H�����)�L�J����

�������'���D�Q�G���(�����\�H�O�O�R�Z���V�W�D�U�V���L�Q���)�L�J�������(�������$���F�O�R�V�H�U���H�[�D�P�L�Q�D�W�L�R�Q���R�I���W�K�H���L�P�D�J�H�V���U�H�Y�H�D�O�H�G���W�K�D�W���S�D�U�W��

�R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� �Z�D�V�� �V�W�D�L�Q�H�G�� �Q�H�J�D�W�L�Y�H�� �I�R�U�� �O�D�P�L�Q�� �%�� �E�X�W�� �S�R�V�L�W�L�Y�H�� �I�R�U�� �O�D�P�L�Q�� �$���� �W�K�H��

�L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���V�L�J�Q�D�O���R�I���Z�K�L�F�K���Z�D�V���V�L�J�Q�L�I�L�F�D�Q�W�O�\���K�L�J�K�H�U���I�R�O�O�R�Z�L�Q�J���7�*�)�E�����W�U�H�D�W�P�H�Q�W��

���Z�K�L�W�H�� �D�U�U�R�Z�� �K�H�D�G�V�� �L�Q�� �)�L�J���� ���(������ �:�H�V�W�H�U�Q�� �E�O�R�W�� �D�Q�D�O�\�V�L�V�� �V�K�R�Z�H�G�� �W�K�D�W�� �7�*�)�E���� �S�U�R�Y�R�N�H�G�� �D��

�V�L�J�Q�L�I�L�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���O�D�P�L�Q���$���&�����E�X�W���Q�R�W���O�D�P�L�Q���%�����R�U���R�W�K�H�U���,�1�0���S�U�R�W�H�L�Q�V��

���H���J���� �6�8�1������ �6�8�1���� �D�Q�G�� �(�P�H�U�L�Q���� �6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J���� �6�������$�� �D�Q�G�� �%������ �,�Q�� �W�K�H�� �S�U�H�V�H�Q�F�H�� �R�I��

�7�*�)�E������ �6�8�1���� �D�Q�G�� �)�*�� �G�R�P�D�L�Q���F�R�Q�W�D�L�Q�L�Q�J�� �Q�X�F�O�H�D�U�� �S�R�U�H�� �F�R�P�S�O�H�[�� ���1�3�&���� �S�U�R�W�H�L�Q�V��

�R�Y�H�U�O�D�S�S�H�G���P�R�U�H���Z�L�W�K���O�D�P�L�Q���%���W�K�D�Q���O�D�P�L�Q���$�����6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�����6�������&���D�Q�G���'�������Z�K�H�U�H�D�V��

�(�P�H�U�L�Q���F�R���O�R�F�D�O�L�]�H�G���P�R�U�H���Z�L�W�K���O�D�P�L�Q���$�����6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�����6���(������ 

 

�'�L�I�I�H�U�H�Q�W�L�D�O�� �P�R�E�L�O�L�W�\�� �R�I�� �O�D�P�L�Q�� �$�� �D�Q�G�� �O�D�P�L�Q�� �%���� �G�X�U�L�Q�J�� �7�*�)�E�����L�Q�G�X�F�H�G�� �Q�X�F�O�H�D�U��

�G�H�I�R�U�P�D�W�L�R�Q 

�:�H���V�X�E�V�H�T�X�H�Q�W�O�\���I�R�O�O�R�Z�H�G���W�K�H���O�R�F�D�O�L�]�D�W�L�R�Q���R�I���O�D�P�L�Q���$���L�Q���U�H�D�O���W�L�P�H�����/�D�P�L�Q���$�����Z�K�L�F�K���Z�D�V��

�L�Q�L�W�L�D�O�O�\���G�L�V�W�U�L�E�X�W�H�G���K�R�P�R�J�H�Q�R�X�V�O�\���Z�L�W�K�L�Q���W�K�H���Q�X�F�O�H�X�V�����E�H�F�D�P�H���S�D�U�W�L�D�O�O�\���G�L�V�D�V�V�H�P�E�O�H�G���D�Q�G��

�O�H�D�N�H�G���L�Q�W�R���W�K�H���F�\�W�R�S�O�D�V�P�����)�L�J�������$�����F�R�P�S�D�U�H���W�L�P�H�V�����¶���D�Q�G�������¶�����6�X�S�S�O�H�P�H�Q�W�D�U�\���P�R�Y�L�H���6��������

�:�L�W�K�L�Q���������P�L�Q�X�W�H�V���D�I�W�H�U���W�K�H���U�X�S�W�X�U�H�����O�D�P�L�Q���$���F�O�X�V�W�H�U�V���D�S�S�H�D�U�H�G���D�W���W�K�H���M�X�Q�F�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H��

�Q�X�F�O�H�X�V���D�Q�G���F�\�W�R�S�O�D�V�P�����D�Q�G���W�K�H�Q���U�H�G�L�V�W�U�L�E�X�W�H�G���K�R�P�R�J�H�Q�H�R�X�V�O�\���W�K�U�R�X�J�K�R�X�W���W�K�H���Q�X�F�O�H�X�V�����)�L�J����
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���$�����F�R�P�S�D�U�H���W�L�P�H�V���������¶���D�Q�G���������¶�������'�X�U�L�Q�J���W�K�L�V���S�U�R�F�H�V�V�����W�K�H���Q�X�F�O�H�X�V���L�Q���H�D�F�K���F�H�O�O���H�[�S�D�Q�G�H�G��

�D�Q�G�� �U�H�J�U�H�V�V�H�G�� �L�Q�� �V�L�]�H�� �P�X�O�W�L�S�O�H�� �W�L�P�H�V�� ���)�L�J���� ���%�� �D�Q�G�� �6�X�S�S�O�H�P�H�Q�W�D�U�\�� �P�R�Y�L�H�� �6���������/�L�Y�H���F�H�O�O��

�L�P�D�J�L�Q�J���D�O�V�R���U�H�Y�H�D�O�H�G���W�K�D�W���W�K�H���F�K�U�R�P�D�W�L�Q���U�H�J�L�R�Q���F�R�Y�H�U�H�G���Z�L�W�K���O�D�P�L�Q���$���D�Q�G���G�H�Y�R�L�G���R�I���O�D�P�L�Q��

�%�����Z�D�V���P�R�U�H���P�R�E�L�O�H���W�K�D�Q���W�K�H���F�K�U�R�P�D�W�L�Q���U�H�J�L�R�Q���F�R�Y�H�U�H�G���Z�L�W�K���E�R�W�K���O�D�P�L�Q���$���D�Q�G���O�D�P�L�Q���%����

���)�L�J�������&���D�Q�G���6�X�S�S�O�H�P�H�Q�W�D�U�\���P�R�Y�L�H���6�������� 

�8�V�L�Q�J�� �D�� �Q�X�F�O�H�D�U���O�R�F�D�O�L�]�L�Q�J�� �J�U�H�H�Q�� �I�O�X�R�U�H�V�F�H�Q�W�� �S�U�R�W�H�L�Q�� ���L���H���� �*�)�3���1�/�6���� �W�R�� �W�U�D�F�N�� �W�K�H��

�O�R�F�D�O�L�]�D�W�L�R�Q�� �R�I�� �Q�X�F�O�H�D�U���U�H�V�L�G�L�Q�J�� �S�U�R�W�H�L�Q�V�� �G�X�U�L�Q�J�� �7�*�)�E�����L�Q�G�X�F�H�G�� �Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q���� �L�W��

�Z�D�V�� �I�R�X�Q�G�� �W�K�D�W���*�)�3���1�/�6�� �O�H�D�N�H�G�� �L�Q�W�R�� �W�K�H�� �F�\�W�R�S�O�D�V�P�� �D�W�� �W�K�H�� �W�L�P�H�� �R�I�� �O�D�P�L�Q���$�� �G�L�V�D�V�V�H�P�E�O�\��

���)�L�J���� ���'�� �D�Q�G�� �6�X�S�S�O�H�P�H�Q�W�D�U�\�� �P�R�Y�L�H�� �6���������$�V�� �W�K�H�� �F�O�X�V�W�H�U�H�G�� �O�D�P�L�Q���$�� �U�H���L�Q�W�H�J�U�D�W�H�G�� �L�Q�W�R�� �W�K�H��

�Q�X�F�O�H�X�V�����*�)�3���1�/�6���Z�D�V���J�U�D�G�X�D�O�O�\���L�P�S�R�U�W�H�G���I�U�R�P���W�K�H���F�\�W�R�S�O�D�V�P���L�Q�W�R���W�K�H���Q�X�F�O�H�X�V�����)�L�J�����������'��

�D�Q�G�� �(������ �:�H�� �I�X�U�W�K�H�U�� �F�U�H�D�W�H�G���D���/�0�1�$���N�Q�R�F�N�R�X�W�� �F�H�O�O�� �O�L�Q�H�� ���L���H������ �/�0�1�$�B�.�2���� �X�V�L�Q�J�� �W�K�H��

�&�5�,�6�3�5���&�D�V���� �P�H�W�K�R�G�� �W�R�� �Y�H�U�L�I�\�� �W�K�H�� �U�R�O�H�� �R�I�� �O�D�P�L�Q���$�� �L�Q�� �W�K�H�� �Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q�� �S�U�R�F�H�V�V��

���6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�����6���)�������6�L�P�L�O�D�U���W�R���W�K�H���U�H�V�X�O�W�V���R�E�W�D�L�Q�H�G���X�V�L�Q�J���5�1�$�L�����)�L�J�������%�������W�K�H���Q�X�F�O�H�D�U��

�P�R�U�S�K�R�O�R�J�\�� �R�I�� �/�0�1�$�B�.�2�� �F�H�O�O�V�� �G�H�I�R�U�P�H�G�� �D�I�W�H�U���7�*�)�E���� �W�U�H�D�W�P�H�Q�W�� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J����

�6���*�������K�R�Z�H�Y�H�U�����Q�X�F�O�H�D�U���O�R�F�D�O�L�]�L�Q�J���*�)�3���G�L�G���Q�R�W���V�K�X�W�W�O�H���E�D�F�N���W�R���W�K�H���Q�X�F�O�H�X�V���R�Q�F�H���O�H�D�N�H�G���L�Q�W�R��

�W�K�H�� �F�\�W�R�S�O�D�V�P�� ���)�L�J���� ������ �)�� �D�Q�G�� �*���� �6�X�S�S�O�H�P�H�Q�W�D�U�\�� �P�R�Y�H�� �6�������� �L�Q�G�L�F�D�W�L�Q�J�� �W�K�D�W�� �O�D�P�L�Q�� �$�� �L�V��

�G�L�V�S�H�Q�V�D�E�O�H�� �W�R�� �W�K�H�� �U�X�S�W�X�U�H���� �E�X�W�� �F�U�X�F�L�D�O�� �W�R�� �W�K�H�� �L�Q�W�H�J�U�L�W�\�� �R�I�� �W�K�H�� �1�(�� �G�X�U�L�Q�J�� �U�H�I�R�U�P�D�W�L�R�Q����

�,�Q�W�H�U�P�L�W�W�H�Q�W���� �Q�R�Q���O�H�W�K�D�O�� �U�X�S�W�X�U�H�V�� �R�I�� �W�K�H�� �Q�X�F�O�H�D�U�� �H�Q�Y�H�O�R�S�H�� �K�D�Y�H�� �E�H�H�Q�� �R�E�V�H�U�Y�H�G�� �L�Q�� �G�H�U�P�D�O��
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�I�L�E�U�R�E�O�D�V�W�V���G�H�U�L�Y�H�G���I�U�R�P���S�D�W�L�H�Q�W�V���R�I���O�D�P�L�Q�R�S�D�W�K�L�H�V���D�Q�G���L�Q���/�P�Q�D���N�Q�R�F�N�R�X�W���P�R�X�V�H���H�P�E�U�\�R�Q�L�F��

�I�L�E�U�R�E�O�D�V�W�V�� �>�����@���� �7�K�H���7�*�)�E�����L�Q�G�X�F�H�G�� �U�X�S�W�X�U�H�� �D�Q�G�� �G�H�I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H���1�(�� �R�E�V�H�U�Y�H�G�� �K�H�U�H��

�V�K�R�X�O�G���E�H���G�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���1�(���U�X�S�W�X�U�H���H�Y�H�Q�W�V���L�Q���/�P�Q�D���G�H�I�L�F�L�H�Q�W���F�H�O�O�V���G�X�H���W�R���W�K�H���L�Q�W�D�F�W�Q�H�V�V��

�R�I���W�K�H���Q�X�F�O�H�D�U���O�D�P�L�Q�D���S�U�L�R�U���W�R���7�*�)�E�����V�W�L�P�X�O�D�W�L�R�Q���� 

�'�H�Q�D�L�V���H�W���D�O�����D�Q�G���5�D�D�E���H�W���D�O�����U�H�S�R�U�W�H�G���W�K�D�W���'�1�$���G�R�X�E�O�H���V�W�U�D�Q�G���E�U�H�D�N�V���F�R�L�Q�F�L�G�H���Z�L�W�K��

�1�(�� �R�S�H�Q�L�Q�J���H�Y�H�Q�W�V�����7�K�H�\�� �R�E�V�H�U�Y�H�G���W�K�D�W���V�P�D�O�O���S�L�H�F�H�V���R�I���W�K�H���Q�X�F�O�H�D�U���P�D�W�H�U�L�D�O���S�L�Q�F�K�H�G���R�I�I��

�I�U�R�P���W�K�H���S�U�L�P�D�U�\���Q�X�F�O�H�X�V���D�V���F�H�O�O�V��passed through narrow constrictions,���Z�K�L�F�K���L�Q�F�U�H�D�V�H�G���W�K�H��

�Q�X�P�E�H�U�� �R�I�� �Q�X�F�O�H�D�U�� �I�U�D�J�P�H�Q�W�V�� �S�R�V�L�W�L�Y�H�� �I�R�U���J�+���$�;�� �>�������� �����@�����+�R�Z�H�Y�H�U�����J�+���$�;��

�L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H�� �V�W�D�L�Q�L�Q�J�� �L�Q�� �W�K�L�V�� �V�W�X�G�\�� �G�L�G�� �Q�R�W�� �U�H�Y�H�D�O�� �H�Y�L�G�H�Q�F�H�� �R�I�� �H�O�H�Y�D�W�H�G�� �'�1�$��

�G�D�P�D�J�H�� �U�H�V�S�R�Q�V�H�� �L�Q�� �F�H�O�O�V�� �W�U�H�D�W�H�G�� �Z�L�W�K�� �7�*�)�E���� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J���� �6�������� �7�K�H�V�H�� �U�H�V�X�O�W�V��

�V�X�J�J�H�V�W���W�K�D�W���7�*�)�E�����L�Q�G�X�F�H�G���1�(���U�X�S�W�X�U�H���L�V���Q�R�W���D�F�F�R�P�S�D�Q�L�H�G���Z�L�W�K���E�U�H�D�N�V���L�Q���'�1�$�� 

 

�8�S�U�H�J�X�O�D�W�L�R�Q���R�I���K�L�V�W�R�Q�H���+���������G�R�Z�Q�V�W�U�H�D�P���R�I���6�0�$�'���V�L�J�Q�D�O�L�Q�J���L�V���U�H�T�X�L�U�H�G���I�R�U���7�*�)�E����

�L�Q�G�X�F�H�G���Q�X�F�O�H�D�U���G�H�I�R�U�P�D�W�L�R�Q 

�:�H�� �V�R�X�J�K�W�� �W�R�� �G�H�W�H�U�P�L�Q�H�� �Z�K�H�W�K�H�U�� �S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q�� �R�I�� �W�K�H�� �U�H�F�H�S�W�R�U���D�F�W�L�Y�D�W�H�G�� ���5�����6�0�$�'��

