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�	'��� !���������	'��	�6)	��	��� �+������	����!��	 ��������	�����	.	����&	 ���	

� !��	������(�	'$ �����	'�	�!���� !�����	��	'�	'��� !���������	�������	����!-���!	��	������!	

'�	 �!����!������	�+���	Q	���(�#	��	��-���	���� ��!�&	 ��	'��� !���������	'��	��� �+������	

���	 ����	 ��	����!:��	'�	���+!��(	 ������!�	'�	 �!����!������#	F�!��	���(G��&	 �$����!�����	

'�	������(�	�FG�	?�������� 	'$����G	��	� � !�'��,!��	'�	������!�	'�	�!����!������	'�	

��	�������	X��QP��@	'���	��	' -����������	'�	�����	�����(	�	 � 	����	��	 -�'����	���O	

'��	 ���!��	 ��!�(�!�����	 �GP��&	 ��!��� !�� ��	 ��!	 �$����!�����	 '�	 ����'!���!�����	 ��	

'$��� ���!�����	=I>=L>#	�	 �$��-�!��&	 ���	���!��	P��	 GQG	�! �������	��	 !���!'	'�	�!��������&	

���	��� �� �!���&	'��	' �����	'�	!���'���"�	�����(	��	���	� ������/,��	��� ! �	=7>#	

$����-�� 	'�	������(�	�FG�&	�!,�	�������	'���	���	��� �+������	�!���� !����	���	��!������	

'����� �	��!�	'�	��	'��� !���������	��!������	��	��� ��%���	=�9>#	�����&	���!�	���	������	���	

�!�� ����	P��	��	X��	����	�!,�	��!������	�(�!�� ��	'���	���	��������	�! ��!���!�&	�����	 ���	

������!�	'�	�!����!������	P!�G�	��	����	���������	��	������(�	�FG�	'���	���	��� �+������	

����!��	 =�9>#	��	�M��&	���Y�	 ? "�������	����� 	�+���	��	�)<@	���	��	 ������!	'�	

�!����!������	 ���������	 .	 ��	 '��� !���������	 ��� �+��������#	 ��	 ��!���	 �$����-�����	 '�	

���+!��(	 ",���	 �(�!�� �	 ��!	 ���	 ��� �+������	 ����!��#	 ��	 ������!	 ��	 ���	 .	 ��	 ����	

���������	 �! ����	 '���	 ��	 �!������!	 '�	 ���+!��(	 ",���	 '���	 ��	 ������	 Z�	 '�	

�����",��	'�	�%��	�&	��	������!�� ���	�������&	�$��� ��������	��	�$��� ��������#	���(�	���	

� ������!�	.	�$��� ���!������	������		��	��	��������	'�	��	��������	��� �+��������	��!�	'�	

��	�!��������#	6��	!:��	���������	�	 � 	' ����! 	���O	��	���!��	��!	���	�(��������	" �����	
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'��	 ��	 ����	 �! ������	 ��	 '�	 ��!��	��!����	����	 ��	 ����	 �������� ��	���	'�	��!����"�	
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��� �+������	 ����!��	 ������������#	 6�	 ��!�(�!������	 '���	 ���	 ��������	 �������	

��+!%�����!��	 ��!����	 ���	 ����������	 ���!	 �!�����!	 ���!	 '��� !���������	 -�!�	 ��	 ��"� �	
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��	 �! G��� �+������	 ����	 '��	 �! ��!���!�	 ' �.	 ��"�" �	 '���	 ��	 -���	

��� �+��������#	���	����	" � !�������	���� �	�!,�	'��	��!�����	'�	��!������	�������	�;	���	

��� �+������	������	 �!�'������	 �$��#	���	 ��������	 �����" ��	���	 ��	 ������� 	'�	 ��	'�-���!	

����	��	�%��� ������	���	'�	���!���	�������#	�����	�!�'������	� �������	 ���	�! ��!���!�	

'��	��� �����	'�	�����",��	'�	 �%��	 �	 ��	 �(�!�����	��������	��!����!�	 �! �����	'�	

�����	�����(	����	���	��	�����������	��������	��	�$��� ��������#	

��	��� �+������	����!��	����	'��	��������	��������  ��	'�	��!��	��+�/'���	'�	

�9	R�	'�	'���,�!�&	'����� ��	��	�������	������������!��	��!	��	��!����	�������	?P�"�!�	

I@#	��!��� !�� 	��!	���	����-�� 	�����������	��������	����!�����&	�$��� �+�����	���	����� 	

��!	 ���	 ���+!���	 ���������	 ���������	 ����!�� �#	 �����&	 ��	 ���+!���	 ���������	

�'�������	 .	 ��	 ���!���	 �������	 ��	 ' -����������	 ���	 �������� �	 '�	 ���+!��(	
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�!����"������	 �%������������	 ���-���	 �$ ���'!�	 �!����' ����	 ���!�	 ���	 ��+!�����	 '�	

�����",��	 '�	 �$��� �/'�#	 �	 ��!����	 ����� �	 '�	 ��	 ���+!���	 ���������	 �$���	 ����	

������ �	���	'�	���	'$�(��������#	��	��� �+������	����,'���	���	'��+��	��������	B	

�%��� ����!	 ��	 ���!���	 �������	 ��	 ��!������!	 .	 �$����-�����	 '��	 ��� ��������#	 �����&	 ���	

��� �+������	 �%��� ������	 ���	 �!�� ����	 �����������	 ��	���!���	 �!"������	 ������ �	 '�	

�����",��	'�	�%��	�	��	'�	�!�� ����	���	�����" ������	?��� ��������&	�!�� �"�%�����S@	
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��	����	'�	���!	����-�� 	'�	�%���,��	 ��- �&	'�	���+!��(	�!"������	��	�!��-���	.	

��	��!���	�������	'�	�%��������&	 ����	���	'��	��������'!���&	 �$����!���	'�	
��"�	��	��	

�!"����������	 !�"���(	 �!,�	' -����� #	��	����&	 ��	�%��������	 !����!��	'��	 - �������	

'�	�������	���	-���	��!����!�	��	��� !���������	'�	��	���!���	�! ���+������	�%��� ��� �	

?���O	�$�����&	��	��%����	�9G�9	���!�	��!,�	��	' ��������	'�	��	���!���@#	�	! "�������	

'�	 ��	 ��!������	�������	 ����	 ����!-���!	 �$��!����	��!���!�/'�����	?F�!���%!��'	C�!����&	

F�C@	 ��	 ���	 ��!�����	 ��(������#	 �	 �$�����	 '�	 ��	 � !��'�	 '�	 ��!������	 �������&	 ���	

"������!����/'��	��	�(�,�	 ��'������	 �$��������	'�	 ��	����!�� 	'��	��� �+������	 ?KH	8@&	

'���	 ��	 ���	 ����!��!�	 ���	 ��� �+������	 ���-���	 '�-���!	 '��	 ��������	 +�!'�����	

?��� �+������	 .	 �$ ���	 '�	 !����@	 ��	 ��+�!	 ���	 '��� !���������	 ��!������	 ��	 ��� ��%���&	

���!����� �	'���	��	���!���	�������#	

	

��	��������	+�!'�����	����	'��	��� +������	�������	�-��	���	����-�� 	� ��+������	

�!,�	 ����� �&	 ��!��� !�� �	 ��!	 ���	 '�	 ��������'!���	 ��	 ��	 ! �������	 ��'����������	

! '���#	���	��������	 ��!����	���	������	��������!�	���"� �	 ��	 ���"	'�	 ��!�����	��������	

'����	 ������-��	���	 !��! �������	LH	8	'��	 ��!�����	��������	��	 ����	 ���	�H	8	 !������	 ����	

!����-�!���	 '$��� �+������	 ������#	 ���	 ��������	 ����	 ����-�� 	 '�	 �%���,��	 ���	 ���!	

�!��������	 ��������	 '$����!�!	 ��	 �������������	 ���!�	 ��	 ��!����	 �������&	
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�$��-�!��������	��������!�	��	 ���	��� ��%���	����! �	'���	 ��	���!���	�������#	��	����&	

���	��������	+�!'�����	����	����	�$���������	'�	�������	��	����	����+���	'�	��	!�'��� !�����!	