�I�D�P�L�O�\�� �L�V�� �U�H�T�X�L�U�H�G�� �I�R�U�� �7�*�)�E�����L�Q�G�X�F�H�G�� �Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q���� �:�H�� �I�R�X�Q�G�� �W�K�D�W�� �V�K�D�S�H�� �R�I�� �W�K�H��

�Q�X�F�O�H�X�V���U�H�P�D�L�Q�H�G���R�Y�R�L�G���L�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���6�%�������������������D���V�H�O�H�F�W�L�Y�H���L�Q�K�L�E�L�W�R�U���R�I���7�*�)�����5�,��

�E�O�R�F�N�L�Q�J���S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q���R�I���W�K�H���6�0�$�'���F�R�P�S�O�H�[�����5�H�P�R�Y�D�O���R�I���7�*�)�E�����D�W���������K�R�X�U�V���D�I�W�H�U���W�K�H��

�D�G�G�L�W�L�R�Q���R�I���7�*�)�E�����K�D�G���Q�R���H�I�I�H�F�W���R�Q���W�K�H���W�H�Q�G�H�Q�F�\���W�R�Z�D�U�G���Q�X�F�O�H�D�U���G�H�I�R�U�P�D�W�L�R�Q�����)�L�J�����������$��
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�&������ �.�Q�R�F�N�L�Q�J�� �G�R�Z�Q�� �6�0�$�'���� �R�U�� �6�0�$�'���� �X�V�L�Q�J�� �V�L�5�1�$�V�� �U�H�G�X�F�H�G�� �W�K�H�� �H�[�W�H�Q�W�� �R�I�� �Q�X�F�O�H�D�U��

�P�R�U�S�K�R�O�R�J�\�� �D�O�W�H�U�D�W�L�R�Q�� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J���� �6�������$���&������ �Z�K�H�U�H�D�V�� �R�Y�H�U�H�[�S�U�H�V�V�L�Q�J�� �6�0�$�'����

���W�D�J�J�H�G�� �Z�L�W�K�� �+�$���� �Z�D�V�� �V�X�I�I�L�F�L�H�Q�W���W�R�� �W�U�L�J�J�H�U�� �G�H�I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� �L�Q�� �W�K�H�� �D�E�V�H�Q�F�H�� �R�I��

�7�*�)�E���� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J���� �6���'���� �G�H�Q�R�W�H�G���E�\�� �Z�K�L�W�H���D�U�U�R�Z�� �K�H�D�G�������7�K�H�V�H�� �U�H�V�X�O�W�V�� �L�Q�G�L�F�D�W�H��

�W�K�D�W�� �6�0�$�'���G�R�Z�Q�V�W�U�H�D�P�� �V�L�J�Q�D�O�L�Q�J�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �7�*�)�E�����H�O�L�F�L�W�H�G�� �Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q����

�U�H�P�R�Y�D�O�� �R�I�� �H�[�W�U�D�F�H�O�O�X�O�D�U�� �7�*�)�E���� �I�D�L�O�H�G�� �W�R�� �U�H�V�W�R�U�H�� �W�K�H�� �Q�X�F�O�H�D�U�� �V�K�D�S�H�� �R�Q�F�H�� �W�K�H�� �S�U�R�F�H�V�V�� �L�V��

�L�Q�L�W�L�D�W�H�G���� 

� � � � � ��7�K�H���U�L�J�L�G�L�W�\���R�I���F�K�U�R�P�D�W�L�Q���L�V���F�O�R�V�H�O�\���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H���H�S�L�J�H�Q�H�W�L�F���V�W�D�W�X�V���R�I���W�K�H���K�L�V�W�R�Q�H��

�W�D�L�O�V�� �>�������� �����@���� �7�K�X�V���� �Z�H�� �D�G�R�S�W�H�G�� �D�� �S�U�R�W�H�R�P�L�F�� �V�W�U�D�W�H�J�\�� �W�R�� �L�G�H�Q�W�L�I�\�� �Q�R�Y�H�O�� �H�S�L�J�H�Q�H�W�L�F��

�P�R�G�L�I�L�F�D�W�L�R�Q�V���R�I���K�L�V�W�R�Q�H���+�����X�Q�G�H�U���7�*�)�E�����W�U�H�D�W�P�H�Q�W�����)�L�J�������'�������1�R���V�L�J�Q�L�I�L�F�D�Q�W���G�L�I�I�H�U�H�Q�W�L�D�O��

�H�S�L�J�H�Q�H�W�L�F���P�R�G�L�I�L�F�D�W�L�R�Q���Z�D�V���G�H�W�H�F�W�H�G�����6�X�S�S�O�H�P�H�Q�W�D�U�\���7�D�E�O�H���6���������5�D�W�K�H�U�����R�X�U���/�&���0�6���0�6��

�U�H�V�X�O�W�V�� �U�H�Y�H�D�O�H�G�� �W�K�D�W�� �W�K�H�� �S�U�R�W�H�L�Q�� �O�H�Y�H�O�� �R�I�� �K�L�V�W�R�Q�H�� �+�������� �L�Q�F�U�H�D�V�H�G�� �E�\�� �U�R�X�J�K�O�\�� ���������I�R�O�G��

�I�R�O�O�R�Z�L�Q�J�� �W�K�H�� �W�U�H�D�W�P�H�Q�W�� �Z�L�W�K�� �7�*�)�E���� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �7�D�E�O�H�� �6�������� �7�K�L�V�� �R�E�V�H�U�Y�D�W�L�R�Q�� �Z�D�V��

�Y�H�U�L�I�L�H�G���E�\���:�H�V�W�H�U�Q���E�O�R�W���D�Q�D�O�\�V�L�V���D�Q�G���T�5�7���3�&�5���R�I���+�������$�����L���H�������W�K�H���+���������J�H�Q�H�����)�L�J�����������(���D�Q�G��

�)�������.�Q�R�F�N�L�Q�J���G�R�Z�Q���+�������$���X�V�L�Q�J���V�L�5�1�$�V���D�E�R�O�L�V�K�H�G���E�R�W�K���7�*�)�E�����L�Q�G�X�F�H�G���(�0�7���D�Q�G���Q�X�F�O�H�D�U��

�G�H�I�R�U�P�D�W�L�R�Q�� ���)�L�J���� ������ �)���+������ �)�X�U�W�K�H�U�P�R�U�H���� �G�H�S�O�H�W�L�Q�J�� �6�0�$�'���� �R�U�� �6�0�$�'���� �U�H�G�X�F�H�G�� �W�K�H��

�W�U�D�Q�V�F�U�L�S�W�L�R�Q���R�I���+�������$�����)�L�J�������(�������7�K�H�V�H���I�L�Q�G�L�Q�J�V���L�Q�G�L�F�D�W�H���W�K�D�W���W�K�H���G�H�I�R�U�P�D�W�L�R�Q���R�I���Q�X�F�O�H�D�U��

�P�R�U�S�K�R�O�R�J�\���L�Q�G�X�F�H�G���E�\���7�*�)�E�����L�V���D���6�0�$�'���G�R�Z�Q�V�W�U�H�D�P���H�Y�H�Q�W���I�R�O�O�R�Z�L�Q�J���W�K�H���X�S�U�H�J�X�O�D�W�L�R�Q��
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�R�I���+�������� 

 

�(�Q�U�L�F�K�P�H�Q�W���R�I���K�L�V�W�R�Q�H���+�����D�Q�G���+���.�����P�H�����D�W���F�K�U�R�P�D�W�L�Q���U�H�J�L�R�Q�V���W�K�D�W���O�R�V�W���1�(���F�R�Y�H�U�D�J�H� � � � � � 

�:�H���Q�H�[�W���V�R�X�J�K�W���W�R���L�G�H�Q�W�L�I�\���W�K�H���H�S�L�J�H�Q�H�W�L�F���P�R�G�L�I�L�F�D�W�L�R�Q���V�����R�I���K�L�V�W�R�Q�H�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���1�(��

�U�X�S�W�X�U�H�����8�V�L�Q�J���D�Q�W�L�E�R�G�L�H�V���W�K�D�W���U�H�F�R�J�Q�L�]�H���V�S�H�F�L�I�L�F���H�S�L�J�H�Q�H�W�L�F���P�R�G�L�I�L�F�D�W�L�R�Q�V���R�I���K�L�V�W�R�Q�H�V�����Z�H��

�G�L�V�F�R�Y�H�U�H�G�� �W�K�D�W�� �W�K�H�� �L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H�� �V�L�J�Q�D�O�V�� �R�I�� �+���.�����P�H���� �D�Q�G�� �+���� �Z�H�U�H�� �Z�H�O�O��

�F�R�U�U�H�O�D�W�H�G���� �D�Q�G�� �H�Q�K�D�Q�F�H�G�� �L�Q�� �F�K�U�R�P�D�W�L�Q�� �U�H�J�L�R�Q�V�� �W�K�D�W�� �K�D�G�� �O�R�V�W�� �O�D�P�L�Q�� �%�� �X�S�R�Q�� �7�*�)�E����

�V�W�L�P�X�O�D�W�L�R�Q�����)�L�J�������$���D�Q�G���6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�����6���$�������,�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���V�W�D�L�Q�L�Q�J���U�H�Y�H�D�O�H�G��

�W�K�D�W�� �W�K�H�� �L�Q�W�H�Q�V�L�W�\�� �R�I�� �+���.�����P�H���� �Z�D�V�� �V�W�U�R�Q�J�O�\�� �F�R�U�U�H�O�D�W�H�G�� �Z�L�W�K�� �+�������� �O�R�F�D�O�L�]�D�W�L�R�Q���L�Q�� �F�H�O�O�V��

�V�X�E�M�H�F�W�H�G���W�R���7�*�)�E�����W�U�H�D�W�P�H�Q�W�����)�L�J�������%�������7�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���+���.�����P�H�����Z�D�V���V�K�R�Z�Q���Q�R�W���W�R��

�R�Y�H�U�O�D�S���Z�L�W�K���+���.���P�H�������E�R�W�K���R�I���Z�K�L�F�K���D�U�H���P�D�U�N�H�U�V���I�R�U���K�H�W�H�U�R�F�K�U�R�P�D�W�L�Q�����)�L�J�������&�����>���@�����,�Q��

�W�U�D�Q�V�P�L�V�V�L�R�Q�� �H�O�H�F�W�U�R�Q�� �P�L�F�U�R�V�F�R�S�L�F�� ���7�(�0���� �L�P�D�J�H�V���� �K�H�W�H�U�R�F�K�U�R�P�D�W�L�Q�� �J�H�Q�H�U�D�O�O�\�� �D�S�S�H�D�U�V�� �D�V��

�V�P�D�O�O�����G�D�U�N�O�\���V�W�D�L�Q�H�G�����L�U�U�H�J�X�O�D�U���S�D�U�W�L�F�O�H�V���V�F�D�W�W�H�U�H�G���W�K�U�R�X�J�K�R�X�W���W�K�H���Q�X�F�O�H�X�V���R�U���D�F�F�X�P�X�O�D�W�H�G��

�D�G�M�D�F�H�Q�W�� �W�R�� �W�K�H�� �1�(���� �:�H�� �X�V�H�G�� �L�P�P�X�Q�R�J�R�O�G�� �O�D�E�H�O�L�Q�J�� �W�R�� �F�K�D�U�D�F�W�H�U�L�]�H�� �W�K�H�� �X�O�W�U�D�V�W�U�X�F�W�X�U�D�O��

�R�U�J�D�Q�L�]�D�W�L�R�Q�� �R�I�� �V�X�E�F�H�O�O�X�O�D�U�� �I�H�D�W�X�U�H�V�� �R�I�� �W�K�H�� �F�K�U�R�P�D�W�L�Q�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K�� �+���.�����P�H����

�H�Q�U�L�F�K�P�H�Q�W���D�W�� �Q�D�Q�R�V�F�D�O�H���� �7�K�H�� �F�K�U�R�P�D�W�L�Q�� �U�H�J�L�R�Q�V�� �O�D�E�H�O�H�G�� �Z�L�W�K�� �+���� ���L�Q�G�L�F�D�W�H�G�� �E�\�� �W�K�H�� �U�H�G��

�D�U�U�R�Z�� �K�H�D�G���� �D�Q�G�� �+���.�����P�H���� ���L�Q�G�L�F�D�W�H�G�� �E�\�� �W�K�H�� �E�O�X�H�� �V�W�D�U���� �D�S�S�H�D�U�H�G�� �O�H�V�V�� �G�D�U�N�� �L�Q���7�*�)�E����

�W�U�H�D�W�H�G���F�H�O�O�V���W�K�D�Q���L�Q���X�Q�W�U�H�D�W�H�G���F�H�O�O�V�����Z�K�L�F�K���L�V���L�Q�G�L�F�D�W�L�Y�H���R�I���O�R�Z�H�U���F�K�U�R�P�D�W�L�Q���S�D�F�N�L�Q�J���G�H�Q�V�L�W�\��
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���)�L�J�������'������ 

�7�K�H���P�R�Q�R�F�O�R�Q�D�O���K�L�V�W�R�Q�H���+�����D�Q�W�L�E�R�G�\���L�Q���)�L�J�X�U�H�����$���U�H�F�R�J�Q�L�]�H�G���W�K�H���K�L�V�W�R�Q�H���+�����Y�D�U�L�D�Q�W�V��

�+���������D�Q�G���+�����������:�K�H�Q���X�V�L�Q�J���5�1�$�L�����L�W���Z�D�V���I�R�X�Q�G���W�K�D�W���W�K�H���G�H�S�O�H�W�L�R�Q���R�I���H�L�W�K�H�U���+���������R�U���+��������

�D�P�H�O�L�R�U�D�W�H�G���7�*�)�E�����L�Q�G�X�F�H�G���Q�X�F�O�H�D�U���G�H�I�R�U�P�D�W�L�R�Q�����D�Q�G���W�K�H���1�(���U�H�P�D�L�Q�H�G���L�Q�W�D�F�W�����)�L�J���������� �(��

�D�Q�G���)�������7�K�H���Q�X�F�O�H�X�V���R�I���F�H�O�O�V���G�H�S�O�H�W�H�G���I�R�U���+���������R�U���+���������G�L�G���Q�R�W���S�U�H�V�H�Q�W���D�Q���R�Y�R�L�G���P�R�U�S�K�R�O�R�J�\����

�K�R�Z�H�Y�H�U�����W�K�H���G�H�J�U�H�H���R�I���G�H�I�R�U�P�D�W�L�R�Q���Z�D�V���O�H�V�V�H�Q�H�G�����D�V���H�Y�L�G�H�Q�F�H�G���E�\���W�K�H���$�5���U�D�W�L�R�V�����)�L�J�����������)��

�D�Q�G�� �*������ �%�\�� �F�R�Q�W�U�D�V�W���� �W�K�H�� �7�*�)�E�����L�Q�G�X�F�H�G�� �Q�X�F�O�H�D�U�� �P�R�U�S�K�R�O�R�J�\�� �Z�D�V�� �X�Q�D�I�I�H�F�W�H�G�� �E�\�� �W�K�H��

�G�H�S�O�H�W�L�R�Q���R�I���+�������� �R�U���+�������� ���6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J�����6������ �%���D�Q�G���&�������7�K�H�V�H���U�H�V�X�O�W�V���V�X�J�J�H�V�W���W�K�D�W��

�L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�I���V�S�H�F�L�I�L�F���Y�D�U�L�D�Q�W�V���R�I���O�L�Q�N�H�U���K�L�V�W�R�Q�H���+�����R�F�F�X�U���S�U�L�R�U���W�R���W�K�H���1�(���U�X�S�W�X�U�H���� �� 

 

�/�D�P�L�Q���$���F�R�Q�W�U�L�E�X�W�H�V���W�R���7�*�)�E�����L�Q�G�X�F�H�G���F�O�X�V�W�H�U�L�Q�J���R�I���K�L�V�W�R�Q�H���+�����D�Q�G���+���.�����P�H�� 

�7�K�H�U�H�� �K�D�Y�H�� �E�H�H�Q�� �U�H�S�R�U�W�V�� �R�I�� �O�D�P�L�Q�� �$���&�� �L�Q�W�H�U�D�F�W�L�Q�J�� �Z�L�W�K�� �W�K�H�� �3�R�O�\�F�R�P�E�� �J�U�R�X�S�� ���3�F�*���� �R�I��

�S�U�R�W�H�L�Q�V���� �V�X�F�K�� �D�V�� �(�=�+������ �I�R�U�� �W�K�H�L�U�� �Q�X�F�O�H�D�U�� �F�R�P�S�D�U�W�P�H�Q�W�D�O�L�]�D�W�L�R�Q�� �D�Q�G�� �W�U�D�Q�V�F�U�L�S�W�L�R�Q�D�O��

�U�H�J�X�O�D�W�L�R�Q���>�������������@�����7�K�H�U�H�I�R�U�H�����Z�H���V�R�X�J�K�W���W�R���G�H�W�H�U�P�L�Q�H���Z�K�H�W�K�H�U���O�D�P�L�Q���$���L�V���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H��

�O�R�F�D�O�L�]�D�W�L�R�Q���R�I���+���.�����P�H�����L�Q���+�X�K�����F�H�O�O�V���V�W�L�P�X�O�D�W�H�G���X�V�L�Q�J���7�*�)�E�������,�Q���/�0�1�$�B�.�2���+�X�K����

�F�H�O�O�V���� �Z�H�� �G�L�G�� �Q�R�W�� �R�E�V�H�U�Y�H�� �V�L�J�Q�L�I�L�F�D�Q�W�� �F�O�X�V�W�H�U�L�Q�J�� �R�I�� �+���.�����P�H���� �R�U�� �K�L�V�W�R�Q�H�� �+���� �L�Q�� �W�K�H��

�F�K�U�R�P�D�W�L�Q���U�H�J�L�R�Q�V���R�I���7�*�)�E�����L�Q�G�X�F�H�G���G�H�I�R�U�P�H�G���Q�X�F�O�H�L���W�K�D�W���O�R�V�W���O�D�P�L�Q���%���F�R�Y�H�U�D�J�H�����)�L�J�������$������

�7�R�� �G�H�W�H�U�P�L�Q�H�� �Z�K�H�W�K�H�U���/�0�1�$�� �G�H�S�O�H�W�L�R�Q�� �D�O�W�H�U�V�� �W�K�H�� �D�V�V�R�F�L�D�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �+���.�����P�H���� �D�Q�G��
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�K�L�V�W�R�Q�H�� �+������ �Z�H�� �X�V�H�G�� �D�� �S�U�R�[�L�P�L�W�\�� �O�L�J�D�W�L�R�Q�� �D�V�V�D�\�� ���3�/�$������ �Z�K�L�F�K�� �S�H�U�P�L�W�V�� �W�K�H�� �G�H�W�H�F�W�L�R�Q�� �R�I��

�W�U�D�Q�V�L�H�Q�W���L�Q�W�H�U�D�F�W�L�R�Q�V���R�F�F�X�U�U�L�Q�J���E�H�W�Z�H�H�Q���W�Z�R���S�U�R�[�L�P�D�O���S�U�R�W�H�L�Q�V���V�H�S�D�U�D�W�H�G���E�\�����������Q�P�����)�L�J����

�������%���D�Q�G���&�����>�����@�����2�X�U���U�H�V�X�O�W�V���U�H�Y�H�D�O�H�G���W�K�D�W���+���.�����P�H�����Z�D�V���L�Q���F�O�R�V�H���S�U�R�[�L�P�L�W�\���Z�L�W�K���K�L�V�W�R�Q�H��

�+�����L�Q���7�*�)�E�������D�V���Z�H�O�O���D�V���P�R�F�N���W�U�H�D�W�H�G���F�H�O�O�V�����D�Q�G���W�K�H���L�Q�F�L�G�H�Q�F�H���R�I���W�K�H���D�V�V�R�F�L�D�W�L�R�Q�V���L�Q�F�U�H�D�V�H�G��

�E�\�� �U�R�X�J�K�O�\�� ���������I�R�O�G���I�R�O�O�R�Z�L�Q�J���7�*�)�E���� �W�U�H�D�W�P�H�Q�W�����3������ ���������������� �,�Q���W�K�H���S�U�H�V�H�Q�F�H���R�I���7�*�)�E������

�W�K�H�U�H���Z�D�V���Q�R���G�L�I�I�H�U�H�Q�F�H���L�Q���W�K�H���Q�X�P�E�H�U���R�I���3�/�$���G�R�W�V���L�Q���/�0�1�$�B�.�2���F�H�O�O�V���D�Q�G���/�0�1�$�B�:�7��

�F�H�O�O�V�����3��� ���������������������K�R�Z�H�Y�H�U�����W�K�H���D�Y�H�U�D�J�H���L�Q�W�H�J�U�D�W�H�G���L�Q�W�H�Q�V�L�W�\���R�I���H�D�F�K���G�R�W���Z�L�W�K�L�Q���D���F�H�O�O���Z�D�V��

�V�L�J�Q�L�I�L�F�D�Q�W���O�R�Z�H�U�����3���������������������L�Q���/�0�1�$�B�.�2���W�K�D�Q���L�Q���/�0�1�$�B�:�7���F�H�O�O�V�����)�L�J�����������'���D�Q�G���(������

�7�R�J�H�W�K�H�U�� �Z�L�W�K�� �W�K�H�� �R�E�V�H�U�Y�D�W�L�R�Q�� �L�Q�� �L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H�� �V�W�D�L�Q�L�Q�J�� �D�Q�G�� �L�P�P�X�Q�R�J�R�O�G���7�(�0��

�L�P�D�J�H�V�����)�L�J�����������$���D�Q�G���'�������W�K�H�V�H���U�H�V�X�O�W�V���V�X�J�J�H�V�W���W�K�D�W���O�D�P�L�Q���$���L�V���Q�R�W���H�V�V�H�Q�W�L�D�O���W�R���W�K�H���D�V�V�R�F�L�D�W�L�R�Q��

�E�H�W�Z�H�H�Q�� �+���.�����P�H���� �D�Q�G�� �K�L�V�W�R�Q�H�� �+������ �E�X�W�� �U�D�W�K�H�U�� �F�R�Q�W�U�L�E�X�W�H�V�� �W�R�� �W�K�H�� �I�R�U�P�D�W�L�R�Q�� �R�I�� �D�� �V�X�S�U�D��

�Q�X�F�O�H�R�V�R�P�D�O���V�W�U�X�F�W�X�U�H���H�Q�U�L�F�K���Z�L�W�K���+���.�����P�H�����D�Q�G���K�L�V�W�R�Q�H���+�����X�S�R�Q���7�*�)�E�����V�W�L�P�X�O�D�W�L�R�Q��� � � � 
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�'�L�V�F�X�V�V�L�R�Q 

�$�E�Q�R�U�P�D�O�L�W�L�H�V���L�Q���Q�X�F�O�H�D�U���P�R�U�S�K�R�O�R�J�\���D�U�H���K�D�O�O�P�D�U�N�V���R�I���P�D�Q�\���G�L�V�H�D�V�H�V�����L�Q�F�O�X�G�L�Q�J���S�U�R�J�H�U�L�D��

�D�Q�G���F�D�Q�F�H�U���>�����@�����,�Q���W�K�H���F�X�U�U�H�Q�W���V�W�X�G�\�����Z�H���G�L�V�F�R�Y�H�U�H�G���W�K�D�W���W�K�H���P�X�O�W�L�I�X�Q�F�W�L�R�Q�D�O���J�U�R�Z�W�K���I�D�F�W�R�U��

�7�*�)�E�����D�O�W�H�U�V���W�K�H���Q�X�F�O�H�D�U���V�K�D�S�H���D�Q�G���L�Q�G�X�F�H�V���1�(���U�X�S�W�X�U�H���L�Q���D���V�S�H�F�L�I�L�F���F�H�O�O���O�L�Q�H���V�X�E�V�H�W�����7�K�L�V��

�F�H�O�O�X�O�D�U�� �S�K�H�Q�R�W�\�S�H�� �L�V�� �D�� �G�R�Z�Q�V�W�U�H�D�P�� �V�L�J�Q�D�O�L�Q�J�� �R�I�� �6�0�$�'�������� �S�K�R�V�S�K�R�U�\�O�D�W�L�R�Q���� �Z�K�L�F�K��

�U�H�T�X�L�U�H�V���W�K�H���X�S�U�H�J�X�O�D�W�L�R�Q���R�I���K�L�V�W�R�Q�H���+���������D�Q�G���W�K�H���P�H�F�K�D�Q�L�F�D�O���I�R�U�F�H���O�L�Q�N���W�R���Q�X�F�O�H�D�U���O�D�P�L�Q��

�%�����D�Q�G���6�8�1�������:�H���R�E�V�H�U�Y�H�G���D���V�W�U�R�Q�J���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���K�L�V�W�R�Q�H�V���+����

�D�Q�G���W�K�H���+���.�����P�H���� �H�S�L�J�H�Q�H�W�L�F���P�D�U�N���L�Q���U�H�J�L�R�Q�V���R�I���F�K�U�R�P�D�W�L�Q���W�K�D�W���O�R�V�W���1�(�� �F�R�Y�H�U�D�J�H���� �D�Q�G��

�W�K�L�V���D�V�V�R�F�L�D�W�L�R�Q���L�V���O�D�P�L�Q���$���G�H�S�H�Q�G�H�Q�W�����7�K�L�V���O�H�G���X�V���W�R���S�U�R�S�R�V�H���D���E�L�R�S�K�\�V�L�F�D�O���P�R�G�H�O���L�Q���Z�K�L�F�K��

�7�*�)�E�����V�L�J�Q�D�O�L�Q�J���L�Q�L�W�L�D�O�O�\���L�Q�F�U�H�D�V�H�V���W�K�H���H�[�S�U�H�V�V�L�R�Q���R�I���+���������I�R�U���W�K�H���V�X�E�V�H�T�X�H�Q�W���W�U�D�Q�V�F�U�L�S�W�L�R�Q��

�R�I�� �(�0�7�� �J�H�Q�H�V���� �I�R�O�O�R�Z�H�G�� �E�\�� �W�K�H�� �L�Q�F�R�U�S�R�U�D�W�L�R�Q�� �R�I�� �V�S�H�F�L�I�L�F�� �K�L�V�W�R�Q�H�� �+���� �Y�D�U�L�D�Q�W�V�� �D�Q�G��

�+���.�����P�H�����H�S�L�J�H�Q�H�W�L�F���P�D�U�N���I�R�U���Q�X�F�O�H�D�U���G�H�I�R�U�P�D�W�L�R�Q���D�Q�G���1�(���U�X�S�W�X�U�H�����)�L�J������������ 

�7�K�H���P�H�D�Q�V���E�\���Z�K�L�F�K���W�K�H���Q�X�F�O�H�X�V���D�O�W�H�U�V���L�W�V���P�R�U�S�K�R�O�R�J�\���W�R���D�O�O�R�Z���F�H�O�O�V���W�R���F�U�R�V�V���S�K�\�V�L�F�D�O��

�E�D�U�U�L�H�U�V���D�Q�G���P�L�J�U�D�W�H���W�K�U�R�X�J�K���F�R�Q�I�L�Q�H�G���V�S�D�F�H�V���K�D�V���E�H�H�Q���L�Q�Y�H�V�W�L�J�D�W�H�G���>�����������@�����,�Q���V�W�X�G�L�H�V���R�Q��

�W�K�H���P�L�J�U�D�W�L�R�Q���R�I���W�K�H���Q�X�F�O�H�X�V���W�K�U�R�X�J�K���W�L�J�K�W���V�S�D�F�H�V�����W�K�H���L�Q�F�L�G�H�Q�F�H���R�I���1�(���U�X�S�W�X�U�H���Z�D�V���V�K�R�Z�Q��

�W�R���L�Q�F�U�H�D�V�H���Z�L�W�K���F�H�O�O���F�R�Q�I�L�Q�H�P�H�Q�W���D�Q�G���W�K�H���G�H�S�O�H�W�L�R�Q���R�I���Q�X�F�O�H�D�U���O�D�P�L�Q�V���>�������������@���� �� �,�Q���W�K�R�V�H��

�U�H�S�R�U�W�V���� �R�S�H�Q�L�Q�J�� �R�I�� �W�K�H�� �1�(�� �D�O�O�R�Z�H�G�� �Q�X�F�O�H�D�U�� �S�U�R�W�H�L�Q�V�� �W�R�� �O�H�D�N�� �R�X�W�� �R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� �D�Q�G��

�F�\�W�R�S�O�D�V�P�L�F���S�U�R�W�H�L�Q�V���W�R���O�H�D�N���L�Q�����1�R�W�H���W�K�D�W���'�1�$���G�R�X�E�O�H���V�W�U�D�Q�G���E�U�H�D�N�V���F�R�L�Q�F�L�G�H�G���Z�L�W�K���1�(��
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�R�S�H�Q�L�Q�J�� �H�Y�H�Q�W�V���� �D�Q�G�� �(�6�&�5�7�� ���H�Q�G�R�V�R�P�D�O�� �V�R�U�W�L�Q�J�� �F�R�P�S�O�H�[�H�V�� �U�H�T�X�L�U�H�G�� �I�R�U�� �W�U�D�Q�V�S�R�U�W����

�G�H�S�H�Q�G�H�Q�W�� �'�1�$�� �U�H�S�D�L�U�� �L�V�� �F�U�X�F�L�D�O�� �W�R�� �F�H�O�O�� �V�X�U�Y�L�Y�D�O�� �>�������� �����@���� �,�Q�� �W�K�H�� �F�X�U�U�H�Q�W�� �V�W�X�G�\���� �Z�H�� �D�O�V�R��

�R�E�V�H�U�Y�H�G���W�K�H���Q�X�F�O�H�R���F�\�W�R�S�O�D�V�P�L�F���V�K�X�W�W�O�L�Q�J���R�I���Q�X�F�O�H�D�U���F�R�Q�W�H�Q�W���X�S�R�Q���F�R�Q�V�W�L�W�X�W�L�Y�H���U�X�S�W�X�U�H���D�Q�G��

�U�H�I�R�U�P�D�W�L�R�Q���R�I���W�K�H���1�(���L�Q�G�X�F�H�G���E�\���7�*�)�E�������)�L�J�����������'���D�Q�G���(�������+�R�Z�H�Y�H�U�����Z�H���G�L�G���Q�R�W���I�L�Q�G���D�Q�\��

�V�L�J�Q�D�O�L�Q�J���L�Q�G�L�F�D�W�L�Y�H���R�I���'�1�$���G�D�P�D�J�H�����6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�����6���������7�K�H�V�H���U�H�V�X�O�W�V���V�X�J�J�H�V�W���W�K�D�W��

�W�K�H���7�*�)�E�����L�Q�L�W�L�D�W�H�G���V�L�J�Q�D�O���F�D�V�F�D�G�H���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���Q�X�F�O�H�D�U���G�H�I�R�U�P�D�W�L�R�Q���G�L�I�I�H�U�V�� �I�U�R�P���W�K�H��

�V�S�R�Q�W�D�Q�H�R�X�V���G�H�I�R�U�P�D�W�L�R�Q�V���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���F�H�O�O���P�L�J�U�D�W�L�R�Q���W�K�U�R�X�J�K���F�R�Q�I�L�Q�H�G���V�S�D�F�H�V�� 

Laminopathies that feature deformed nuclei are caused by mutations in LMNA [2]; 

however, the TGF�E1-induced nuclear deformation in this study was shown to depend on 

the presence of SUN1 and lamin B1, but not lamin A (Fig. 2, B and C). Note that SUN1 

co-localized with lamin B, but not with clustered lamin A (Supplementary Fig. S3C). There 

are inherent differences in the structures formed by A- and B-type lamins in the lamina and 

nucleoplasm [32]. �/�D�P�L�Q�� �%���� �E�X�W�� �Q�R�W�� �O�D�P�L�Q�� �$�� �W�H�Q�G�V�� �W�R�� �E�H�� �Z�H�D�N�� �R�U�� �D�E�V�H�Q�W�� �D�W�� �Q�X�F�O�H�D�U��

�P�H�P�E�U�D�Q�H�� �S�U�R�W�U�X�V�L�R�Q�V�� ���R�U�� �E�O�H�E�V�� �>�������� �����������@. We also observed differences in the 

expression levels and localization of lamin A and lamin B1 upon TGF�E1 stimulation (Fig. 