��	 ��� �+������	 ������	 ��Q��	 '�	 ����!	  "�������	 ��	 !:��	 '�!���	 ��	 �����	 ��������	 '�	

!���'���"�	 �����(#	 6���	 �$�����	 '�	 ��!�����	 ��"���(&	 �����	 ��+,!���	 ��	 ��!����	 �������	

��!�������	�����	�$���!������	��	�$���!�"�	'��	��� ��������	=�J>#	

��	 ��� ��%���	 ����	 ��	 ! ������	 '�	 ��	 '��� !���������	 ��!������	 '�	 ��!�����	

��� �+������	����! �	'���	��	���!���	�������&	.	�$��� !���!	'�	�������	� !���� ��%���!��	

����� ��	��� ��������	?P�"�!�	L@#	��(	.	�9	8	'��	��� �+������	'�-�������	'��	��� ��%���	

����	�H999	��!	��<	'�	�����	�����(#		
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��	 ���!�	 '�	 ���!	 '��� !���������&	 ���	 ��� ��%���	 ��!'���	 ���	 "!��'�	 ��!���	 '�	

���!�	 �!"������	 ��	 ' -��������	 '�	 ���"�	 ��	 ����	 �!����"������	 �%������������	

��!�������	 �$ ��+���������	'�	��������	�-��	 ���	���!��	��� ��%���	��	�-��	 ���	��������	

+�!'�����#	��	��+�������	���!���-��	'�	���"	�����"����	���	��� ��%���	��	'��������	'���	

���	 �����������	 �����!	 '��	 �!����"������	 �%������������&	 ����	 '���	 ���	 ��������	 �����G

�M���&	����	��	�������	'�	 �$���	.	 �$���!�	��!	'��	 ���������	�������������	?
�F@#	��	

��� ��%���	 ����!-�������	 ���������������	 '���	 ��	 �!����������	 '��	 ��"���(	 � ����G

�����!����	��	'���	 ���	 ����"��	���!�	 ���	��������	��	 �$��-�!��������	=�H>#	 ���	 ������	�����	

��	 !:��	 '���	 ���	  ����"��	 ���������	 ���!�	 ��	 �����	 �����(	 ��	 ��	 ���"#	 ���	 ! "�����	 ��!	

������!�	 ��	 ��!������	 �������	 ���	 ��	 � �! ����	 '�	 ��� !������	 ���	 ���������	 ��	��!����!	

�� �������	'��	��� ��%���	=�K>#	
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��	��� ��������	 ����	 �����	'�	 ��	 ������	'�	��������	' !�- ��	'�	�! ��!���!�	'�	 ��	

��"� �	�% �������%���!�	�������	�����	��(	��������	'��'!�������	��	��(	�����%���	 Q	

���!����"��#	 ���	 �! ��!���!�	 ��	 '��� !�������	 ��	 ��� ��������	 ����	 �$���������	 '�	

������!�	�%��� ��� �	��	� �! � �	��!	���	��������	��!������	'�	��	������	�������	��	��!	���	

��� �+������	 ����	  "�������	 ��!	 '��	 ��������	 '�!����	 ���!�	 ���	 '��� !����	 �%���	

��������!��	=�I>#	�����&	 ��	��!�����"�	�����%	����������"	�����!	?)G�6P@	��	��	 �����	.	���	

! ������!	 �G���	 .	 ��	 ��!����	'��	 �! ��!���!�	�����%���!��	 �������	 ���!	 �!���� !�����	 ��	

���!	��!-��#	��	�M��&	��	�������!	����-���!	��	������!	P����!	[����	A	�"��'	?���[@&	

�(�!�� 	.	 ��	���+!���	'��	��������	��!������	��	 ��+ ! 	����	��!��	����+��&	��	 ���	.	���	

! ������!	 �������!	 ����-���!	 ��	������!	 P����!	 [����	 A	 ?���[@&	 �! ����	.	 ��	 ��!����	

'��	 �! ��!���!�	 ��� �����������	 ��������  �	 ��	 ��'���	 ���!	 ������	 ���!	 ��!��!	 '��	

��� ��������	����!��	���������  �#	

	

��	��� ��������	����!��	����	'��	��������	" �����	������ ��	'�	J	.	�9	��%��(	

!�"!��� �	��	����!�	'�	��	�������	��	'���	��	'���,�!�	-�!��	'�	�9	.	�99	R�	?P�"�!�	7@#		

	

	

	

	

	

	

	

	

	

	
������	9	 	1��	�%��	�����"�����	�����/���	��	!����"�	�������	��	!�"���"�#�	���"�����$��	
5	/���)����	?�$��!,�	��	����	����!���	B	����BQQTTT#���+���#�!"Q@	

	

���	��������	����,'���	��	����!���	'�	
��"�	 �!,�	' -����� 	�����!	'�	������	

��%��	��	'�	���+!�����	��������'!���	� !����� ��!��#	6�����	��������	!�������+���	'�	��	

! ��!�����	 �������&	 ���	 ��� ��������	 ����,'���	 ���	 "!��'�	 ������� 	 '�	 - �������	

�%���������	!�����	��	��O%���	�%���������	������	���	��	����������	���'�	! ��������	��	

��!�!���	?���F@&	 ��	����������	[&	'��	�����",�����	��	'��	� ������!�� ����	������	���	 ��	
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'$�T��"	 ���-���	 �����	 �(�!���!	 '��	 ��!����!�	 ���!��(	 �����	 ��	 ��!����!	 ���!��G

�� �������	��'�����	?�6�@&	6G�99&	�%�������%���	��	��HI	=<H>#		

	

�@ ��	�!���������	�������	

	

$�����	�� !���������	'�	��!����	'$�T��"	���	'$����!�!	.	��	����	��	����!:��	'�	��	

����'��	�%�� �����	��	��	����!:��	 �����#	��	��������	'��-���	'���	M�!�	�!��	��	���!"�	

��!	 '��	  ������	 �����'����������!��	 ����!�����	 !�'����"���&	 ��������������"�����&	

���!�!"����	 ��	 !�'���� !�������&	 '�����	 ��	 +������	 ��	 �����*.	 ��	 ���	 '�	 �!��������#	 �	

�!�������	�!��,!�	�!��	��	������	���!	 ��	����(	'�	 �!��������	���	 ��	�! �����	��	���	'�	

� ��������	��	������	'�	'��"������#	

	

�!��������	'��	��!�����	'$�T��"	������� �	B	

�	 �!��������	 '��	 �������"���	 ������� ��	 !�����	 ��!	 <	  �����	 ������������#	 �	

�!���,!�	���	�$ ����	'�	�%��! '������	"!3��	.	���	�������� !����	� �G�'��-����	-�����	

.	 !�'����!	 ���	���!�� ��������	��	 ! '��!�	 ��	�����!	 ������#	�	�����'�	 ����	!�����	

��!	 ��	 ! �������	 ���!�!"�����	 '�	 ��	 �����!	 ������	 �-��	 �����!-�����	 '�	 ���+!�#	 �	

'�!��,!�	 ����	��������	��	 ���	�������� !����	�'��-����	�-��	��	 ����	 !�'���� !����	

'���	 ��	+��	'�	��������!	 �$����!�����	'�	! ��'�-��	 =�I>#	 �	 !�'���� !����	���	���	������ �	

��	 !�����	 '�	 ���	 ������	 �����'��!��	 �����	 �$����!�����	 '�	 �����!�	 �����'��!��	 ��	

�!��������#	 ��	 %	 �	 ���	 ���!�������	 '$��� ��&	 �-���	 �$����!�����	 '�	 ��	 �������� !����	

��'�!��&	 ���	 ���(	'�	 ��!-��	.	 H	���	���!	 ���	 ��������	 ��������	 '�	 ��!����	'$�T��"	��	

' ���������	 ���	 ���	 �9	 8	 =<K>#	 ��	 �!���,!��	 �� ���!������	 '��	 ���(	 '�	 ��!-��	 ��!���	

�+��!- ��	��	' +��	'��	��� ��	K9	�-��	�$�����������	'�	��	�%������������'�	=<I>=<L>#		

F�!	��	�����&	�$�����������	'�	�!��������	'�	�������� !����	���+������!�	���������	J	

� '��������	 ���	 ����! 	 ���	 ��������� 	 ��!�����	 ����	 �!�������!�	 ��	 �����	 ��	 '�	

������������ !����	B	 -���!������&	 �������%����	 �&	 �$�'!���%����	 ��	 ��	

�%������������'�#	 $�����������	 '��	 J	 ?D���@	 �	 ����! 	 ���	 ��������� 	 ��� !���!�	 .	

'$���!��	������������&	���������	'�	<	� '��������&	D��	?-���!������&	�������%����	�	

��	 �%�����������'�@	 =<7>#	 ��	 �!�������	 D���&	 ��	 '��	 ����	 �������	 �!��������	 '�	

�������� !����	� �G�'��-����&	 ����	�'������! 	'�	��_��	-�!��+��&	����	��!��	�%������&	

�*���G.G'�!�	�	.	<	 ���!�	 ������	 ���	<	 ��������	��	.	 ���+���	'����	'�	����,!�	��������	�	

�������	��!	�#	$����!�����	'�	�$��������'�	��	����� ����	'���	��	�%��	'�	�!�������	�	

��!���	 '$�� ���!�!	 ��	 �!�������	 '��	 "!�����	 �����!�	 ��	 '$��"�����!	 ��	 ��!-��	 ����	

! ��'�-�	��!,�	�����������	.	 �$ ������'�&	����	���	�����������	��	�!�������	D���	!����	

����!�	'����� �	=J9>=J�>#	
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�!��������	'��	��!�����	'$�T��"	� �����������	��	! ��'�-���	B	

���!�	���	 ��	 �!��������	'��	��������	�! �������	'��	 ��!���	'�	��!����	'$�T��"		

������� ��	��!���	'���	K9	8	'��	���	'$�+����!	���	"� !����	�����,��&	��	�!���	��	���!"�	

�� !���������	'��	��������	�! �������	'��	��!���	� ����������	��	! ��'�-����	��������	

����!����!�����	.	 ������!	 �$ -�������	'�	 ��	�����!	 ��	����	 ���"�����	�����+��	=J�>=�K>#	�	

���(	'�	��!-��	.	H	���	���!	��	�%��	'�	��������	!����	��(	�������!�	'�	�H8#	��	��������	

' -��������	 ���	 ����'��	 ! ��'�-���	 '���	 ���	 �	 �!���,!��	 ��� ��	 ��!,�	 ��	 ���	 '�	

�!��������	�! �������	�����	.	��(	��	 ���(	'�	 ��!-��	.	H	���	'�	 ���������	I8	 ?����!�	

<98	���!	���	�������"���	! ��'�-�����	��!,�	����	'�	�	���@	=J<>#	
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������	 �777&	 ��	 �!��������	 '�	 ! � !����	 '�	 ��!����	'$�T��"	 ��	 ��!���	 ����	 ��	

�!�������	��������	��!�G�]��
	77	?��������	�T��"	����!	]�!E��"	�������-�	��	���������	


!����@	 ���	  -����	 ��	+ � ����	��������	'$���	 �������� !����	���+������!�	'��� !����	

���������	 -���!������&	 ��������'�&	 �'!���%����	 ?c	 '�(�!�+�����@	 ��	  ������'�	 ?D���@	

?P�"�!�	�H@#	�	�!�������	�� !���������	���	�������� 	'�	K	��!��	'�	�����	�������� !����	

� �G�'��-����	D���	������ ��	.	���	 ! �������	���!�!"�����	����'	�����G��	���	�����+��#	

���	 !��'���������	 ���	 �������	 ! ���� �	 ��	 ���	 ��������	 ����	 '�-�� �	 ��	 <	 "!�����	 ��	

��������	'�	-�����	����!��&	'�	��	! �����	�������"����	��	'�	��	�! �����	'�	� ��������	

��	������	'�	'��"������#	�	�!����!	"!����	?��@&	�����!��	���	��������	�! �������	���	

�������"��	 ������� �#	 �	 �����'	 "!����	 ?��@&	 �����!��	 ���	 ��������	 �! �������	 '��	

� ��������	 ��������!��	 ��	 ��	 '�!���!	 ?�<@&	 !�"!����	 ���	 ��������	 �-��	 '��	� ��������	

��������&	 '�	 ��	 ������	 �������	 ��	 ������������#	 F��!	 ���	 ��������	 '�	 "!����	 ��&	 ��	

�������� !����	�'��-����	���	!��'���� �	���!�	I	��!��	'$���	�����������	'�	-���!������	

��	�������%����	�-��	�%������������'�	?D��@	��	��������'�	?D��@#	F��!	��	"!����	��&	

��	 �������� !����	 �'��-����	 ���	 !��'���� �	 ���!�	 ��	 �!�������	 D��	 ��	 ���	

�������� !����	����	 ��!��	����!�����	+�������	��	���������#	�����&	���!	 ��	"!����	�<&	

�! �������	 ���	 ����	 ���+���	 ���(	'�	 ��!-��&	 ���	 �������	 �� !����������	 ����!������	'��	

��!��	'�	���������Q	���������	��	'�	+�������Q���������#	

	

�@ ������	'��	�!���������	�������		
	

�����	 ' �!��	 �! � '������&	 ���"! 	 �$�� ���!�����	 '�	 ��	 �!���	 ��	 ���!"�	

�� !���������	 "!3��	 .	 ��	 ���%�������� !����	 � ��'��-����	 ��	 .	 ��	 ���!�!"��	

�����!-��!���&	 ���	 ���(	'�	��!-��	.	H	���	���!	 ���	��������	��������	'�	��!����	'$�T��"	

!������	 .	 �� ���!�!#	 ����	 ���	 -!��	 ��	 ��!�������!	 ���!	 ���	 ��������	 �! �������	 '��	

� ��������	��	������	'�	'��"������&	���!	 ���	 ��!���	 ! ��'�-�����	��	���!	 ���	��������	
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�! �������	'��	! ���������	.	��	�������� !����#	F�!	������!�&	���	� �������	'�	�!��������&	

���	 ����������������	 ! � � ��	 ��	 ���	 ������	 �����'��!��	 ����	 '�	 ��	 �������� !����	 ��	

�!��������	�!,�	���!'	�+���������	.	���	��!��	! ����	'�	������ 	'�	-��	���!	���	��������#	��	

���-�����	 ��!�� "���	 �� !����������	 �'��-�����	 '��-���	 '���	 M�!�	 ��-���" ��	 ����	

'$�� ���!�!	 	 �$��� !����	��	 ��	������ 	'�	-��	'��	��������	��������	'�	��!����	'$�T��"	

�! �������	 '��	 ��!���	 ������� ��	����	 ��!����	 ���!	 ���	 ��������	 .	 ����	 !������	 '���	 ���	

���(	 '�	 ��!-��	 .	 H	 ���	 !������	 �!,�	 ���+���	 ?� ��������&	 !������&	 ! ��������	 ��(	

�!���������@#	
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���� ���*�����	 �##��"(��	 �(���#����$���	 ��	 ���"�!�	 �%�:���	 #��	

��(�/�����	��	"��"��	*�"����	�����	#����&�������	��!�����	��	�����#����	

�������	

	

�� �	"��"��	*�"����	

	

	 ���	'��	�!���������	���� �������	'�	' -����������	'��	�����!�	��	����	�����(	

���	�$����!�����	'�	� �����	��� ��%������#	����	��	���	'��	�����!�	�!�����-��	�����	'���	

�����	'��	� ��������	��������&	���	� �����	�+���������	.	'�	��!���	'�����!�	�����	��$.	'��	

�!����!��#	 ���O	 �$�'����&	 �$��� "!�� 	 '�	 ���������	 ���	 ����! �	 ��!	 ��	  �����+!�	 ���!�	

! ��!�����	��	����������	�������#	�!�	'�	' -����������	����!��&	���	 �����+!�	���	��� ! 	

��	�+�����	.	 ��	��!������	'�	 � �����	'�	�%��	��� ��%�����	��	��� �+��������#	F�!	������!�&	

�$����!������	 ���!�	 ���	 ��������	 ����!����&	 ���	 ������!�	 ��$�����	 �!�'������	 ��	 ��	

���!���-�!��������	�����(	���	�����������	.	 �$������������	��	��	' -����������	'�	 ��	

�����!#	 �����&	 �����	����	 �	 ' �.	  � 	����! 	'���	 ��	 ���	 '��	� ��������	 ��������&	 ��	

�(����	 ��!�	'�	' -����������	'��	�����!�	��������	�!�����-��	��	��!���	-�����(	���!�	 ��	

�!���� !�����	����!���	��	��	! ��!�����	�������	?P�"�!�	�K@=JJ>=JH>#		

�	 �!������	'��	 �����!�	��������	�!�����-��	��	� �����������	���!	 �$��	�!�-����	��	

��!�������!	'�	��	�! �����	'�	������!�	'�	�!���������	����	���	�$�
PG�&	 ��	�
PGU	��	 ��	P
P	

'���	 ��	 ���!���-�!��������	 �����(	 ��!,�	 ���!	 !���!"�"�	 '�!���	 ��	 �� ���,��	 '�	

! ��!�����	 �������	 =JK>=JI>=JL>#	 ����	 ���	 ������!�	 -���	 �������!	 �$������������	 ��	 ��	

' -����������	 '�	 ��	 �����!	 �����	 ��	 �� �!��	 '�	 0	���'	 ��'	 ����	1	 =J7>#	 ��	 !����!&	 ���	

��������	 ����!����	 -���	 �!�'��!�	 '�!��������	 ��	 ��'�!��������&	 '��	 ������!�	 �!�G

��� ��%������	 ?����	���	'��	��!�����&	'��	�%��E����	��	'��	 ������!�	'�	�!��������@	-��	

'��	 ����!�������	�-��	 ���	��������	 ��!������	 =H9>=H�>=H�>#	F�!��	���	 ������!�&	 ��	F�CG!F	-�	

�!����-��!	 ��	 '��� !���������&	 �$����-�����	 ��	 ��	 ��!-��	 '��	 ��� ��������	 ��	 ��'������	 ��	

�!�'������	'�	���[	��!	���	��� �+������#	�����&	�$���������������	'�	��	! ��!�����	�������	

-�	 ��-�!���!	 ��	 ��!���	 -�����(	 ��	 ��'������	 ��	 ��+ !�����	 '��	 ������!�	 '�	 �!���������	