2E and Supplementary Fig. S3A). Interestingly, the chromatin regions with lamin A 

coverage but without nuclear lamin B1 coverage gained more mobility than did the 

chromatin regions covered with both lamin A and lamin B1 (Fig. 3C). Moreover, the 
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depletion of lamin A prevented recovery of GFP-NLS in the nucleus upon TGF�E1-induced 

rupturing of the NE (Fig. 3, F and G). These evidences suggest that lamin A and lamin B1 

play different roles in regulating the nuclear shape; however, they are both required for 

closure of the NE following rupture.  

Lamin A levels directly or indirectly regulate many proteins involved in tissue-

specific gene expression. TGF�E1 is a strong stimulator of collagen secretion [36], and 

lamin A responds to collagen levels, which scale with tissue stiffness [10]. In addition, 

lamin A/C modulates cellular responses to TGF�E1 signaling on collagen production [37]. 

In previous research, lamin A/C-rich NE blebs appeared condensed with 

transcriptionally active histone marks in lamin B2-deficient cells [32]. Lamin A/C has 

been discovered evolutionarily required for correct PcG-mediated nuclear 

compartmentalization and higher-order structures [26]. In the current study we observed 

that LMNA depletion significantly reduced the TGF�E1-induced clustering of H3K27me3 

and H1 (Fig. 6). It is likely that the lodging and dislodgement of lamin A within the 

chromatin may facilitate the formation and disassembly of the supra-nucleosomal structure 

associated with TGF�E1-induced transcriptional regulation.  

 �,�Q�� �W�K�H�� �F�X�U�U�H�Q�W�� �V�W�X�G�\���� �Z�H�� �I�R�X�Q�G�� �W�K�D�W�� �W�K�H�� �L�Q�F�R�U�S�R�U�D�W�L�R�Q�� �R�I�� �K�L�V�W�R�Q�H�� �+������ �+�������� �D�Q�G�� �W�K�H��

�+���.�����P�H�����H�S�L�J�H�Q�H�W�L�F���P�D�U�N���Z�D�V���K�L�J�K�H�U���L�Q���U�H�J�L�R�Q�V���R�I���F�K�U�R�P�D�W�L�Q���W�K�D�W���K�H�U�Q�L�D�W�H�G���W�K�U�R�X�J�K���W�K�H��
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�1�(�� ���)�L�J���� �������$���%������ �5�H�S�O�D�F�L�Q�J���F�D�Q�R�Q�L�F�D�O���K�L�V�W�R�Q�H�V�� �Z�L�W�K���K�L�V�W�R�Q�H���Y�D�U�L�D�Q�W�V���L�Q���W�K�H���Q�X�F�O�H�R�V�R�P�H��

�K�D�V���S�U�H�Y�L�R�X�V�O�\���E�H�H�Q���V�K�R�Z�Q���W�R���P�R�G�L�I�\���F�K�U�R�P�D�W�L�Q���V�W�U�X�F�W�X�U�H���D�Q�G���J�H�Q�H���H�[�S�U�H�V�V�L�R�Q���>�����@�����7�K�H��

�K�L�V�W�R�Q�H���Y�D�U�L�D�Q�W���+���������P�D�L�Q�W�D�L�Q�V���D���G�H�F�R�Q�G�H�Q�V�H�G���F�K�U�R�P�D�W�L�Q���V�W�D�W�H�����D�Q�G���K�D�V���E�H�H�Q���L�P�S�O�L�F�D�W�H�G���L�Q��

�W�K�H�� �E�D�O�D�Q�F�H�� �E�H�W�Z�H�H�Q�� �R�S�H�Q�� �D�Q�G�� �F�R�Q�G�H�Q�V�H�G�� �F�K�U�R�P�D�W�L�Q���� �Z�K�L�F�K�� �L�V�� �F�U�X�F�L�D�O�� �W�R�� �W�K�H�� �I�L�G�H�O�L�W�\�� �R�I��

�F�K�U�R�P�R�V�R�P�H���V�H�J�U�H�J�D�W�L�R�Q���G�X�U�L�Q�J���H�D�U�O�\���P�R�X�V�H���G�H�Y�H�O�R�S�P�H�Q�W���>�����@�����+���������G�H�S�R�V�L�W�L�R�Q���K�D�V���O�R�Q�J��

�E�H�H�Q���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���J�H�Q�H���D�F�W�L�Y�D�W�L�R�Q�����K�R�Z�H�Y�H�U�����R�Q�H���J�H�Q�R�P�H���Z�L�G�H���S�U�R�I�L�O�L�Q�J���V�W�X�G�\���U�H�S�R�U�W�H�G��

�W�K�D�W���+���������P�D�\���I�D�F�L�O�L�W�D�W�H���D���G�\�Q�D�P�L�F���F�K�U�R�P�D�W�L�Q���H�Q�Y�L�U�R�Q�P�H�Q�W���W�K�D�W���D�O�O�R�Z�V���I�R�U���R�S�W�L�P�D�O���3�5�&����

�E�L�Q�G�L�Q�J�� �D�Q�G�� �D�F�W�L�Y�L�W�\���� �W�K�H�U�H�E�\�� �S�U�R�P�R�W�L�Q�J�� �W�K�H�� �H�V�W�D�E�O�L�V�K�P�H�Q�W�� �R�I�� �D�� �E�L�Y�D�O�H�Q�W�� �F�K�U�R�P�D�W�L�Q��

�O�D�Q�G�V�F�D�S�H���L�Q���H�P�E�U�\�R�Q�L�F���V�W�H�P���F�H�O�O�V�����(�6�&�V�����>�����@�����%���W�\�S�H���O�D�P�L�Q�V���D�U�H���F�O�R�V�H�O�\���D�V�V�R�F�L�D�W�H�G���Z�L�W�K��

�U�H�S�U�H�V�V�L�Y�H�� �F�K�U�R�P�D�W�L�Q�� �>�����@���� �W�K�H�U�H�I�R�U�H���� �R�X�U�� �R�E�V�H�U�Y�D�W�L�R�Q�� �R�I�� �+�������� �D�Q�G�� �+���.�����P�H�����F�R��

�O�R�F�D�O�L�]�D�W�L�R�Q�� �L�Q�� �F�K�U�R�P�D�W�L�Q�� �U�H�J�L�R�Q�V�� �G�H�Y�R�L�G�� �R�I�� �Q�X�F�O�H�D�U�� �O�D�P�L�Q�� �%�� �L�Q�G�L�F�D�W�H�V�� �W�K�D�W�� �7�*�)�E���� �P�D�\��

�L�Q�L�W�L�D�W�H�� �D�� �F�D�V�F�D�G�H�� �R�I�� �J�H�Q�H�� �W�U�D�Q�V�F�U�L�S�W�L�R�Q�� �D�F�W�L�Y�L�W�L�H�V�� �U�H�T�X�L�U�L�Q�J�� �W�K�H�� �G�L�V�O�R�G�J�H�P�H�Q�W�� �R�I�� �%���W�\�S�H��

�O�D�P�L�Q�V���� �,�G�H�Q�W�L�I�\�L�Q�J�� �W�K�H���P�H�F�K�D�Q�L�V�P�� �E�\�� �Z�K�L�F�K�� �W�K�H�� �Q�X�F�O�H�D�U���O�D�P�L�Q�V�� �F�R�R�U�G�L�Q�D�W�H���Z�L�W�K�� �K�L�V�W�R�Q�H��

�Y�D�U�L�D�Q�W�V���I�R�U���J�H�Q�H���U�H�J�X�O�D�W�L�R�Q���L�Q���U�H�V�S�R�Q�V�H���W�R���7�*�)�E���� �Z�L�O�O���U�H�T�X�L�U�H���I�X�U�W�K�H�U���L�Q�Y�H�V�W�L�J�D�W�L�R�Q�� �>��������

�����@���� 

� � � ��� �0�H�P�E�H�U�V�� �R�I�� �W�K�H�� �O�L�Q�N�H�U���K�L�V�W�R�Q�H�� �+���� �I�D�P�L�O�\�� �E�L�Q�G�� �W�R�� �Q�X�F�O�H�R�V�R�P�D�O�� �F�R�U�H�� �S�D�U�W�L�F�O�H�V�� �D�U�R�X�Q�G��

�'�1�$�� �H�Q�W�U�\�� �D�Q�G�� �H�[�L�W�� �V�L�W�H�V���� �D�Q�G�� �V�W�D�E�L�O�L�]�H�� �E�R�W�K�� �W�K�H�� �Q�X�F�O�H�R�V�R�P�H�� �V�W�U�X�F�W�X�U�H�� �D�Q�G�� �K�L�J�K�H�U���R�U�G�H�U��

�F�K�U�R�P�D�W�L�Q���D�U�F�K�L�W�H�F�W�X�U�H���>�����@�����+�����K�D�V���O�R�Q�J���E�H�H�Q���V�H�H�Q���D�V���D���J�H�Q�H�U�D�O���F�R�Q�G�H�Q�V�H�U���R�I���F�K�U�R�P�D�W�L�Q��
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�>�����@�����K�R�Z�H�Y�H�U�����W�K�H�U�H���L�V���D���J�U�R�Z�L�Q�J���E�R�G�\���R�I���H�Y�L�G�H�Q�F�H���L�Q�G�L�F�D�W�L�Q�J���W�K�D�W��H1 has the potential to 

fine-tune transcription in a locus-specific manner [46, 47]�����,�Q���W�K�L�V���V�W�X�G�\�����Z�H���G�L�V�F�R�Y�H�U�H�G���D��

�V�X�E�W�\�S�H���V�S�H�F�L�I�L�F�����L���H�������+���������D�Q�G���+�����������U�H�T�X�L�U�H�P�H�Q�W���R�I���K�L�V�W�R�Q�H���+�����I�R�U���W�K�H���7�*�)�E�����L�Q�G�X�F�H�G��

�Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q�� ���)�L�J���� ������ �(���*������ �7�K�H�� �H�[�L�V�W�H�Q�F�H�� �R�I�� �P�X�O�W�L�S�O�H�� �+���� �V�X�E�W�\�S�H�V�� �D�Q�G�� �Y�D�U�L�R�X�V��

�S�R�V�W�W�U�D�Q�V�O�D�W�L�R�Q�D�O�� �P�R�G�L�I�L�F�D�W�L�R�Q�V�� �D�G�G�V�� �W�R�� �W�K�H�� �F�R�P�S�O�H�[�L�W�\�� �D�Q�G�� �F�K�D�O�O�H�Q�J�H�V�� �D�V�V�R�F�L�D�W�H�G�� �Z�L�W�K��

�V�W�X�G�\�L�Q�J���W�K�L�V���S�U�R�W�H�L�Q���I�D�P�L�O�\���>�������������@�����7�K�H���F�R�O�O�D�E�R�U�D�W�L�R�Q���R�I���+�����V�X�E�W�\�S�H���P�H�P�E�H�U�V���Z�L�W�K���F�R�U�H��

�K�L�V�W�R�Q�H�V���L�Q���J�H�Q�H���U�H�J�X�O�D�W�L�R�Q���Z�R�X�O�G���G�H�S�H�Q�G���R�Q���W�K�H���D�Y�D�L�O�D�E�L�O�L�W�\���R�I���D�Q�W�L�E�R�G�L�H�V���W�K�D�W���U�H�F�R�J�Q�L�]�H��

�V�S�H�F�L�I�L�F���V�X�E�W�\�S�H�V���R�I���K�L�V�W�R�Q�H���+���� 

In summary, we discovered a novel phenotype involved in deformation of the nucleus 

under the effects of TGF�E1 signaling.���7�K�H�� �U�X�S�W�X�U�L�Q�J�� �D�Q�G�� �U�H�I�R�U�P�D�W�L�R�Q�� �R�I�� �W�K�H�� �1�(�� �U�H�T�X�L�U�H��

�P�X�O�W�L�S�O�H���F�R�Q�V�H�F�X�W�L�Y�H���F�K�D�Q�J�H�V���L�Q���W�K�H���F�R�P�S�R�V�L�W�L�R�Q���R�I���W�K�H���Q�X�F�O�H�D�U���O�D�P�L�Q�D���D�V���Z�H�O�O���D�V���F�R�U�H���D�Q�G��

�O�L�Q�N�H�U���K�L�V�W�R�Q�H�V�����7�K�H�V�H���U�H�V�X�O�W�V���U�H�Y�H�D�O���D���P�R�O�H�F�X�O�D�U���P�H�F�K�D�Q�L�V�P���W�K�D�W���U�H�Q�G�H�U�V���W�K�H���P�R�U�S�K�R�O�R�J�\��

�R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� �U�H�V�S�R�Q�V�L�Y�H�� �W�R�� �7�*�)�E���� �V�L�J�Q�D�O�L�Q�J���� �Z�K�L�F�K�� �S�O�D�\�V�� �D�� �F�U�X�F�L�D�O�� �U�R�O�H�� �L�Q�� �W�L�V�V�X�H��

�K�R�P�H�R�V�W�D�V�L�V���D�Q�G���G�L�V�H�D�V�H���S�U�R�J�U�H�V�V�L�R�Q��� � � � 
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�0�D�W�H�U�L�D�O�V���D�Q�G���0�H�W�K�R�G�V 

�&�H�O�O���F�X�O�W�X�U�H 

�+�X�K���� �K�H�S�D�W�R�F�H�O�O�X�O�D�U���F�D�U�F�L�Q�R�P�D���F�H�O�O���O�L�Q�H���Z�D�V���V�R�X�U�F�H�G���I�U�R�P���-�&�5�%���F�H�O�O���E�D�Q�N�����-�&�5�%������������

�-�D�S�D�Q������ �+�X�K������ �5�'�� ���&�&�/�������������$�7�&�&���� �9�$���� �8�6�$���� �D�Q�G�� �1�0�X�0�*�� ���&�5�/���������������$�7�&�&���� �F�H�O�O��

�O�L�Q�H�V�� �Z�H�U�H�� �P�D�L�Q�W�D�L�Q�H�G�� �L�Q�� �K�L�J�K�� �J�O�X�F�R�V�H�� �'�X�O�E�H�F�F�R�
�V�� �0�R�G�L�I�L�H�G�� �(�D�J�O�H�� �0�H�G�L�X�P�� ���'�0�(�0����

�7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����:�D�O�W�K�D�P�����0�$�����8�6�$�����F�R�Q�W�D�L�Q�L�Q�J�����������I�H�W�D�O���E�R�Y�L�Q�H���V�H�U�X�P�����)�%�6����

�+�\�F�O�R�Q�H���� �/�R�J�D�Q���� �8�7���� �8�6�$������ ���� �P�0�� �/���J�O�X�W�D�P�L�Q�H�� �D�Q�G�� �D�Q�W�L�E�L�R�W�L�F�V���� �+�7������������ ���&�&�/������������

�$�7�&�&�����F�H�O�O���O�L�Q�H���Z�D�V���P�D�L�Q�W�D�L�Q�H�G���L�Q���(�D�J�O�H�
�V���0�L�Q�L�P�X�P���(�V�V�H�Q�W�L�D�O���0�H�G�L�X�P�����0�(�0�����7�K�H�U�P�R��

�)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����F�R�Q�W�D�L�Q�L�Q�J�����������)�%�6���D�Q�G���V�X�S�S�O�H�P�H�Q�W�H�G���Z�L�W�K�������P�0���/���J�O�X�W�D�P�L�Q�H���������P�0��

�V�R�G�L�X�P���S�\�U�X�Y�D�W�H�����D�Q�G���D�Q�W�L�E�L�R�W�L�F�V�� 

 

Generation of LMNA null cell line 

A human lamin A Double Nickase Plasmid set (�V�F�����������������1�,�&����Santa Cruz Biotechnology, 

Dallas, TX, USA) was used to generate LMNA-knockout (LMNA_KO) cells. The lamin A 

Double Nickase Plasmid set consists of a pair of plasmids each encoding GFP/puromycin 

selection markers, and guide RNA (gRNA) sequences offset by approximately 20 bp to 

allow for specific Cas9-mediated double nicking of LMNA genomic DNA. Huh7 cells were 

transfected with the lamin A Double Nickase Plasmid set using�� �/�L�S�R�I�H�F�W�D�P�L�Q�H�7�0�� ����������
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���7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����W�U�D�Q�V�I�H�F�W�L�R�Q���U�H�D�J�H�Q�W. Two days after the transfection, top 5% 

GFP-positive cells were sorted using a BD Influx (BD Biosciences, San Jose, CA, USA) 

cell sorter, and individual cells were plated into 96-well plates. Expression of lamin A/C 

in each single clone were determined by Western blot analysis and immunofluorescence 

staining using a lamin A/C antibody (ab108595, Abcam).  