����E �	'���	��	���!���	�������	��	'�	�����	����,!�&	��-�!���!	 ��	' -����������	'�	��	

�����!#	 F�!	 ������!�&	 �$��"���������	 '�	 ��	 �������!�����	 ��������	 ��'����	 ��!	 ��	

! ��!�����	�������	-�	�������!	��	�!��������	����!���	��	��	�!�'������	'�	F�CG!F#	
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'� ������!����	��#���!������	

	

���	'��	���!�����	�� !����������	��-��!����	'��	�����!�	��������	�!�����-��	���	

'�	!���!�	��	��!���	-�����(#	���(	�%����,���	�� !����������	���-���	M�!�	��-���" ��B	

N	 ����+�!	 ��	 �!���� !�����	 '��	 ��������	 ����!����&	 ���������	 ��!	 '��	 �"����	 '�	

�������� !����	���-����������	��	���!��&	��	�����	+�����!	 ��	 ��+ !�����	'�	 ������!�	�!�G

��� ��%������#	

N	 ����+�!	 ��	 ! ��!�����	 �������	 ��	 '���	 ��	 ��+ !�����	 '�	 ������!�	 '�	 �!��������	

�� " �	'���	��	���!���	�������	��	��-�!�+���	��	.	��	�!���� !�����	'��	��������	����!����#	

�����	�%����,��	�� !���������	���	��	����!�	'��	!����!����	�(� !���������	��	����	'�	

��+�!����!�	'�	��%����������"��	'�	��	! ��!�����	�������#	

���	 '��� ��	 +�+���"!��������	 !����!����	 �������!�	 ��!�� "���	 �(� !���������	

������������	��	���!�	'$ -��������	����	'$����+�!	��	' -����������	����!��	B	
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��>�	 	

�
P�G�	 ����	��	 !:��	 ����!����	'���	 ��	 �!�����!������	'��	��������	 ����!����&	 ���!	
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G		���	��� "!�����	���-���	'��������	'��	�!���",���	'�	"!��'�	������	

G		���	����!�����	'�	! �������	���������!��	��	! �����	.	��!�����	-�!��	

G	 '��	 �!�+�,���	 '�	 ��(���� 	 ��	 ��	 �����+���� 	 ���!	 ��!�����	 -�!��	 '�	 !�'�-���!	

�����",���	��!,�	����"��,��	��	!����+�������	�-��	��	-�!��	��!���	���������(	

G	���	������������	��	���	�!�'������	'�	����	���������	�������� ��	��	��e������	

G	��	!�����	'*��� "!�����	�� ����!�	'���	��	" ����	'�	��	�������	�!������� �	

������	 ����	 '�	 ���	 �������&	 '��	 -�����!�	 �%��� ������	 ���	 -�!��(	 ���	  � 	

' -����� �#	
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��	�%��	'�	�!�����!�	'�	",��	�! �����	���	�-����"��	'*M�!�	���	������",��	��	

'���	 '�	 ��!����!�	 '��	 �'������!������	 ! � � ��&	 '�	 ��	 ���	 �-��!	 '�	 ������	 ������	

�� �!����	 '�	 ��	 ��������	 '*�(�!������	 ��	 '*M�!�	 ������	 ��	 ���	 ���!	 .	 �!�'��!�#	 ���	

� ���'��	 ����	������������	��	�����	����!	��	'�����	 �*���������	'*���	������'����	��&	
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��	����	'�	��+�!����!�&	 ��	���+��	��e�	��	 ��	������� 	'�	����	��	5�-!�	'�	�!�����!�	

'�	 ",��	 ���	 -�!��	 �	 ����! 	 ��	 ��� !M�	 ��!����	 '���	 ��	 +��	 '$�'������!�!	 ��� ���	&	 '��	

�!�� ����	���������������	�� !����������	'���	��	��'!�	'��	�����!�	��������	�!�����-��#	

����	 �-���	 ���!	 ����	 ������ 	 '��(	 "!��'��	 �������	 '�	 -�����!�	 �%��� ������&	 ��	

�����%�,!�	����������	.	+���&	 ��	PKL	?��!��d@	��	��	 ����'�	����������&	 ��	[��J<#	����	

����	 ������	 ��!	 ��	 �����	 ��� !��� �	 .	 ��	 ��'�	 '�	 �!�����!�	 '�	 ",��	 ��%�����&	

�$ ����!��!�����!�#	

	

�����%�,!�	����������	���	�������	.	+���	B	

��	�����%�,!��	.	+����	�����������	����	������ �	'�	������	�%'!����+��	'$�(%'�	

'�	 �!��%�,��	 ?�F@	 ��	 '�	 ������	 �%'!�������	 '$�(%'�	 '$ ��%�,��	 ?��@#	 ��	 ���%�,!��	

��!� �	'�	+����	'$��	��	'$�F	�"��� �	 �����	���	��!����!�	 ��� ��!�	�GAG�	����	����� �	

F��!�����	B	 ?��@(f?F�@%f?��@(#	 ���	 ��	 ����	 ! - � �	 ���������	 ���!	 '�	 ���+!�����	

������������	 ��	 �!�����!�	 '�	 ",���#	 ���	 ���%�,!��	 ��	 ����	 ��	 ���!�	����! �	 ���������	

���!	 ��!�(�!���!	 '��	 �!�� ����	 '$��� !M�	 �� !���������	 '���	 '��	 ��',���	 ��!���	 '�	

�������"���	��������&	��	��-���	 �����	��	� �! � ��#	$������	'�	���	���%�,!��	!�����	

��!	'��	� ��������	�"������	��	��-���	��������!�&	����	 "�������	��	��-���	��������!�	��	

��!�������	���	�� ���!�����	'!�������	'�	�!�����!�	'�	",��	������		�����! 	.	�$���������	

'$���	 ��#	 ���	 �����%�,!��	 .	 +����&	 �����������&	 ���	 -�!��(&	 ���	 �����",���&	 ���	

������",���	����	��!	������!�	�������	.	�!�'��!�	.	�$ ������	��'���!�����#	
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��	 ����	 '�	 ��+�!����!�&	 '��� !�����	  ��'��	 ���	  � 	 ��� ��	 ���������	 ��	 �%��	 '�	

�!�����!�	'�	",��	������	#	�����&	�$��� ��!���" !���	?�F
@	��	���[GP�	?���	��!��	����+��	

'�	 ! ������!	 ���[@	 ���	 ' ����! 	 ���!	 ��� !M�	 �� !���������	 '���	 '��	 ��',���	

�(� !�������(	 '$��� ���!����	 "!3��	 .	 ���	 �'������!�����	 '$��	 ������'�	 ��	

�����������	 �-��	 ��	 �����%�,!�	 ����������	 .	 +���&	 ��	 PKL	 ?��!��d@	 =JH>	 =����(�	 <&	

=�9<>?P�"�!�	��@>#	

	

	

	

	

	

	

	

	

	

	

	

	
������	''	 	 ,���"����	 ��	 "�!#����	 �����K	 7"�#��)!G��	 5	 /��"	 �!#(�#(���	 ���	
����$���D���	 7��	 ��	 *������������	 ��	 �%�&&�"�"���	 ��	 �����&���	 ��	 �G��	 #��	
/����!����"��"�� ��� ����	 �#�G�	 ��@�"����	 ��	 "�!#����	 �����	 D	 #���!���	 "�����	 ��	
��"�&�����	708	L��	7B��	
	
	
	

$���������	 '�	 ������(�	 ���	 ! ���� �	 '���	 ���	 �	�������	 ��+���(	 ��� !���!�	 ��	 ��	

�!�� ���	 ���	 �!�'����	 ��!	 ���	 ��+!��	 ��������!��	 �������������#	 �	 ! �����	 ���������!�	

��'����	��!	�$���������	'�	������(�	��!��	Q	������'�	�+�����	.	���	 ����������	!���'�	'�	

�!���",��	 ��	 ���	 ���������	 '�	 ������(�	 ��!	 �������	 ���	 � ������!�	 ���!	 ����!�!	 '��	

���(	'�	�!�� ����	����������	.	�$��'������	'$��	�����	�� !���������#	

	

��	����'��	�����������	B	

��	 ����'��	 �����������	 ����	 '��	 ��� �����	 ����� !�����	 �����������	

�����!����	 <	��!����	B	 ���	 �M��	�����!�&	 ���!" �	������-�����	 ?��!�������	 ��	 �������	.	

�*���@&	���	��	�������!�	���2���	�%'!����+��	��	��	'������	'�	�������	� ��!���	���	'��(	

 � �����	 ?����� 	 �����	 �������!@#	 F��!	 �$ ��'�	 '�	 �$��������� 	 �� !���������	 '�	 ����	

'���	��	��!����	'$�T��"&	����	�-���	������	'$�������!	���	����G������	'�	����'�	����������	

'�	 �%��	F������������'�&	���� �		[��J<	 ?P�"�!�	�<@#	 ������	&	��	-�����!	 �%��� �����	

������( 	.	 �$���	������'����	���	�'������! 	��!	 ���������	 ���!�G-�������	'���	 ��	 �����	

! �!�G�+����	'�	 ��	���!��#	�	 ��	 �����	'�	�����	 ���������&	���	��!��	�(�!������	'�	�!���",��	
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��	 �%��	 '�	 -�����!	 �%��� �����	 ���	 � ",!�����	 ������",��	 ��	 ��	 ! �����	

���������!�	��*��	' �������	�	���!	���� ������	'�	���	 ������!#	���	�'������!�����	��!	