 

Antibodies and reagents 

The manufacturers and dilutions of the antibodies used in Western blot analysis and 

immunofluorescence staining are listed in Supplementary Table S3 and Supplementary 

Table S4, respectively. TGF�E1 was obtained from PeproTech (Rocky Hill, NJ, USA); the 

TGF�E���W�\�S�H���,���U�H�F�H�S�W�R�U���$�/�.�� inhibitor SB-431542 was purchased from TOCRIS (Bristol, 

UK). To induce EMT, cells were treated with 10 ng/mL TGF�E1 in completed medium 

containing 5% FBS.  

 

Plasmids and transfection 

Complementary DNA (cDNA) of human SMAD2 (Genbank: BC014840) was obtained 

from transOMIC Technologies (�+�X�Q�W�V�Y�L�O�O�H�����$�/�����8�6�$), amplified by PCR, and cloned into 

pcDNA3 vector ���7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F����with two HA tags inserted at the C-terminus of 
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SMAD2 (i.e. SMAD2-HA). The nuclear-localizing green fluorescence protein (i.e. GFP-

�1�/�6�����Z�D�V���F�R�Q�V�W�U�X�F�W�H�G���E�\���L�Q�V�H�U�W�L�Q�J���Q�X�F�O�H�D�U���O�R�F�D�O�L�]�D�W�L�R�Q���V�H�T�X�H�Q�F�H�����Q�X�F�O�H�R�W�L�G�H���V�H�T�X�H�Q�F�H�������¶��

�F�F�D�D�D�J�D�D�J�D�D�D�F�J�F�D�D�D�J�W�J�����¶�����S�U�R�W�H�L�Q���V�H�T�X�H�Q�F�H�� PKKKRKV) of SV40 Large T-antigen into 

���¶�� �H�Q�G�� �R�I�� �S�(�*�)�3-C2 (Clontech). The expression vector of CFP-H2B (pH2b-CyFP) and 

YFP-lamin B1 (pYFP-laminB1) were sourced from Jan Ellenberg [49]. The mCherry-H2B 

expression vector was modified from pH2b-CyFP by replacing CFP with mCherry cDNA. 

The mCherry-lamin A expression vector was obtained by cloning full -length lamin A into 

pZome-1-�&���Y�H�F�W�R�U���Z�L�W�K���P�&�K�H�U�U�\���D�W�����¶���H�Q�G���G�U�L�Y�H�Q���E�\���D���&�0�9�����F�\�W�R�P�H�J�D�O�R�Y�L�U�X�V�����S�U�R�P�R�W�H�U����

The GFP-lamin A expression vector was constructed by cloning GFP at the N-terminus of 

lamin A in pcDNA3 vector. �7�K�H�� �/�L�S�R�I�H�F�W�D�P�L�Q�H�7�0�� ���������� ���7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F����

�W�U�D�Q�V�I�H�F�W�L�R�Q���U�H�D�J�H�Q�W���Z�D�V���X�V�H�G���W�R���G�H�O�L�Y�H�U���W�K�H���H�[�S�U�H�V�V�L�R�Q���S�O�D�V�P�L�G�V���L�Q�W�R���F�H�O�O�V���L�Q���D�F�F�R�U�G�D�Q�F�H��

�Z�L�W�K���W�K�H���S�U�R�W�R�F�R�O���S�U�R�Y�L�G�H�G���E�\���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U���� 

 

siRNAs and transfection 

�6�H�T�X�H�Q�F�H�V���D�Q�G���R�U���P�D�Q�X�I�D�F�W�X�U�H�U�V���R�I���W�K�H���V�P�D�O�O���L�Q�W�H�U�I�H�U�L�Q�J���5�1�$�V�����V�L�5�1�$�V�����X�V�H�G���W�R���G�H�S�O�H�W�H��

�W�K�H�� �H�[�S�U�H�V�V�L�R�Q�� �R�I�� �W�K�H�� �W�D�U�J�H�W�H�G�� �J�H�Q�H�V�� �D�U�H�� �O�L�V�W�H�G�� �L�Q�� �7�D�E�O�H�� �6������ �&�H�O�O�V�� �Z�H�U�H�� �W�U�D�Q�V�I�H�F�W�H�G�� �Z�L�W�K��

�V�L�5�1�$�V���Y�L�D���/�L�S�R�I�H�F�W�D�P�L�Q�H�7�0���5�1�$�L�0�$�;�����7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K��

�W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O���� 



23 
 

 

RNA extraction and real-time quantitative PCR (qRT-PCR) 

Total mRNAs were isolated from cells using RNeasy mini kit (Qiagen, Hilden, Germany). 

Complementary DNAs were produced using the SuperScript® IV Reverse Transcriptase 

system (Thermo Fisher Scientific). qRT-PCR was carried out using Power SYBR Green 

master mix (Thermo Fisher Scientific). The qRT-PCR primers of H3.3 (i.e. H3-3A gene) 

was obtained from Qiagen (Cat. No. QT00247128). Gene expression levels were 

normalized to GAPDH �X�V�L�Q�J���S�U�L�P�H�U�V�����I�R�U�Z�D�U�G�������¶-GGAAGGTGAAGGTCGGAGTCA-���¶��

�D�Q�G���U�H�Y�H�U�V�H�������¶- GTCATTGATGGCAACAATATCCACT-���¶���� 

 

�,�P�P�X�Q�R�E�O�R�W�W�L�Q�J 

Expression of proteins in cells were analyzed by Western blotting against specific 

antibodies summarized in Supplementary Table S3. Cells were lysed with RIPA���E�X�I�I�H�U���>������

�P�0���+�(�3�(�6�����S�+���������������������P�0���1�D�&�O���������P�0���(�'�7�$�����������P�0���E���J�\�O�F�H�U�R�S�K�R�V�S�K�D�W�H�������������P�0��

�1�D���9�2���������P�0���1�D�)�������������P�0���'�7�7���D�Q�G���S�U�R�W�H�D�V�H���L�Q�K�L�E�L�W�R�U���F�R�F�N�W�D�L�O�����5�R�F�K�H���$�S�S�O�L�H�G���6�F�L�H�Q�F�H����

�,�Q�G�L�D�Q�D�S�R�O�L�V�����,�1�����8�6�$���@���F�R�Q�W�D�L�Q�L�Q�J�������������1�3���������Z�L�W�K���P�L�O�G���V�R�Q�L�F�D�W�L�R�Q���L�Q���R�U�G�H�U���W�R���H�[�W�U�D�F�W��

�Q�X�F�O�H�D�U���H�Q�Y�H�O�R�S�H���D�Q�G���F�K�U�R�P�D�W�L�Q���S�U�R�W�H�L�Q�V�����7�R�W�D�O���F�H�O�O���O�\�V�D�W�H�V��were further �O�\�V�H�G���L�Q�����u���6�'�6��

�V�D�P�S�O�H�� �E�X�I�I�H�U�� �F�R�Q�W�D�L�Q�L�Q�J���E���P�H�U�F�D�S�W�R�H�W�K�D�Q�R�O���� �D�Q�D�O�\�]�H�G�� �E�\�� �6�'�6���3�$�*�(���� �W�U�D�Q�V�I�H�U�U�H�G�� �W�R��
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�S�R�O�\�Y�L�Q�\�O�L�G�H�Q�H�� �I�O�X�R�U�L�G�H�� ���3�9�'�)���� �0�L�O�O�L�S�R�U�H���� �P�H�P�E�U�D�Q�H�V���� �D�Q�G�� �E�O�R�W�W�H�G�� �Z�L�W�K�� �S�U�L�P�D�U�\��

�D�Q�W�L�E�R�G�L�H�V���� �&�R�U�U�H�V�S�R�Q�G�L�Q�J���K�R�U�V�H���U�D�G�L�V�K���S�H�U�R�[�L�G�D�V�H�����+�5�3�����R�U���D�O�N�D�O�L�Q�H���S�K�R�V�S�K�D�W�D�V�H�����$�3����

�F�R�Q�M�X�J�D�W�H�G�� �V�H�F�R�Q�G�D�U�\�� �D�Q�W�L�E�R�G�L�H�V�� ���6�L�J�P�D���$�O�G�U�L�F�K���� �Z�H�U�H�� �D�G�G�H�G���� �D�Q�G�� �W�K�H�� �E�O�R�W�V�� �Z�H�U�H��

�G�H�Y�H�O�R�S�H�G���E�\���F�K�H�P�L�O�X�P�L�Q�H�V�F�H�Q�F�H���L�Q���D�F�F�R�U�G�D�Q�F�H���Z�L�W�K���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���S�U�R�W�R�F�R�O�V���� 

 

�,�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���V�W�D�L�Q�L�Q�J���D�Q�G���F�R�Q�I�R�F�D�O���P�L�F�U�R�V�F�R�S�\ 

�&�H�O�O�V�� �Z�H�U�H�� �I�L�[�H�G�� �L�Q�� ������ �S�D�U�D�I�R�U�P�D�O�G�H�K�\�G�H�� �I�R�U�� ������ �P�L�Q�X�W�H�V�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H�� �D�Q�G��

�S�H�U�P�H�D�E�L�O�L�]�H�G���Z�L�W�K�������������7�U�L�W�R�Q���;�����������L�Q���S�K�R�V�S�K�D�W�H���E�X�I�I�H�U�H�G���V�D�O�L�Q�H�����3�%�6�����I�R�U���������P�L�Q�X�W�H�V����

�)�R�U���W�K�H���L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���V�W�D�L�Q�L�Q�J���R�I���K�L�V�W�R�Q�H���+�����������D�Q�W�L�J�H�Q���U�H�W�U�L�H�Y�D�O���Z�D�V���F�D�U�U�L�H�G���R�X�W���E�\��

�L�Q�F�X�E�D�W�L�R�Q�� �L�Q�� �������R�&�� �F�L�W�U�D�W�H���E�X�I�I�H�U�� �������� �P�0�� �&�L�W�U�L�F���$�F�L�G���� �S�+�� ���������� �I�R�U�� ���� �K�R�X�U���� �I�R�O�O�R�Z�H�G�� �E�\��

�L�Q�F�X�E�D�W�L�R�Q���L�Q���������7�U�L�W�R�Q���;�����������3�%�6���I�R�U���������P�L�Q�X�W�H�V�����$�I�W�H�U���W�Z�R���Z�D�V�K�H�V���Z�L�W�K���3�%�6�����F�H�O�O�V���Z�H�U�H��

�D�S�S�O�L�H�G���Z�L�W�K���������E�R�Y�L�Q�H���V�H�U�X�P���D�O�E�X�P�L�Q�����%�6�$�����6�L�J�P�D���$�O�G�U�L�F�K�����3�%�6���I�R�U���������P�L�Q�X�W�H�V���D�W���U�R�R�P��

�W�H�P�S�H�U�D�W�X�U�H�� �W�R�� �E�O�R�F�N�� �Q�R�Q���V�S�H�F�L�I�L�F�� �E�L�Q�G�L�Q�J�V���� �7�K�H�Q�� �F�H�O�O�V�� �Z�H�U�H�� �L�Q�F�X�E�D�W�H�G�� �Z�L�W�K�� �S�U�L�P�D�U�\��

�D�Q�W�L�E�R�G�L�H�V�� ���6�X�S�S�O�H�P�H�Q�W�D�U�\���7�D�E�O�H�� �6������ �G�L�O�X�W�H�G���L�Q�� �3�%�6�� �I�R�U�� �������� �K�R�X�U�V�� �D�W�� �U�R�R�P�� �W�H�P�S�H�U�D�W�X�U�H����

�)�O�X�R�U�H�V�F�H�Q�W�� ���$�O�H�[�D������������ �$�O�H�[�D���������� �R�U�� �$�O�H�[�D�������������F�R�Q�M�X�J�D�W�H�G�� �V�H�F�R�Q�G�D�U�\�� �D�Q�W�L�E�R�G�L�H�V��

���7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����D�W���G�L�O�X�W�L�R�Q�����������������Z�H�U�H���X�V�H�G���I�R�U���G�H�W�H�F�W�L�R�Q�����)�R�U���3�/�$���H�[�S�H�U�L�P�H�Q�W�V����

�F�H�O�O�V���V�H�H�G�H�G���L�Q�������Z�H�O�O���F�K�D�P�E�H�U���V�O�L�G�H�V�����0�L�O�O�L�F�H�O�O���(�=���6�/�,�'�(�����0�L�O�O�L�S�R�U�H�����Z�H�U�H���I�L�[�H�G���Z�L�W�K��������

�S�D�U�D�I�R�U�P�D�O�G�H�K�\�G�H���L�Q���3�%�6���I�R�U���������P�L�Q�X�W�H�V�����&�H�O�O�V���Z�H�U�H���S�H�U�P�H�D�E�L�O�L�]�H�G���Z�L�W�K�������������7�U�L�W�R�Q���;��
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���������L�Q���3�%�6���I�R�U���������P�L�Q�X�W�H�V�����D�Q�G���E�O�R�F�N�H�G���Z�L�W�K���W�K�H���'�X�R�O�L�Q�N�“ ���%�O�R�F�N�L�Q�J���6�R�O�X�W�L�R�Q���I�R�U�������K�R�X�U���D�W��

������ �R�&���� �3�U�L�P�D�U�\�� �D�Q�W�L�E�R�G�L�H�V�� �G�L�O�X�W�H�G�� �L�Q�� �'�X�R�O�L�Q�N�“ ���$�Q�W�L�E�R�G�\�� �'�L�O�X�H�Q�W�� �Z�K�H�U�H�� �D�S�S�O�L�H�G���� �D�Q�G�� �W�K�H��

�V�O�L�G�H���Z�H�U�H���L�Q�F�X�E�D�W�H�G���I�R�U�����������K�R�X�U�V���D�W���U�R�R�P���W�H�P�S�H�U�D�W�X�U�H�����'�H�W�H�F�W�L�R�Q���R�I���S�U�R�W�H�L�Q���L�Q�W�H�U�D�F�W�L�R�Q�V��

�Z�D�V���S�H�U�I�R�U�P�H�G���E�\���I�R�O�O�R�Z�L�Q�J���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V�����6�L�J�P�D���$�O�G�U�L�F�K�����L�Q�V�W�U�X�F�W�L�R�Q�V�����&�H�O�O���Q�X�F�O�H�L��

�Z�H�U�H���F�R�X�Q�W�H�U�V�W�D�L�Q�H�G���Z�L�W�K���+�R�H�F�K�V�W�����������������7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����D�Q�G���P�R�X�Q�W�H�G���R�Q���V�O�L�G�H�V��

�X�V�L�Q�J�� �3�U�R�O�R�Q�J�� �*�R�O�G�� �D�Q�W�L�I�D�G�H�� �U�H�D�J�H�Q�W�� ���7�K�H�U�P�R�� �)�L�V�K�H�U�� �6�F�L�H�Q�W�L�I�L�F������ �,�P�D�J�H�V�� �Z�H�U�H�� �U�H�F�R�U�G�H�G��

�X�V�L�Q�J�� �D�� �/�H�L�F�D�� �7�&�6�� �6�3���� �F�R�Q�I�R�F�D�O�� �P�L�F�U�R�V�F�R�S�H�� ���/�H�L�F�D���� �:�H�W�]�O�D�U���� �*�H�U�P�D�Q�\���� �H�T�X�L�S�S�H�G�� �Z�L�W�K��

�+�\�'�����K�\�E�U�L�G���G�H�W�H�F�W�R�U�������)�R�U���O�L�Y�H���F�H�O�O���L�P�D�J�L�Q�J�����F�H�O�O�V���Z�H�U�H���L�Q�F�X�E�D�W�H�G���L�Q���D���K�X�P�L�G�L�I�L�H�G���F�K�D�P�E�H�U��

�P�D�L�Q�W�D�L�Q�H�G���D�W���������R�&���D�Q�G���V�X�S�S�O�L�H�G���Z�L�W�K�������� �&�2���� ���&�8������������ �/�L�Y�H���&�H�O�O���,�Q�V�W�U�X�P�H�Q�W�����.�R�U�H�D������

�,�P�D�J�H�V�� �Z�H�U�H�� �S�U�R�F�H�V�V�H�G�� �X�V�L�Q�J�� �,�P�D�U�L�V�� �������� �V�R�I�W�Z�D�U�H�� ���%�L�W�S�O�D�Q�H���� �=�X�U�L�F�K���� �6�Z�L�W�]�H�U�O�D�Q�G���� �D�Q�G��

�0�H�W�D�0�R�U�S�K�“ �����0�R�O�H�F�X�O�D�U���'�H�Y�L�F�H�V�����6�D�Q���-�R�V�H�����&�$�����8�6�$������ 

 

�,�P�P�X�Q�R�J�R�O�G���V�W�D�L�Q�L�Q�J���D�Q�G���W�U�D�Q�V�P�L�V�V�L�R�Q���H�O�H�F�W�U�R�Q���P�L�F�U�R�V�F�R�S�\�����7�(�0�� 

Cells seeded on ACLAR® film were fixed in a mixture containing 0.1% glutaraldehyde 

and 1% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 2 hours 

on ice. Crosslinking was quenched using 0.125 M glycine, followed by neutralization with 

0.1 M ammonium chloride. Cells were treated with a series of cold methanol dilutions, and 

then embedded in LR-Gold reagent on a Leica EM AFS2 (Leica Microsystems,��Wetzlar, 
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Germany). The embedded samples were stored in a humidity control box at room 

temperature. For immunogold labeling, ultrathin sections of LR-Gold embedded samples 

were mounted on 200 mesh nickel grids covered with carbon-backed formvar film. The 

grids were first incubated with 3% normal sheep serum in PBS at room temperature for 15 

minutes, and incubated with a mouse anti-H1 antibody (sc-8030, Santa Cruz, Dallas, TX, 

USA) for 60 minutes. After 6 sequential washes with 1% normal sheep serum in PBS, the 

grids were incubated for 60 minutes with 18 nm gold-IgG complexes. The grids were 

washed sequentially with 1% normal sheep serum in PBS and 3% normal rat serum in PBS, 

followed by incubation with a rabbit anti-H3K27me3 antibody (#9733, Cell Signaling, 

Danvers, MA, USA) for 60 minutes. After another 6 sequential washes with 1% normal rat 

serum in PBS, the grids were incubated for 60 minutes with 12 nm gold-IgG complexes. 

Following another sequential wash with 1% normal rat serum in PBS, the grids were 

incubated with 3% normal donkey serum in PBS at room temperature for 15 minutes, and 

incubated with a goat anti-Lamin B antibody (sc-6217, Santa Cruz) for 60 minutes. After 

washes with 1% normal donkey serum in PBS, the grids were incubated for 60 minutes 

with 6 nm gold-IgG complexes. The grids were then washed sequentially with 1% normal 

donkey serum in PBS, followed by two washes with triple distilled water. Finally, the grids 
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were treated with 2% uranyl acetate and 30 mM lead citrate. The final immunogold labeled 

grids were examined and photographed using a FEI Tecnai T12 electron microscope. 

 

�0�D�V�V���V�S�H�F�W�U�R�P�H�W�U�\ 

�6�S�R�W�V���H�[�F�L�V�H�G���I�U�R�P���W�K�H���&�R�R�P�D�V�V�L�H���E�O�X�H���V�W�D�L�Q�H�G���6�'�6���3�$�*�(���Z�H�U�H���G�L�J�H�V�W�H�G���X�V�L�Q�J���0�6���J�U�D�G�H��

�7�U�\�S�V�L�Q�� �*�R�O�G�� ���3�U�R�P�H�J�D���� �0�D�G�L�V�R�Q���� �:�,���� �R�Y�H�U�Q�L�J�K�W�� �D�W�� ������ �ƒ�&���� �7�K�H�� �W�U�\�S�W�L�F�� �G�L�J�H�V�W�V�� �Z�H�U�H��

�H�[�W�U�D�F�W�H�G���X�V�L�Q�J�����������/���0�L�O�O�L���4���Z�D�W�H�U���L�Q�L�W�L�D�O�O�\�����I�R�O�O�R�Z�H�G���E�\���W�Z�R���H�[�W�U�D�F�W�L�R�Q�V���X�V�L�Q�J���D���W�R�W�D�O���R�I��

���������/�����������$�F�H�W�R�Q�L�W�U�L�O�H�������������7�U�L�I�O�X�R�U�R�D�F�H�W�L�F���D�F�L�G�����7�K�H���F�R�P�E�L�Q�H�G���H�[�W�U�D�F�W�V���Z�H�U�H���G�U�L�H�G���L�Q���D��

�Y�D�F�X�X�P���F�R�Q�F�H�Q�W�U�D�W�R�U�����D�Q�G���W�K�H�Q���G�L�V�V�R�O�Y�H�G���L�Q���������/���R�I���������$�F�H�W�R�Q�L�W�U�L�O�H�������������7�U�L�I�O�X�R�U�R�D�F�H�W�L�F��

�D�F�L�G�����$�� �7�K�H�U�P�R�� �6�F�L�H�Q�W�L�I�L�F�Œ�� �2�U�E�L�W�U�D�S�� �)�X�V�L�R�Q�Œ�� �/�X�P�R�V�Œ�� �7�U�L�E�U�L�G�Œ�� �0�D�V�V�� �6�S�H�F�W�U�R�P�H�W�H�U��

���7�K�H�U�P�R���)�L�V�K�H�U���6�F�L�H�Q�W�L�I�L�F�����Z�D�V���X�V�H�G���W�R���G�H�W�H�F�W���H�O�H�F�W�U�R�V�S�U�D�\�� �L�R�Q�L�]�D�W�L�R�Q�����(�6�,�����0�6���0�6���D�Q�G��

�K�L�J�K�H�U���H�Q�H�U�J�\���F�R�O�O�L�V�L�R�Q�D�O���G�L�V�V�R�F�L�D�W�L�R�Q�����+�&�'�����0�6���0�6���S�H�S�W�L�G�H���V�L�J�Q�D�O�V�����7�K�H���0�6���0�6���V�L�J�Q�D�O��

�Z�D�V���D�Q�D�O�\�]�H�G���X�V�L�Q�J���W�K�H���0�$�6�&�2�7���V�H�D�U�F�K���H�Q�J�L�Q�H�����Z�Z�Z���P�D�W�U�L�[�V�F�L�H�Q�F�H���F�R�P������ 

 

�&�D�O�F�X�O�D�W�L�R�Q���R�I���D�[�L�D�O���U�D�W�L�R�����$�5�� 

�1�X�F�O�H�D�U���P�R�U�S�K�R�O�R�J�\�� �Z�D�V���T�X�D�Q�W�L�I�L�H�G���E�\�� �F�D�O�F�X�O�D�W�L�Q�J���W�K�H���D�[�L�D�O���U�D�W�L�R�����$�5�����R�I���H�D�F�K���Q�X�F�O�H�X�V����

�G�H�W�H�U�P�L�Q�H�G���I�U�R�P���W�K�H���Q�X�F�O�H�D�U���V�W�D�L�Q�L�Q�J���R�I���+�R�H�F�K�V�W���������������F�H�O�O�V�����$���F�X�V�W�R�P���0�D�W�O�D�E���F�R�G�H���Z�D�V��

�G�H�Y�H�O�R�S�H�G���W�R���W�U�D�F�H���W�K�H���Q�X�F�O�H�D�U���S�H�U�L�P�H�W�H�U�����D�Q�G���D�S�S�O�L�H�G���H�O�O�L�S�W�L�F�D�O���)�R�X�U�L�H�U���D�Q�D�O�\�V�L�V�����(�)�$�����W�R��
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�I�L�Q�G���W�K�H���I�L�U�V�W���������H�O�O�L�S�W�L�F���K�D�U�P�R�Q�L�F�V���>�����@�����$�5���Z�D�V���G�H�I�L�Q�H�G���D�V���W�K�H���V�X�P���R�I���W�K�H���D�[�H�V���I�U�R�P���W�K�H��
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Statistical analysis 

Data and statistical analyses were performed using Microsoft Excel and Graphpad Prism 

software. Data were analyzed using two-�W�D�L�O�H�G���6�W�X�G�H�Q�W�¶�V���W-�W�H�V�W���R�U���)�L�V�K�H�U�¶�V���H�[�D�F�W���W�H�V�W�����3-

values below 0.05 were considered significant. 
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�&�R�Q�V�H�Q�W���I�R�U���S�X�E�O�L�F�D�W�L�R�Q����Not applicable 
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Figure 1. TGF�E1 induces nuclear deformation. (A) �&�R�Q�I�R�F�D�O���L�P�D�J�H�V���R�I���+�X�K�����F�H�O�O�V��
�Z�L�W�K���P�R�F�N���R�U���Z�L�W�K���7�*�)�E�����W�U�H�D�W�P�H�Q�W���I�R�U���������K�����������K���D�Q�G���������K�����&�H�O�O�V���Z�H�U�H��
�L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�W���V�W�D�L�Q�H�G���Z�L�W�K���J�R�D�W���D�Q�W�L���O�D�P�L�Q���%�����Z�K�L�W�H�������1�X�F�O�H�L���Z�H�U�H���F�R�X�Q�W�H�U�V�W�D�L�Q�H�G��
�Z�L�W�K���+�R�H�F�K�V�W�����������������E�O�X�H������(B) Western blot analysis for the expression of mesenchymal 
markers N-Cadherin and Vimentin in Huh7 cells harvested after 0, 24 h, and 48 h of 
TGF�E1 treatment. ACTIN is a loading control. (C) �4�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I���P�R�F�N�����D�Q�G���7�*�)�E����
�W�U�H�D�W�H�G���F�H�O�O�V�����S�U�H�V�H�Q�W�L�Q�J���D�V���R�Y�R�L�G���R�U���Q�R�Q���R�Y�R�L�G�����D�V���V�K�R�Z�Q���L�Q�����$�������1�X�F�O�H�L���Z�L�W�K���P�R�U�H���W�K�D�Q��
�W�Z�R���!������

�R
���L�Q�Y�D�J�L�Q�D�W�L�R�Q�V���Z�H�U�H���L�G�H�Q�W�L�I�L�H�G���D�V���Q�R�Q���R�Y�R�L�G���>�����@�����1�X�P�E�H�U���R�I���F�H�O�O�V���T�X�D�Q�W�L�I�L�H�G��

�X�Q�G�H�U���H�D�F�K���H�[�S�H�U�L�P�H�Q�W���F�R�Q�G�L�W�L�R�Q���Z�D�V���G�H�Q�R�W�H�G����(D) �7�L�P�H���O�D�S�V�H���F�R�Q�I�R�F�D�O���P�L�F�U�R�V�F�R�S�L�F��
�L�P�D�J�H�V���R�I���P�&�K�H�U�U�\���W�D�J�J�H�G���K�L�V�W�R�Q�H���+���%�����P�&�K�H�U�U�\���+���%�����L�Q���P�R�F�N�����D�Q�G���7�*�)�E�����W�U�H�D�W�H�G��
�+�X�K�����F�H�O�O�V�����$�O�V�R���V�H�H���6�X�S�S�O�H�P�H�Q�W�D�U�\���P�R�Y�L�H���6�����D�Q�G���P�R�Y�L�H���6���������(���)�����4�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I��
�P�R�U�S�K�R�O�R�J�L�F�D�O���F�K�D�Q�J�H�V�����D�U�H�D���L�Q���J�U�H�H�Q���G�L�Y�L�G�H�G���E�\���D�U�H�D���L�Q���\�H�O�O�R�Z���J�U�H�H�Q�����L�Q���W�K�H���D�U�H�D���R�I���W�K�H��
�Q�X�F�O�H�X�V���L�Q���P�R�F�N�����D�Q�G���7�*�)�E�����W�U�H�D�W�H�G���F�H�O�O�V���H�Y�H�U�\���������P�L�Q�����)�L�Y�H���F�H�O�O�V���Z�H�U�H���T�X�D�Q�W�L�I�L�H�G���X�Q�G�H�U��
�H�D�F�K���F�R�Q�G�L�W�L�R�Q�����3�H�U�F�H�Q�W���D�U�H�D���F�K�D�Q�J�H���L�V�������������“�����������L�Q���P�R�F�N���W�U�H�D�W�H�G���D�Q�G�������������“�������������L�Q��
�7�*�)�E�����W�U�H�D�W�H�G���F�H�O�O�V�����3�����������������������W���W�H�V�W�������*�����&�R�Q�I�R�F�D�O���L�P�D�J�H�V���R�I���Q�X�F�O�H�L���V�W�D�L�Q�H�G���Z�L�W�K��
�+�R�H�F�K�V�W�����������������Z�K�L�W�H�����O�H�I�W���L�P�D�J�H�V���L�Q���H�D�F�K���S�D�Q�H�O�����D�Q�G���Uepresentative illustration of ellipse 
generation (right schemes in each panel, outlined by circles) by EFA to approximate the 
shape of the nucleus. The elliptic ARs increased with the curvature of the nucleus. (H) 
Quantification of ARs in Huh7 cells with mock or TGF�E1 treatment. Each dot represents 
one cell. More than 160 cells were quantified under each condition. P < 0.0001, t-test. 