�������	 '�	 ������(�	 F������������'�	 Q	 ���	 ���	 '���	 � ������!�	 ���!	 �+����!	 ���	

������� 	 '�	 �!�� ���	 ��!�������	 ����������	 ���!	 �+����!	 ��	 �����	 �� !���������#	

*�����- �����	 �����!	 '�	 �$�����������	 '�	 ��	 �%��	 '�	 -�����!	 !����	 " � !�������	 ���	

��������� 	'�	�!����������	������	�+���	��� !���!�	.	�����	'�	-�����!�	-�!��(#	

$ ����!��!�����!�	B	

�	 +�������	 ����'����	 '�	 ��	 ���+!���	 ���������&	 ���+������	 ���'���!���&	

� ��!�	 '��(	 	 ���������	 �%���	 ���	 ��!��	 �������	 '��� !����	 ?��	 �%��������	 ��	 ��	 ������	

�(�!���������!�@	 ?P�"�!�	�J@#	�	���+!���	��	�����!��	'���	�����	��	'� ����!����	��	

�$�����+��	������	�(��!��&	���+!���&	�%��������	���	��' ����+��	��!	��	���'�������!	

��	� !��	�-��	'��	! ���������#				
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$�����������	 '$��	 �����	  ����!����	 �����!��	 ��'���	 ��	 ���������	

�!������+!����!�	.	�$�!�"���	'�	��	��!� �+���������#		�	'��� !����	'�	���������	���!�	��	

���+!���	 �(��!��	 ��	 ��	 ���+!���	 ����!��	 '$���	 �������	 ���	 '$��-�!��	 I9	 �D#	 6�	 ��	

���������	�!������+!����!�	' �����	���	-����!	�����	'$��-�!��	�99	�D&	��	���+!���	-�	

��	' ��!"�����!	��	��	��!� �+�����!#	F���	��	'��� !����	'�	���������	���!�	��	-����!	�����	��	

��	-����!	������� �	���	"!��'�&	����	 ��	��!����	��!� �+���� �	��!�	 ����!�����#	�����&	��	

��'������	 �����	 ��!� �+���� 	 ���+!����!�	 ���	 �� �������&	 ! -�!��+��	 ��	 ����!:� �&	 ��	

���,�	 '�!���	 ��	 �����!������	 ���!���������!�	 ��!�	 ������� 	 ���!	 '��	 ��� �����	 ���	

��!� �����#	���(	 �� �!���	���	 � 	 �����	�����!����	 �$���! �	'�	 �$���	��	 ����	'�	 ��	

�������	��!�	'�	�$ ����!��!�����!�	B	

N	 �!�	 '�	 �$�����������	 '�	 ��	 '��� !����	 '�	 ���������&	 ��	 ���+!���	 -�	 ��	

' ��!"�����!	��	'��	0	 ����!���!��	1	-���	��	��!��!#	$���	������'����	� � �!�!���	�����	

��	�������	��!	'��������	��!,�	���	 ����	'�	�������	.	��	��!����	��������!�#	

N	$���	������'����	�����!���	��	���+!���	���'���	�$�����������	'��	����������	

 ����!�����	"!3��	��(	��!���	 ����!����! ������	������ ��	��	�����	 ����!����#	

��	�M��	��$������
	&	��	����,!�	'���	�$���	� �,�!�	'���	���	��������	������		�$���	

���	 �����,������	  ����' �#	 �	 � �������	 ��!���	 �����!�+��	 .	 �����	 ' �!��	

�! � '�����	����	 ���'�	.	 �$�����+��	'�	�����#	���	 ����������	 ����!�����	��!�������	

'$��"�����!	 ��	 �!�����!�	 '�	 ",��	 '���	 ��	������	 ������������	 ���	 ���������	 ��!	 ��	

�����	 '�	 ��!� �+���������	 ����	  "�������	 ��!	 ��	 �����	  ����!����! �����	 '�!���	 ��!	

�$���&	 ��!�������	 ��	 ��"!�����	 ��	 ���	 ���! �	 '���	 ��	 �������	 =�9K>=�9I>#	 $���	

������'����	� �,�!�	��!���������	'���	��	�������	�����	���	'��(	�!�������	����	'$���!��	

� ��������	 ���-���	 �����	 M�!�	 ������� �	 ���	 ���	 ��	� ��+������	  ��!" �����	 ?��F	 ��	

��F@#		

�	 �!�������	 ��� !M�	 '�	 �$�����������	 '�	 �$ ����!��!�����!�	 ��� ���		 ���!	 ���	  ��'��	

!�����	��!	���	�!�'������	�%�� �����	'�	��	�!�� ���	'$��� !M�	����	'�	�9	����	��� !���!�	.	

�����	 �+�����	�-��	 �$�����������	'�	 -�����!�	 �%��� ������#	 F�!	 ������!�&	 �����	�!�'������	

���	�����	+�������	����	���+��	'���	��	�����	�-��	'��	���(	 ��- �	'�	�!�� ���	����! �	

'���	 ��	 � !��	 '�!���	 �������!�	 ��������	 ��!,�	 �$ ����!��!�����!�#	 �����&	 ��	 ����	

 ����!��!�����!�	���	���������	���!	����!�!	���	�!�'������	�������������	'�	�!�� ���	'�!���	

�����	�$�(� !����������	��	����	'$���	���������	��!	�������	�-��	���	������(��	-�����!	

�%��� �����	Q	���#	
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�	 �����	 �����(	 ���	 ��	 �����	 ����������	 ������(�	 ��	 ��!� ����	 !����������&	

!�������	 ��!	 �* �����+!�	 ���!�	 '��(	 � ��������	 ����� ������!��	 B	 ��	 ��!������	 ��	 ��	

! ��!�����	�������#	 ����	' � �����+!�	 ���!�	 ���	�!�������	 ���	 .	 �*�!�"���	'�	�������"���	

���	 ���-���	 M�!�	 ��� ����'��������	 ��	 ��� ��%������&	 + ��"���	 ��	 ����"���#	 �	

��!����	 '$�T��"	 ���	 ��	 '��(�,��	 �����!	 �������	 �!�����-�	����"��	 ��	 ����	 �! ������	

��!,�	 �$��� ���!����	��	���	�!,�	���-���	������ �	.	���	��!��	��� ��%��#	��	�!���������	

�������	 ����������	 ��	 ���	 ���%�������� !����	 � ��'��-����	 ������ �	 .	 ���	 ! �������	

���!�!"�����	 '�	 ��	 �����!	 ��	 ���	 ���%�������� !����	 �'��-����#	 ���	 �!���������	 ���	

��!"�����	����!�+� 	.	 �$�� ���!�����	'��	 ���(	'�	 ��!-��	'��	��������	����	 �$��� !����	

'�	-��	'�	���(	�! �������	'��	� ��������	��	������	'�	'��"������	��	���	! ��������	.	

��	�������� !����	 !����	 ���+��#	 	��	����&	 ���	�"����	'�	�������� !����	������ �	�! �������	

���	��!��	��(���� &	'�	���+!��(	������	�����'��!��	' � �,!��	��	����	���-���	���	��� ! �	

���O	 ���	 ������	 ��������	 '���	 �$3"�	 � '���!����	 � '���	 ���	 '�	 ��	 ���#	 ��	 ���	 '���	

� ������!�	 '�	 ' -������!	 ���!	 ���	 �����!�	 '�	 ���-�����	 �������	 �� !����������	

�'��-�����	��(	�� !�����	���������#	F�!��	������G��&	���	-���	'�	!����!���	�!���������	
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��	+������	���!�	�$����������	��	��	! ��!�����	�������	��	��-��!	'$���	��!��	' "!�'�����	

�������	��(	�+�!'�	'�	��	�����!#	�!�	'�	�����	' "!�'�����&	'��	������!�	'�	�!��������	
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'�	 ��	�������G<#	 $��'������	'�	 �$��������	��	 �$�(�!������	'��	 ! ������!�	'�	 ����	���	
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[��J<&	'���	�	��',���	�! ���������	'�	 ��!����	'$�T��"#	���	��',���	��	 � 	 ��'����	

���O	 ��	 ���!��	 ��'�	 ���%�����	 ��!	 ���������	 '���	 ��	 ������	 ��!���+����	 '�	 ��������	

����!����	�����+���	.	����	 ������
	#	��	������	'�	�����	�'������!�����	���	 � 	 -��� �	��	

��!���	 '�	 ' -����������	 ����!��&	 '�	 ��!-��	 '��	 ������(	 ��	 '$������	 ��!	 �$��� ��%��	

������ �	��	' -����������	����!��#	

�	 �!�������	 �+������	 .	 �$�����������	 '�	 ����	 ��	 '$������!��	 �"�������	 '�	 ���	

! ������!�	����-����!�	��	��������	���	 �$����!�����	'�	�� ���,���	'�	 ! ��������#	����	

�-���	'���	�������	' ��' 	'�	����	 ��� !����!	.	 �$�!�"���	'�	���	�� ���,���	'���	 ��	

��!����	'$�T��"	��	����	�! ��� ����	.	 �$�����������	'�	 �$�(�!������	'��	 ! ������!�	'�	

����	��	'$��	 ����+����!	'�	 ��	-���	 	 ��"����������	B	�������!	 P���G��E�	 ����+���!%	�!�����	 ?�G

P�F@#	 ����	 �-���	 '���	 ��	 �����'	 �����	 ���� 	 '�	 �����+�����!	 '��	 ��"� ��	 ! ���������	

'������+���	 ��	 ��+�!����!�	 ��!	 ��'���������	 '�	 ���	 ��������	 "!3��	 .	 ��	 ��������"��	

�����-�!���#	

����	 ��	 �����(��	 '�	 �$��� ��%��	 ����!���	 ������ �	 ��	 ��!����	 '$�T��"&	
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�$�(�!������	 ���	 ���-���	 ��'����+��	 ��	 ' ���� �	 '�	 ��_��	 �!�������!�	 ��	 ��-���	 '��	
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�(�!�� 	 ����	 ��	 ��!��	'$���	 �!�� ���	 �!������+!����!�	 '�	 �%��	 ��	 ������ �	'�	 �L�	

���'��	���� �	'���	 ��	 ��!��	�������#	 �	���-�"�	'�	 ��	��!���	�G��!������	 ?'������	

�(�!���������!�@	 ��+,!�	 ���	 ��!��	 ����+��	 '�	 ��	 �!�� ���	 =��<>#	 �	 ��!����!�	

�!�������"!�������	 '�	 ��	 ��!��	 ����� !����	 ����	 �! �����	 ��!	 ������!�	 ���	 ��!��	

������"��	�-��	���	��!����!��	'�	��P	��	��J9	�"��'	=��J>#	����	��	�! �����	����	��!��	

�����!�� !����	 ���!	 ��	 ��(�!	 .	 ���	 ! ������!�#	 �	 ��!��	 �!�� !����	 '�	 ��	 �!�� ���	 ���	
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�	 ������� 	 '�	 ����	 .	 ��'��!�	 �$��������	 '��	 ��������	 �!�����!� ��	 �	  � 	

' ����! �	 ����	 ���	 !:��	 ��%�����"����	 �$���	 ���	 ����!�	 +���	 ' ����#	 ��	 ���!��	

' ���������	 ���!	 ���	 ! ������!	 ��	 ���!	 ��	 ��!��	 ��!���	 '�	 ����	 ����	 -��+���	 ��	 ��	

' -��������	 ��!��������&	 ��	 ���	 ��"",!�	 ���	 �+�����	 '�	 !:��	 '�	 �����	 -���	 '�	

��"����������	 '���	 ��	 ' -����������	 ��+!%�����!�	 =��H>=��K>#	 ����	 ���	 �(�!�� 	

�� �����������	 .	 ��	 ��!����	 '��	 ��������	 ����!��	 [����!	 ?�[@&	 '��	 �%�����%���	 �	

�%����(�����&	'��	���!����"��	��	'��	��������	'��'!�������#	�	�!����!������	'�	���	���	

�����"�!	����	M�!�	��'����	��!	�$����!� !��	'�	�%��	�	=��I>#	$�(�!������	� �����-�	'�	����	

.	 ��	 ��!����	 '��	 ��������	 ������!����	 '�	 �%��,��	 ���������!�	 ��"",!�	 ��	 !:��	 '�	 ����	

'���	��	��!������	'�	! ��!���!�	�����	��	'���	��	! "�������	'�	��	! �����	���������!�#	

���	 ��'��	 ! ���� ��	���O	 �$�����	��	'���	'��	��',���	������(	��"",!���	���	����	

����	 ��	 !:��	 '���	 ��	 ! "�������	 '�	 ��	 ! �����	 ���������!�	 '���	 ��	 +��	 '$ -���!	 '��	

! �������	�(�����-��	-��G.G-��	'$�"����	���������(	�����	��	���� !��	��	��	�%��� "���-�!��	

=��H>=��L>	��	'$����G����",���	 ������� �	'���	'��	�������"���	����G�������	������	���	

�$�!��!���&	��	'��+,��	��	��	��� !���	��������	=��7>=��9>=���>#	�$���!��	 ��'��	��"",!���	���	

����	 ��!���	 ��	 !:��	 '�	 ����!�����!	 '�	 �����!	 ��	 ��!������!���	 �����	 .	 ��	 ��!-��������	

���������!�	 ����!�	 ��	 ' -����������	 '�	 �����!�	 �!�����-��	 ��	 '�	 � ��������#	 �����&	

���O	 ��	���!��&	 �$����+�����	'�	 �$����-�� 	'�	����	��!	[���E	���	 ?[�@	" � �����&	"!3��	.	

'��	������!��	+�������	��	����!�	��!	����+�����	'�	��	��!��	��!��	'�	��H	�	�����!� 	��	

!:��	 '�	 ����!������	 '�	 �����!	 '���	 '��	��',���	 ������� �	 ��	 ��'����	 '�	� ��������	

������	 '�	 �%������	 ��	 '�	 ��!������	 ����� 	 =���>=��<>=��J>#	 F�!	 ������!�&	 ���	  ��'�	

! �����	 ! ���� �	 ��!	 <KL	  �����������	 '�	 �����!�	 ������!��	 ��������	 �	 ����! 	 ���	

��!! ������	 ���!�	 ���	 ����	 ! "�������	 '�	 ����	 '���	 ���	 �����!�	 ��	 ��	 �! �����	 '�	

� ��������	 ��	 ��-���	 '�	 ��!-���	 =��H>#	 6�	 ��	 !:��	 '�	 ����	 '���	 �$����+�����	 '�	

' -����������	 � ����������	 �	  � 	 +���	 ����! &	 ���	 !:��	 '���	 ��	 ����!������	 '��	

�����!�	 �!����!��	 !����	 ����!�	 '����� #	 �����&	 ���	 ���!��	 ' ���������	 ���!	 ����	 ��	

' -��������	 ���	 ����	 '�	 �����!�	 ������� ��	 ���	 ���	 ���!��	 ���-�"��	 ��	 ��	

' -����������	 '�	 �����!�	 ����� ��	 ��	 ! �����	 .	 '��	 �"����	 ���������	
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'�	��(�!	�-��	���	���+��	������� 	��	�!����,��	! ������!	 ���!!�	����+��&	 �$�F
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�����&	 ��	 �(����	 ���	 ��!! ������	 ���!�	 �$�(�!������	 '�	 �$��O%��	 �������!���	 '�	 ��	

"�%���%������	
����J	��	 ��	 �����+���� 	.	 ����	'�	��������	'�	��!������	����! ������&	

'�	�����!	'�	������	��	'�	� ������	�����	 =�<I>#	���	�G"�%���%������	��	 ���+����	

�����'���	���	��� !�!	�$�(�!������	'�	��J	��	'�	��H	.	��	���+!���&	��	���!	������� 	���!	

����#	 �����	 ���+��!�����	 ��	 !�-�����&	 �-��!	 ���	 ����'����	 ��!	 �$���"���!�������	 '��	

! ������!�	��	! �����	.	��	��(�����	'�	����&	�����G��	 ����	� ������!�	.	��	��!������	'�	

������(�	�����G��'����"	 6�"�����"	������(	 ?��6�@	��	.	 �$����-�����	'�	 ��	�������	L#	

�����!����	 ��	 �������%������&	 ����	 ��!���	 � ������!�	 .	 ��	 ������������	 '�	 ��J	 '���	 ���	
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+����"����	'�	�����	��'��%����	���	 .	 �$���!�	 ��������	���	 �����	 ��	 ���	 ����+�����	 ��	
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��!������	'�	!���&	'�	����	��	'�	��	�!������	=�J�>=�J�>=�J<>	����	���!	�����������	'���	��	
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��'���	 �$����G����-�����	 '��	 ��������	 �������!����	 =�JL>#	 ��	 ! �����	 .	 ���!	 ����-�����&	 ���	
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����G�M��	 ���-�!	 '$���!��	 ��������	 �����	 ���	 '$���!��	 ! "������!�	 ��	 �!�� ����	
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�!�� ���	 AC<G����!�����"	 '�����	 '����	 �"�����	 ?A�'@&	 ��	 ���+!�	 '�	 ��	 �������	 AG