35 
 

 

 
�)�L�J�X�U�H���������6�8�1�����D�Q�G���O�D�P�L�Q���%�������E�X�W���Q�R�W���O�D�P�L�Q���$�����F�R�Q�W�U�L�E�X�W�H���W�R���7�*�)�E�����L�Q�G�X�F�H�G���Q�X�F�O�H�D�U��
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�W�U�D�Q�V�I�H�F�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �L�Q�G�L�F�D�W�H�G���V�L�5�1�$�V�� �I�R�U�������� �K�� �W�K�H�Q���W�U�H�D�W�H�G���Z�L�W�K�� ������ �Q�J���P�/���7�*�)�E���� �I�R�U��
�W�K�U�H�H���G�D�\�V�����&�����F�R�Q�W�U�R�O�����/�$�����O�D�P�L�Q���$�����/�%�������O�D�P�L�Q���%�������6�������6�8�1�������6�������6�8�1�������(�P�H�����(�P�H�U�L�Q����
�$�&�7�,�1���Z�D�V���X�V�H�G���D�V���D���O�R�D�G�L�Q�J���F�R�Q�W�U�R�O�������%�����&�R�Q�I�R�F�D�O���L�P�D�J�H�V���R�I���F�H�O�O�V���W�U�D�Q�V�I�H�F�W�H�G���Z�L�W�K���W�K�H��
�L�Q�G�L�F�D�W�H�G���V�L�5�1�$�V�����I�R�O�O�R�Z�H�G���E�\���7�*�)�E�����W�U�H�D�W�P�H�Q�W���I�R�U���������K�����&�H�O�O�V���Z�H�U�H���L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�W��
�V�W�D�L�Q�H�G���Z�L�W�K���O�D�P�L�Q���%�����Z�K�L�W�H�����D�Q�G���W�K�H���Q�X�F�O�H�L���Z�H�U�H���F�R�X�Q�W�H�U���V�W�D�L�Q�H�G���Z�L�W�K���+�R�H�F�K�V�W�����������������E�O�X�H������
���&�����&�D�W�H�J�R�U�L�]�D�W�L�R�Q���R�I���W�K�H���Q�X�F�O�H�D�U���V�K�D�S�H���L�Q���F�H�O�O�V���W�U�H�D�W�H�G���X�V�L�Q�J���W�K�H���P�H�W�K�R�G�V���L�Q�����%�������1�X�P�E�H�U��
�R�I���F�H�O�O�V���T�X�D�Q�W�L�I�L�H�G���X�Q�G�H�U���H�D�F�K���H�[�S�H�U�L�P�H�Q�W���F�R�Q�G�L�W�L�R�Q���Z�D�V���G�H�Q�R�W�H�G����������3�����������������������)�L�V�K�H�U�¶�V��
�H�[�D�F�W�� �W�H�V�W���� ���'����Quantification of mock- and TGF�E1-treated cells showing NE rupture. 
Results were averaged from experiments conducted in triplicate. (E) Confocal images of 
mock- and TGF�E1- treated Huh7 cells for 48 h. Cells were immunofluorescent stained 
using mouse anti-lamin A (green) and goat anti-lamin B (red). Nuclei were counterstained 
with Hoechst 33342 (blue). The yellow star indicates the NE stained negative for both 
lamin A and lamin B. The white arrow heads indicate the NE stained positive for lamin A 
and negative for lamin B. Insets: enlarged images indicated by white squares. �,�P�D�J�H�V���L�Q��
���%�����D�Q�G�����(�����D�U�H���W�K�H���V�X�P���R�I���]���V�W�D�F�N�V�� 
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Figure 3. TGF�E1 induces rupturing and reformation of the NE. (A) Time-lapse 
imaging of GFP-Lamin A (green) and mCherry-H2B (red) under TGF�E1 treatment. The 
labeled time points are relative to the initial image, rather than the time after TGF�E1 
addition. The white arrow head denotes GFP-lamin A clusters. See also Supplementary 
movie S3. (B) Quantification of nucleus area (denoted by mCherry-H2B, peach) and 
integrated intensity of GFP-lamin A cluster (medium blue) with time shown in (A) and 
Supplementary movie S3. (C) Time-lapse imaging of mCherry-lamin A (red), YFP-lamin 
B1 (green), and CFP-H2B (cyan) in Huh7 cells treated with TGF�E1. See also 
Supplementary movie S4. Insets: enlarged images showing the region outlined in the white 
square. (D) Time-lapse imaging of mCherry-lamin A (red), nuclear-localizing GFP (GFP-
NLS, green), and CFP-H2B (cyan) in Huh7 cells treated with TGF�E1. See also 
Supplementary movie S5. (E) Quantification of integrated intensity of GFP-NLS co-
localized with CFP-H2B (peach) and integrated intensity of mCherry-lamin A cluster 
(medium blue) as shown in (D). (F) Time-lapse imaging of mCherry-H2B (red) and GFP-
NLS (green) in LMNA_KO Huh7 cells treated with TGF�E1. See also Supplementary 
movie S6. (G) Quantification of integrated intensity of GFP-NLS co-localized with 
mCherry-H2B as shown in (F). All images are the sum of z-stacks. 
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Figure 4. �7�*�)�E���� �S�U�R�Y�R�N�H�G�� �W�K�H�� �W�U�D�Q�V�F�U�L�S�W�L�R�Q�� �R�I�� �K�L�V�W�R�Q�H�� �+���������� �Z�K�L�F�K�� �F�R�Q�W�U�L�E�X�W�H�G�� �W�R��
�Q�X�F�O�H�D�U�� �G�H�I�R�U�P�D�W�L�R�Q���� ���$���� �0�R�U�S�K�R�O�R�J�\�� �R�I�� �W�K�H�� �Q�X�F�O�H�X�V�� �L�Q�� �+�X�K���� �F�H�O�O�V�� �W�K�D�W�� �X�Q�G�H�U�Z�H�Q�W��
�W�U�H�D�W�P�H�Q�W�� �L�Q�� �D�F�F�R�U�G�D�Q�F�H�� �Z�L�W�K�� �W�K�H�� �V�F�K�H�P�D�W�L�F�� �L�O�O�X�V�W�U�D�W�L�R�Q�� �S�U�H�V�H�Q�W�H�G�� �D�E�R�Y�H�� �W�K�H�� �F�R�Q�I�R�F�D�O��
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Figure 5. Chromatin status associated with NE rupture. (A) Confocal images of mock- 
and TGF�E1- treated cells immunofluorescence stained using H3K27me3, H1, and lamin B 
antibodies. Nuclei were counterstained with Hoechst 33342. (B) Confocal images of mock- 
and TGF�E1-treated cells immunofluorescent stained using H3.3, H3K27me3 and lamin B 
antibodies. (C) �5�H�O�D�W�L�Y�H���G�L�V�W�U�L�E�X�W�L�R�Q���R�I���W�K�H���H�S�L�J�H�Q�H�W�L�F���P�D�U�N�V���+���.�����P�H�������+���.���P�H���� �D�Q�G��
�O�D�P�L�Q���%���L�Q���P�R�F�N�����D�Q�G���7�*�)�E�����W�U�H�D�W�H�G���F�H�O�O�V���I�R�U���������K����(A-C), single slice images. Transverse 
intensity line scans along the white lines in the corresponding cell images are presented on 
the right. (D) TEM images of mock- and TGF�E1-treated cells stained for H3K27me3 (12 
nm gold-IgG, blue star), histone H1 (18 nm gold-IgG, red arrow head), and lamin B (6 nm 
gold-IgG, not denoted). Images are shown under 2,700�u and 11,000�u magnification. (E) 
�:�H�V�W�H�U�Q���E�O�R�W���D�Q�D�O�\�V�L�V���L�Q�G�L�F�D�W�L�Q�J���W�K�H���N�Q�R�F�N�L�Q�J���G�R�Z�Q���H�I�I�L�F�L�H�Q�F�\���R�I���+���������D�Q�G���+���������E�\���V�L�5�1�$�V��
�L�Q�� �+�X�K���� �F�H�O�O�V���� �I�R�O�O�R�Z�H�G�� �E�\�� �P�R�F�N���� �R�U���7�*�)�E�����W�U�H�D�W�P�H�Q�W���I�R�U�� ������ �K����(F) Morphology of the 
nucleus in Huh7 cells depleted for H1.4 or H1.5, followed by TGF�E1 treatment for 48 h. 
Cells were immunofluorescent stained with lamin B (white). Nuclei were counterstained 
with Hoechst 33342 (blue). Images are the sum of z-stacks. (G) Quantification of elliptic 
ARs of the cells treated using the methods in (F). *, P < 0.0001, t-test.  
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Figure 6. Depletion of LMNA reduced clustering of H3K27me3 and histone H1. (A) 
Representative confocal microscopy images of LMNA_WT and LMNA_KO Huh7 cells 
treated with/without TGF�E1 and immunostained using H3K27me3, H1, and lamin B 
antibodies, and Hoechst 33342. (B) Cells treated as described in (A) were subjected to 
PLA analysis. Each fluorescent dot represents the colocalization between H3K27me3 and 
histone H1. (C) Representative images showing the number and integrated intensity of 
the PLA fluorescent dots in a nucleus using MetaMorph�“  software; (upper) original 
fluorescence image; (lower) processed image. The average intensity of each dot is color-
coded according to the scale on the right. (D) Number of PLA dots in each cell. (E) 
Average integrated intensity of each dot in each cell. Cell number calculations in (D) and 
(E) were: LMNA_WT, n=31; LMNA_WT + TGF�E1, N=38; LMNA_KO, n=30; 
LMNA_KO + TGF�E1, N=40. All images are the sum of z-stacks. 
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Figure 7. Schematics for the molecular events of the nuclear deformation induced by 
TGF�E1 stimulation. TGF�E1 treatment phosphorylates and activates the SMAD complex, 
thereby increasing transcription and the protein level of histone H3.3. The subsequent 
nucleosome incorporation of H3.3 may facilitate a dynamic chromatin environment that 
allows for further recruitment of histone H1.4/H1.5 variants, and the interaction with 
H3K27me3 for nuclear deformation and NE rupture. 
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�6�X�S�S�O�H�P�H�Q�W�D�U�\���7�D�E�O�H�V�����)�L�J�X�U�H�V���D�Q�G���0�R�Y�L�H�V 

Table S1 LC-MS/MS quantification for the post-translation modification of histone H3 

in Huh7. 

Table S2 Relative abundance of histone variants in TGF�E1- versus mock- treated Huh7 

cells. 

Table S3 List of antibodies used in Western blot analysis. 

Table S4 List of antibodies used in immunofluorescence staining. 

Table S5 List of siRNAs. 

 

Figure S1 TGF�E1 induces changes in nuclear morphology in multiple cell lines. 

Figure S2 SUN1 and lamin B1 contribute to TGF�E1-induced nuclear deformation. 

Figure S3 Expression and localization of NE proteins in TGF�E1-treated cells. 

Figure S4 Examination of DNA damage response (DDR) in cells treated with TGF�E1. 

Figure S5 TGF�E1-induced nuclear morphology change is a downstream process of 

SMAD signaling. 

Figure S6 Association between variants and epigenetic status of histones with NE 

rupture. 

 

Movie S1 Live-cell confocal imaging of the nucleus (denoted by mCherry-H2B) in Huh7 

cells.  

Movie S2 Live-cell confocal imaging of the nucleus (denoted by mCherry-H2B) in Huh7 

cells treated with TGF�E1. 

Movie S3 Live-cell confocal imaging of GFP-lamin A and mCherry-H2B in Huh7 cells 

treated with TGF�E1. 

Movie S4 Live-cell confocal imaging of YFP-lamin B1 and mCherry-lamin A (A) 

combined with CFP-H2B channel (B) in Huh7 cells treated with TGF�E1.  

Movie S5 Live-cell confocal imaging of GFP-NLS and mCherry-lamin A (A) combined 

with CFP-H2B channel (B) in Huh7 cells treated with TGF�E1. 

Movie S6 Live-cell confocal imaging of GFP-NLS and mCherry-H2B in LMNA_KO 

Huh7 cells treated with TGF�E1.  
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�E�r�����d�/�E �^�]�P�u���r���o���Œ�]���Z ���í�õ�ó�ô �í�l�í�ì�ì�U�ì�ì�ì �u�}�µ�•�� 

�^�D�����ï ���������u �����ð�ì�ô�ñ�ð �í�l�í�ì�U�ì�ì�ì �Œ�������]�š 
�‰�r�^�D�����ï��
�~�^���Œ�ð�î�ï�=�^���Œ�ð�î�ñ�• 

���������u �����ñ�î�õ�ì�ï �í�l�î�U�ì�ì�ì �Œ�������]�š 

�^�D�����î ���������u �����ð�ì�ô�ñ�ñ �í�l�î�U�ì�ì�ì �Œ�������]�š 

�>���u�]�v���� �D�]�o�o�]�‰�}�Œ�� �D�����ï�ñ�ð�ì �í�l�ñ�U�ì�ì�ì �u�}�µ�•�� 

�>���u�]�v�����l�� ���������u �����í�ì�ô�ñ�õ�ñ �í�l�ñ�U�ì�ì�ì �Œ�������]�š 

�>���u�]�v�����í ���������u �����í�ï�ï�ó�ð�í �í�l�í�ì�U�ì�ì�ì �Œ�������]�š 

�^�h�E�í �^�}�µ�Œ���������(�Œ�}�u��
�E�/�,���~�í�ï�• 

 �í�l�ñ�U�ì�ì�ì �Œ�������]�š 

�^�h�E�î ���‰�]�š�}�u�]���• �ñ�î�ó�õ�r�í �í�l�î�U�ì�ì�ì �Œ�������]�š 

���u���Œ�]�v �^���v�š�������Œ�µ�Ì �^���r�î�ñ�î�ô�ð �í�l�ñ�U�ì�ì�ì �u�}�µ�•�� 

�,�]�•�š�}�v�����,�ï �D�]�o�o�]�‰�}�Œ�� �ì�ó�r�ò�õ�ì �í�l�î�ñ�ì�U�ì�ì�ì �Œ�������]�š 

�,�]�•�š�}�v�����,�ï�X�ï ���������u �����í�ó�ò�ô�ð�ì �í�l�ñ�U�ì�ì�ì �Œ�������]�š 

�,�]�•�š�}�v�����,�í�X�î ���������u �����í�ô�í�õ�ó�ï �í�l�î�U�ì�ì�ì �Œ�������]�š 

�,�]�•�š�}�v�����,�í�X�ï ���������u �����î�ð�í�ó�ð �í�l�í�U�ì�ì�ì �Œ�������]�š 

�,�]�•�š�}�v�����,�í�X�ð �/�v�À�]�š�Œ�}�P���v �ó�ì�ï�ñ�ñ�í �í�l�í�U�ì�ì�ì �Œ�������]�š 

�,�]�•�š�}�v�����,�í�X�ñ ���������u �����í�ô�î�ì�ô �í�l�î�U�ì�ì�ì �Œ�������]�š 

�,�ï�<�î�ó�u���ï �����o�o���^�]�P�v���o�]�v�P �·�õ�ó�ï�ï �í�l�î�U�ì�ì�ì �Œ�������]�š 
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�7�D�E�O�H���6�������/�L�V�W���R�I���D�Q�W�L�E�R�G�L�H�V���X�V�H�G���L�Q���L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H���V�W�D�L�Q�L�Q�J�� 

���v�š�]���}���Ç �D���l�� �����š���o�}�P���E�}�X ���]�o�µ�š�]�}�v �^�‰�����]���• 

�>���u�]�v���� �^���v�š�������Œ�µ�Ì �•���r�ò�î�í�ó �í�l�ï�ì�ì �P�}���š 

�>���u�]�v���� �D�]�o�o�]�‰�}�Œ�� �D�����ï�ñ�ð�ì �í�l�ï�ì�ì �u�}�µ�•�� 

�>���u�]�v�����l�� ���������u �����í�ì�ô�ñ�õ�ñ �í�l�ñ�ì�ì �Œ�������]�š 

�,�ï�<�î�ó�u���ï ���������u �����ò�ì�ì�î �í�l�î�ì�ì �u�}�µ�•�� 

�,�ï�<�î�ó�u���ï �����o�o���^�]�P�v���o�]�v�P �·�õ�ó�ï�ï �í�l�í�U�ì�ì�ì �Œ�������]�š 