��Q%������	�	?A��G�@&	��+��!��	'�	��	�������	L#	6����	��	�%��	��������!�&	��	���-�"�	'�	

A�'	 ?���@	 ��	 �A�'	 ?��H@	 -�	 ���!�!	 ��	 ���	 '���	 ��	 � �������	 �!����!�	 '$��'������	

'$��������	��	 ! �����	 .	 ����#	����	 ���	 ��������	 '�	 �%��	 �	 ?��' ���'����	'�	 ��	 -���	

���!���,���@&	 ��	 ��!�(�!������	 '�	 ��	 �!�� ���	 A��G�	 +�����	 ���	 ��'����������	

��������'!�����	�+���������	.	�$��������	��!	��	-���	���!���,���	����	��	������(�	��6�	

����-�	 ������������	 '�	 �������GL	 ���!	 �������!	 ���	 ��������	 ������!����	 ��	 ��'��!�	

'�!��������	�$��������	��!	��	-���	�(�!���,���#	����	���	��������	'�	�%��	��	?' ���'����	

'�	 ��	-��	 ���!���,���@	��	 !�-�����&	���	������� 	����'!�	'�	�������GL	���	����- �	��	

���	�������������	'�	��"���	��!	 ��	-���	 ���!���,���	���	� ������!�	=�H�>#	�	�! �����	��	

���	 '��	 �!�� ����	 YG���E�'	 ����+���!	 ��	 ���������	 ?Y��F@	 ��	 ��	 ! "�������	 � "���-�	 '�	

�$����-����	'�	 ��	�������	<&	���!!���	�����	M�!�	 ������� �	'���	�����	��� "�!�������	'��	

��������#	�	��!��	���- �	'�	��	�!�� ���	A�'&	�A�'	��"�"�	��	-���	���!���,���	'�	�$��������	

��!	 ��(�����	.	 ��	�!�� ���	A��G�G���������'	Y	?A�Y@	��	A��G�	������"���	����"�����	E����!	

?A�[@#	 ����	 -�	 �+����!	 .	 ���!	 ���"�� !�������	 ��	 .	 ���!	 �!�����������	 .	 ��	 ���+!���	

�(��!��	'�	 ��	��������'!��&	 ��������	 ��	��!� �+��������	'�	�����	���+!���	 =�H�>#	���	

�!�� ����	 �!�G������������	 �����	 ��	 �%����!���	 �	 ��	 6����'	��������'!��G'�!�-�'	

����-���!	 ��	 �������	 Q	 '�!���	 ����+���!	 ��	 ���������G+��'��"	 �!�����	 T���	 ��T	 ��	
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�������G7	-�	����-�!	 ���	�������G<&	 GK	��	 GI	�+���������	.	 �$��������	'�	 ��	�������	'���	
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������!	 P����!	 gA	 ?�PgA@	 ��	 ��!���	 -��	 ���	 ! ������!�	 ��J&	 ��H	 ��	 ����	 "!3��	 .	 ��	

��!������	 '$��	 ������(�	 '�	 ��"����������	 �����'��!�	 " � ! 	 ��!,�	 ��	 ��!������	 '�	
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Cancer Therapy: Preclinical

Preclinical Evidence that Use of TRAIL in Ewing's Sarcoma

and Osteosarcoma Therapy Inhibits Tumor Growth, Prevents

Osteolysis, and Increases Animal Survival

Gaëlle Picarda1, François Lamoureux1, Loïc Geffroy2, Pascal Delepine3, Tristan Montier3, Karine Laud4,

Franck Tirode4, Olivier Delattre4, Dominique Heymann1, and Françoise Rédini1

Abstract

Purpose: Osteosarcoma and Ewing's sarcoma are high-grade neoplasms typically arising in the bones

of children and adolescents. Despite improvement in therapy, the five-year survival rate is only 20% for

patients not responding to treatment or presenting with metastases. Among new therapeutic strategies,

the efficacy of tumor necrosis factor (TNF)–related apoptosis-inducing ligand (TRAIL), a member of the

TNF superfamily with strong antitumoral activity and minimal toxicity to most normal cells and tissues,

was investigated by complementary approaches both in vitro and in preclinical models.

Experimental design: The sensitivity of osteosarcoma and Ewing’s sarcoma cell lines to TRAIL was

investigated in vitro by determining TRAIL receptor expression together with TRAIL effects on cell viability

and apoptosis. Complementary preclinical studies were carried out in respective tumor models by inoc-

ulation of osteosarcoma or Ewing’s sarcoma tumor cells in paraosseous location. In addition, a model of

lung nodule dissemination was developed by i.v. injection of osteosarcoma cells.

Results: In vitro, both osteosarcoma and Ewing’s sarcoma cells that express the TRAIL death receptors

were highly sensitive to TRAIL-induced caspase-8–mediated apoptosis. TRAIL administered in vivo by non-

viral gene therapy inhibited primary bone tumor incidence and growth by 87% and prevented tumor-

induced osteolysis, leading to a significant 2-fold increase in animal survival 40 days after tumor induc-

tion. Furthermore, TRAIL inhibited tumor nodule dissemination in lungs and increased survival in an

osteosarcoma model.

Conclusion: These findings suggest that TRAIL is a promising candidate for the development of new

therapeutic strategies in the most frequent malignant primary bone tumors. Clin Cancer Res; 16(8); 2363–74.

©2010 AACR.

Bone sarcomas are rare malignancies diagnosed in fewer
than 700 individuals per year in the United States. Osteo-
sarcoma, the most common primary malignant bone tu-
mor in both children and adults, is characterized by the
development of bone or osteoid substance by the tumor
cells (1). The disease develops mainly in young patients
between ages 10 and 25 years with a peak of incidence

at 18 years (2). Current therapeutic protocols consist in

neoadjuvant and adjuvant poly-chemotherapy associated

to definitive surgery with limb salvage. The rate of long-

term survival is 50% to 70% at 5 years for patients with

localized tumor but only 15% to 20% when pulmonary

metastases are detected at diagnosis or not responding to

therapy, or with disease relapse. Ewing's sarcoma is a high-

grade neoplasm that accounts for approximately half of

osteosarcoma cases in children, representing 2% of child-

hood cancers with a peak incidence at age 15 years (3–5).

It is characterized by a rapid tumor growth and extensive

bone destruction that can result in bone pain and patho-

logic fracture (6). Ewing's tumors show a typical chromo-

somal translocation in >90% of cases linking the EWS

gene on chromosome 22q12 to a member of the ETS tran-

scription gene family, most commonly to Fli-1 on 11q24

(7, 8), leading to an aberrant transcription factor that pro-

motes tumorigenicity (9–11). Current treatment consists

of several rounds of multidrug cytostatic therapy com-

bined with surgery and radiotherapy for local control.

With the use of alkylating agents, long-term survival can
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be achieved in >50% of patients with localized disease,

whereas patients with clinically detectable metastases at

diagnosis or who are not responding to therapy have a sig-

nificantly poorer prognosis, with long-term survival de-

creasing to 15% to 25%, especially for patients with

bone metastases (12).
As the survival rates for metastatic and relapsed osteo-

sarcoma or Ewing’s sarcoma patients have not changed
in the past 30 years despite the use of intensive chemo-
therapy (13), new therapeutic approaches are therefore
needed.
Tumor necrosis factor (TNF)–related apoptosis-inducing

ligand (TRAIL or APO-2L) is a member of the TNF super-

family that has a strong antitumor activity in a wide

range of cancer cell lines while being minimally cytotoxic

to most normal cells and tissues (14). TRAIL is able to

bind five cognate receptors: two death receptors acting

as activating receptors [DR4 (TRAIL-R1) and DR5

(TRAIL-R2)] and three decoy receptors [DcR1 (TRAIL-

R4), DcR2 (TRAIL-R5), and secreted osteoprotegerin

(OPG); ref. 15]. The TRAIL decoy receptors are unable

to trigger a death signal because they lack a functional

death domain (16). TRAIL activates the extrinsic apoptotic

pathway by inducing Fas-associated death domain protein

recruitment to the death domain, leading to caspase-8 acti-

vation and caspase-3 cleavage (17). In addition, it has been

shown that TRAIL can induce the mitochondrial apoptotic

pathway through caspase-8 activation followed by NFκB

and Bid recruitment (18). Clinical trials are currently in

progress testing fully humanized activating monoclonal

antibodies directed against DR4 or DR5. Two phase 1

studies targeting DR4 (Mapatumab, HGS-ETR1, TRM-1;

ref. 19) or DR5 (Lexatumumab; ref. 20) are currently car-

ried out in patients with solid malignancies and a phase 2

study with lexatumumab is in progress in patients with

solid tumors (21). These studies show promising results

on tumor progression, but over a limited time span.

Except hepatic toxicity, the major limitation of the thera-

peutic use of TRAIL is the resistance that occurs in cancer

cell lines, which can be attributed to dysfunctions in the

TRAIL signaling pathway (16, 22, 23).
In the present study, complementary experimental ap-

proaches were used to study TRAIL mechanism of action
on osteosarcoma and Ewing's sarcoma cell lines in vitro.
Then, its potential therapeutic interest was investigated
by gene transfer in vivo in respective tumor models in-
duced by osteosarcoma POS-1 and Ewing's sarcoma
A673 cell inoculation in mice. The results showed antitu-
mor effects of TRAIL in both models, with significant pre-
vention of bone lesions, inhibition of bone tumor
development, and increased survival rates. TRAIL also di-
minished lung nodule dissemination induced by osteosar-
coma cells.