�,�]�•�š�}�v�����,�í �^���v�š�������Œ�µ�Ì �•���r�ô�ì�ï�ì �í�l�ò�ì�ì �u�}�µ�•�� 

�,�]�•�š�}�v�����,�ï�X�ï ���������u �����í�ô�ï�õ�ì�î �í�l�ñ�ì�ì �Œ�������]�š 

�,��  �^�]�P�u���r���o���Œ�]���Z �,�ò�õ�ì�ô �í�l�í�U�ì�ì�ì �Œ�������]�š 

�^�h�E�í �^�}�µ�Œ���������(�Œ�}�u��
�E�/�,���~�í�ï�• 

 �í�l�ï�ì�ì �Œ�������]�š 

�E�W�� �^�]�P�u���r���o���Œ�]���Z �E�ô�ó�ô�ò �í�l�ñ�ì�ì �u�}�µ�•�� 

���u���Œ�]�v �^���v�š�������Œ�µ�Ì �•���r�î�ñ�î�ô�ð �í�l�í�ì�ì �u�}�µ�•�� 

�,�ï�<�ð�u���ï �����o�o���^�]�P�v���o�]�v�P �·�õ�ó�ñ�í �í�l�ð�ì�ì �Œ�������]�š 

�,�ï�<�õ�u���ï ���������u �����ô�ô�õ�ô �í�l�í�U�ì�ì�ì �Œ�������]�š 

�,�ï�<�î�ó�u���í ���������u �����í�õ�ð�ò�ô�ô �í�l�í�ì�ì �Œ�������]�š 

�,�ï�<�î�ó�u���î �����o�o���^�]�P�v���o�]�v�P �·�õ�ó�î�ô �í�l�ï�U�ì�ì�ì �Œ�������]�š 

�,�ï�<�í�ô������ �����o�o���^�]�P�v���o�]�v�P �·�í�ï�õ�õ�ô �í�l�î�ì�ì �Œ�������]�š 

�,�ð�<�í�ò������ �D�]�o�o�]�‰�}�Œ�� �ì�ó�r�ï�î�õ �í�l�ñ�ì�ì �Œ�������]�š 
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�7�D�E�O�H���6�������/�L�V�W���R�I���V�L�5�1�$�V�� 

�'���v���� �d���Œ�P���š���•���‹�µ���v���� �D���l�� �����š���o�}�P���E�}�X 

�>�D�E�� �������d�'�'�����d�d�������'�����'��������  �Y�]���P���v �^�/�ì�î�ò�ñ�ð�ô�ò�î 

�>�D�E���í �������'���'���d�d�'�'�d���'���'�'�d�'�'��  �Y�]���P���v �^�/�ì�ì�ï�ì�ì�ò�ó�í 

�^�h�E�í �������d�����d�'���'�d���d�������d�'�d���d�'�d���d �/�v�À�]�š�Œ�}�P���v �,�•�z�^�µ�v�í�r�î�ï�ì�í 
�^�h�E�î ���������������'�����'�'�'�d�'�'�����d�'�d���d�'��  

�d�'�����'���'�'�d���d�d���d�'���'�d���d�d�'���d�' 
�/�v�À�]�š�Œ�}�P���v �,�•�z�^�µ�v�î�r�ó�í�ð 

�,�•�z�^�µ�v�î�r�í�ì�õ�õ 
���D�����~���u���Œ�]�v�• �'�����d�����d���d�d���d���'���d�d���d���d�'�����d �/�v�À�]�š�Œ�}�P���v �,�^�^�í�ì�ï�î�í�ï 

�,�í �r�ð���~�,�í�X�ð�• �E�l�� ���u���]�}�v �•�ò�ð�ì�î 

�,�í �r�ñ���~�,�í�X�ñ�• �E�l�� ���u���]�}�v �•�ò�ð�ì�ñ 

�,�í �r�î���~�,�í�X�î�• �E�l�� ���u���]�}�v �•�ò�ï�õ�ó 

�,�í �r�ï���~�,�í�X�ï�• �E�l�� ���u���]�}�v �•�ò�ï�õ�ô 
�,�ï �r�ï�����~�,�ï�X�ï�• �����'���'�'�d�d���������d�d�d���d�����d�� 

���d�����'�d�'�'���'�������'�d�'���d�d����  
�Y�]���P���v �^�/�ì�ð�ï�ñ�ó�ñ�í�ð 

�^�/�ì�ð�ï�ï�ô�í�ñ�î 
�^�D�����î �����'�'�d�����d�'�d���d�����d�'���d�������� 

�����'�����'�d���d���d�����'���d�������d�� 
�Y�]���P���v �^�/�ì�î�ó�ñ�ó�ð�õ�ò 

�^�/�ì�ï�ì�ï�ï�î�ó�ñ 
�^�D�����ï ���'�����d���d�����d�d�d�'�'�����'�'�d�d�� 

�����'�'���'���������d�d�'�������'�����d�d  
�����'���'���d�d���'�����d�'�����'�'�d����  
���d�������'�'�'���d�d�d�����d���d�'�'���� 

�Y�]���P���v �^�/�ì�ñ�ì�ò�î�ò�ð�ñ 
�^�/�ì�ì�ì�ô�î�ñ�ì�î 
�^�/�ì�ì�ì�ô�î�ð�õ�ñ 
�^�/�ì�ì�ì�ô�î�ð�ô�í 

�E�l���W���v�}�š�����À���]�o�����o�� 
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�6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�X�U�H�V���D�Q�G���/�H�J�H�Q�G�V 

 

�6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�X�U�H���6�������7�*�)�E�����L�Q�G�X�F�H�V���F�K�D�Q�J�H�V���L�Q���Q�X�F�O�H�D�U���P�R�U�S�K�R�O�R�J�\���L�Q���P�X�O�W�L�S�O�H��
�F�H�O�O�� �O�L�Q�H�V�������$�����&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q�� �R�I�� �W�K�H�� �P�R�U�S�K�R�O�R�J�\�� ���R�Y�R�L�G�� �R�U�� �Q�R�Q���R�Y�R�L�G���� �R�I�� �F�H�O�O�V�� �W�U�H�D�W�H�G��
�Z�L�W�K�� �7�*�)�E���� �R�U�� �P�R�F�N���W�U�H�D�W�H�G���� �1�X�P�E�H�U�� �R�I�� �F�H�O�O�V�� �T�X�D�Q�W�L�I�L�H�G�� �L�Q�� �H�[�S�H�U�L�P�H�Q�W�V�� �S�H�U�I�R�U�P�H�G�� �L�Q��
�W�U�L�S�O�L�F�D�W�H�� �Z�D�V�� �G�H�Q�R�W�H�G�����3�� ���� �������������� �F�R�P�S�D�U�L�Q�J�� �P�R�F�N�����D�Q�G�� �7�*�)�E�����W�U�H�D�W�H�G�� �F�H�O�O�V���� �)�L�V�K�H�U�¶�V��
�H�[�D�F�W���W�H�V�W�������%�����1�X�F�O�H�D�U���P�R�U�S�K�R�O�R�J�\���R�I���5�'�����K�X�P�D�Q���U�K�D�E�G�R�P�\�R�V�D�U�F�R�P�D�������1�0�X�0�*�����P�R�X�V�H��
�P�D�P�P�D�U�\���J�O�D�Q�G���H�S�L�W�K�H�O�L�D�O���F�H�O�O�������D�Q�G���+�7���������������I�L�E�U�R�V�D�U�F�R�P�D�����F�H�O�O�V���W�U�H�D�W�H�G���Z�L�W�K���������Q�J���P�/��
�7�*�)�E�����R�U���P�R�F�N���W�U�H�D�W�H�G���I�R�U�������G�D�\�V�����7�K�H���U�H�G���D�U�U�R�Z���K�H�D�G�V���G�H�Q�R�W�H���F�H�O�O�V���Z�L�W�K���G�H�I�R�U�P�H�G���Q�X�F�O�H�L����
�&�H�O�O�V�� �Z�H�U�H�� �I�L�[�H�G�� �X�V�L�Q�J�� ������ �S�D�U�D�I�R�U�P�D�O�G�H�K�\�G�H�� �D�Q�G�� �V�X�E�M�H�F�W�H�G�� �W�R�� �L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H��
�V�W�D�L�Q�L�Q�J���Z�L�W�K���O�D�P�L�Q���%�����Z�K�L�W�H�������7�K�H���Q�X�F�O�H�L���Z�H�U�H���F�R�X�Q�W�H�U���V�W�D�L�Q�H�G���Z�L�W�K���+�R�H�F�K�V�W�����������������E�O�X�H������ 
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�6�X�S�S�O�H�P�H�Q�W�D�U�\���)�L�J�X�U�H���6�������6�8�1�����D�Q�G���O�D�P�L�Q���%�����F�R�Q�W�U�L�E�X�W�H���W�R���7�*�)�E�����L�Q�G�X�F�H�G���Q�X�F�O�H�D�U��
�G�H�I�R�U�P�D�W�L�R�Q���� ���$���� �,�P�P�X�Q�R�E�O�R�W�W�L�Q�J�� �U�H�V�X�O�W�V�� �R�I�� �W�K�H�� �L�Q�G�L�F�D�W�H�G�� �S�U�R�W�H�L�Q�V�� �L�Q�� �+�X�K���� �F�H�O�O�V�� �I�L�U�V�W��
�W�U�H�D�W�H�G���Z�L�W�K���7�*�)�E�����I�R�U���W�Z�R���G�D�\�V�����W�K�H�Q���W�U�D�Q�V�I�H�F�W�H�G���Z�L�W�K���W�K�H���L�Q�G�L�F�D�W�H�G���V�L�5�1�$�V���I�R�U���D�Q�R�W�K�H�U��
�W�Z�R�� �G�D�\�V���� ���%���� �&�H�O�O�V�� �Z�H�U�H�� �W�U�H�D�W�H�G�� �X�V�L�Q�J�� �W�K�H�� �X�S�S�H�U�� �V�F�K�H�P�H���� �D�Q�G�� �Z�H�U�H�� �L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�W��
�V�W�D�L�Q�H�G���Z�L�W�K���D�Q�W�L���O�D�P�L�Q���%�����Z�K�L�W�H�������1�X�F�O�H�L���Z�H�U�H���F�R�X�Q�W�H�U�V�W�D�L�Q�H�G���Z�L�W�K���+�R�H�F�K�V�W�����������������E�O�X�H������
�,�P�D�J�H�V���D�U�H���W�K�H���V�X�P���R�I���]���V�W�D�F�N�V�������&�����4�X�D�Q�W�L�I�L�F�D�W�L�R�Q���I�R�U���W�K�H���P�R�U�S�K�R�O�R�J�\�����R�Y�R�L�G���R�U���Q�R�Q���R�Y�R�L�G����
�R�I���F�H�O�O�V���W�U�H�D�W�H�G���X�V�L�Q�J���W�K�H���P�H�W�K�R�G�V���L�Q�����%�������1�X�P�E�H�U���R�I���F�H�O�O�V���T�X�D�Q�W�L�I�L�H�G���X�Q�G�H�U���H�D�F�K���H�[�S�H�U�L�P�H�Q�W��
�F�R�Q�G�L�W�L�R�Q���Z�D�V���G�H�Q�R�W�H�G����������3�����������������������)�L�V�K�H�U�¶�V���H�[�D�F�W���W�H�V�W�� 
  



50 
 

 
�6�X�S�S�O�H�P�H�Q�W�D�U�\�� �)�L�J�X�U�H�� �6������ �(�[�S�U�H�V�V�L�R�Q�� �D�Q�G�� �O�R�F�D�O�L�]�D�W�L�R�Q�� �R�I�� �1�(�� �S�U�R�W�H�L�Q�V�� �L�Q�� �7�*�)�E����
�W�U�H�D�W�H�G���F�H�O�O�V�������$�����:�H�V�W�H�U�Q���E�O�R�W���D�Q�D�O�\�V�L�V���I�R�U���W�K�H���S�U�R�W�H�L�Q���H�[�S�U�H�V�V�L�R�Q���R�I���Q�X�F�O�H�D�U���O�D�P�L�Q�V�����1�(��
�S�U�R�W�H�L�Q�V���� �D�Q�G�� �P�H�V�H�Q�F�K�\�P�D�O�� �P�D�U�N�H�U�V�� �1���&�D�G�K�H�U�L�Q�� �D�Q�G�� �9�L�P�H�Q�W�L�Q�� �L�Q�� �+�X�K���� �F�H�O�O�V�� �K�D�U�Y�H�V�W�H�G��
�D�I�W�H�U�� �7�*�)�E���� �W�U�H�D�W�P�H�Q�W�� �I�R�U�� �������� �G�D�\�V���� �$�&�7�,�1�� �Z�D�V�� �X�V�H�G�� �D�V�� �D�� �O�R�D�G�L�Q�J�� �F�R�Q�W�U�R�O���� ���%����
�4�X�D�Q�W�L�I�L�F�D�W�L�R�Q���R�I���S�U�R�W�H�L�Q���H�[�S�U�H�V�V�L�R�Q���O�H�Y�H�O�V���S�U�H�V�H�Q�W�H�G���L�Q�����$������ ���&���(���� �,�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H��
�V�W�D�L�Q�L�Q�J���L�P�D�J�H�V���R�I���+�X�K�����F�H�O�O�V���P�R�F�N�����R�U���7�*�)�E�����W�U�H�D�W�H�G���I�R�U�������G�D�\�V�����7�K�H���S�U�L�P�D�U�\���D�Q�W�L�E�R�G�L�H�V��
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�Z�H�U�H���U�D�E�E�L�W���D�Q�W�L���6�8�1������ �P�R�X�V�H���D�Q�W�L���O�D�P�L�Q���$���� �J�R�D�W���D�Q�W�L���O�D�P�L�Q���%���� �P�R�X�V�H���D�Q�W�L���Q�X�F�O�H�D�U���S�R�U�H��
�F�R�P�S�O�H�[�����1�3�&�����F�O�R�Q�H���P�$�E�������������U�D�E�E�L�W���D�Q�W�L���O�D�P�L�Q���$���&���D�Q�G���P�R�X�V�H���D�Q�W�L���(�P�H�U�L�Q�����7�K�H���\�H�O�O�R�Z��
�V�W�D�U���L�Q�G�L�F�D�W�H�V���W�K�H���1�(���V�W�D�L�Q�H�G���Q�H�J�D�W�L�Y�H���I�R�U���E�R�W�K���O�D�P�L�Q���$���D�Q�G���O�D�P�L�Q���%�����7�K�H���Z�K�L�W�H���D�U�U�R�Z���K�H�D�G��
�L�Q�G�L�F�D�W�H�V�� �W�K�H�� �1�(�� �V�W�D�L�Q�H�G�� �S�R�V�L�W�L�Y�H�� �I�R�U�� �O�D�P�L�Q�� �$�� �D�Q�G�� �Q�H�J�D�W�L�Y�H�� �I�R�U�� �O�D�P�L�Q�� �%���� �1�X�F�O�H�L�� �Z�H�U�H��
�F�R�X�Q�W�H�U�V�W�D�L�Q�H�G�� �X�V�L�Q�J�� �+�R�H�F�K�V�W�� ��������������(F) Western blot analysis for the expression of 
nuclear lamins and Vimentin in LMNA_WT and LMNA_KO Huh7 cells with/without 
TGF�E1 treatment for 72 h. Vimentin was used as a marker of EMT, and ACTIN is a loading 
control. (G) Confocal imaging of LMNA_WT and LMNA_KO Huh7 cells treated mock 
or TGF�E1 for 48 h, and immunofluorescent stained with lamin A/C and lamin B antibodies. 
Nuclei were counter stained with Hoechst 33342. 
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