Materials and Methods

Cell lines

Ewing's sarcoma. Eight human Ewing's sarcoma cell
lines were used. A673, TC32, SKES1, SKNMC, and RDES
cell lines were kindly provided by Dr. S. Burchill (Chil-
dren's Hospital, Leeds, United Kingdom) and the EW24,
TC71, and EW7 by Dr. O. Delattre (Institut National de
la Sante et de la Recherche Medicale U830, Paris, France).
The cell lines A673, TC32, SKES1, and RDES were cultured
in DMEM (BioWhittaker) with 10% fetal bovine serum
(FBS; Hyclone) and SKNMC, EW24, TC71, and EW7 cells
were cultured in RPMI (BioWhittaker) with 10% FBS. In
addition, EW7 cells require type I collagen to grow.
Osteosarcoma. Seven osteosarcoma cell lines were stud-

ied as follows: human HOS, U2OS, MG63, rat ROS and
OSRGa, and mouse POS-1, MOS-J. The mouse POS-1
osteosarcoma cell line was kindly provided by Dr. A.
Kamijo (Yokohama City University School of Medicine,
Yokohama, Japan; ref. 24). Rat osteosarcoma OSRGA
cell line was established from a initially radioinduced
osteosarcoma (25). Murine MOS-J osteosarcoma cell line
was kindly provided by Dr. L. Shultz (Jackson Laboratory,
Bar Harbor, Maine; ref. 26); Human MG63, U2OS,
HOS, and rat ROS cell lines were purchased from the
American Type Culture Collection (Promochem). All cell
lines were cultured in DMEM (Lonza) supplemented
with 5% FCS (Hyclone) and 2 mmol/L L-glutamine
(Lonza) except the POS-1 and MOS-J cell lines, which
were cultured in RPMI (Lonza) supplemented with
10% FCS and 2 mmol/L L-glutamine.
Other. Cells (2.93) derived from human fetal kidney

used in in vitro cell transfection assays (27) were cultured
in DMEM supplemented with 10% FBS and 2 mmol/L
L-glutamine.

Translational Relevance

Despite improvement in therapy, the five-year sur-
vival rate for the two more frequent primary bone tu-
mors in children (osteosarcoma and Ewing's sarcoma)
is only 20% for patients not responding to treatment
or presenting with metastases. The results of preclinical
studies presented in this article show the proof of
concept of the beneficial use of tumor necrosis factor–
related apoptosis inducing ligand (TRAIL) in osteosar-
coma and Ewing's sarcoma therapy. These data could
be easily translated to cancer medicine given that ag-
onist antibodies to TRAIL death receptors are already
tested in clinical trial with encouraging results in solid
tumors other than primary bone tumors. Further-
more, we showed that the expression of death recep-
tor is a prerequisite for TRAIL sensitivity in bone
tumor cell lines. Given that 70% of osteosarcoma
and Ewing's sarcoma biopsies express DR4 or DR5,
it can be suggested that these patients may benefit
from such TRAIL therapy.
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In vitro experiments

Plasmid constructs. The pBF42-hTRAIL construct (kindly
provided by Dr. B. Fang, The University of Texas MD
Anderson Cancer Center, Houston, Texas), contains the
DNA sequence encoding human TRAIL inserted into the
pBF42 plasmid between the Xho1 and BamH1 sites. For
both in vitro and in vivo studies, the empty pBF42 plasmid
was used as control.
Cell transfection. To assess the cellular expression of

hTRAIL, 80% confluent 2.93 cells in six-well plates were
transfected with 8 μg of pBF42 or pBF42-hTRAIL using a
synthetic transfection reagent, the lipophosphoramide
KLN143. Transfections were done in serum-free optiMEM,
and after 2 h and 30 min at 37°C, the transfection medi-
um was replaced by 2 mL of DMEM containing 10% FBS
and 1% penicillin/streptomycin (complete medium). The
transfection efficiency was quantified in vitro by using the
pEGFP-N3 construct encoding the green fluorescent pro-
tein. Expression of the hTRAIL transgene was quantified
at the protein level 48 h after transfection. In addition,
to validate the biological activity of pBF42-hTRAIL in vitro,
the proliferation of pBF42-TRAIL–transfected A673 cells
was compared with the proliferation of pBF42-transfected
cells during 72 h, by using the proliferation assay de-
scribed below.
Cell proliferation and viability. Subconfluent cultures of

osteosarcoma or Ewing's sarcoma cells in 96-well plates
were treated for 72 h with 50 ng/mL−1 hTRAIL (R&D
systems). Cell viability was determined using the sodi-
um 3′[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis(4-
methoxy-6-nitro)benzene sulfonic acid hydrate (XTT) cell
proliferation reagent assay kit (Roche). Cell viability was
also assessed by trypan blue exclusion. The percentage of
cells exhibiting intracytoplasmic trypan blue staining was
determined using a Malassez counting chamber.
Apoptosis. Subconfluent tumor cells cultured in 24-well

plates were treated with 50 ng/mL TRAIL for 1 to 6 h,
washed, and lysed in radioimmunoprecipitation assay
buffer [150 mmol/L NaCl, 50 mmol/L Tris (pH 7.4), 1%
NP40, 0.25% sodium deoxycholate, 1 mmol/L Na3VO4,
0.5 mmol/L phenylmethylsulfonyl fluoride, 1 mmol/L
NaF, 10 μg/mL leupeptin, and 10 μg/mL aprotinin] for
30 min. The cells were then scraped off and the lysates
were cleared of debris by centrifugation at 12,000 g for
15 min, after which total protein was quantified using
the bicinchoninic acid + copper II sulfate assay (Pierce
Chemical). Caspase-3 activity was assessed in 10 μL of cell
lysate with the CaspACE assay kit (Promega) following
the manufacturer's recommendations. Cells treated with
1 μmol/L staurosporin 4 h before harvesting were used
as positive control for caspase activity. Caspase-8 activity
was assessed by Western blot analysis as described below.
Gene expression analysis. Expression of hTRAIL death re-

ceptors DR4 and DR5 was assessed in subconfluent tumor
cells cultured in six-well plates. TRAIL receptor mRNA
expression was determined by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) after
total RNA extraction using Trizol reagent (Invitrogen).

Briefly, 10 ng of cDNA were amplified using the IQ SYBR
Green Supermix (Bio-Rad) for theDR4 andDR5 gene. Sense
and antisense primers used are as follow (DR4: sense, ggagg-
cacagtgtctgctg; antisense, cagcaccatttgctggaac; DR5: sense,
agagccaacaggtgtcaacat; antisense, gcctcctcctctgagacctt). Each
sample was analyzed twice and quantified with the analysis
software for iCycler iQ Real-time PCR Detection System
(Bio-Rad).
hTRAIL ELISA. Ninety-six-well plates were coated with

polyclonal anti-human TRAIL antibody (0.2 μg/well,
R&D Systems) overnight at room temperature and then
washed and incubated for 1 h with a blocking solution
(1% bovine serum albumin/5% sucrose/PBS). After wash-
ing, the wells were incubated at room temperature with
dilute serum or with media from transfected 2.93 cells
for 2 h, followed by a 2-h incubation with Biotin-SP–

conjugated Donkey Anti-Human IgG (1:20,000; R&D
Systems). Detection was done by incubating with strepta-
vidin–horseradish peroxidase (1:200; R&D systems) for
30 min. The reaction was stopped by the addition of
50 μL of 1 mol/L H2SO4 and then absorbance at 410
nm was measured using a VICTOR2 Multilabel counter
(Perkin-Elmer). The ELISA detection limit was 0.02 ng/
mL. TRAIL production was also assessed in the muscle
and tumor after tissue lysing and crushing as described
below (in vivo analysis of transgene expression).
Western blot analysis. Fifty micrograms of total protein

were separated by SDS-PAGE and were electrophoretically
transferred to an Immobilon-P membrane (Millipore).
The membrane was incubated with antibodies [caspase-
8 and DR5 (Cell Signaling Technology) and DR4 (R & D
systems)] in PBS containing 0.05% Tween 20 and 3% bo-
vine serum albumin. The membrane was washed and
probed with secondary antibody coupled to horseradish
peroxidase. Antibody binding was visualized with an en-
hanced chemiluminescence system (ECL kit, Roche). For
quantification, luminescence was detected with a Charge
Couple Device (CCD) camera (Syngene) and was ana-
lyzed using the GeneTools program (Syngene).
Fluorescence-activated cell sorting analysis. Cells (2 × 105)

were washed twice and were resuspended in 100 μL of PBS
and 4% FBS. Two microliters of phycoerythrin-conjugated
anti–TRAIL-R1 (DR4), anti–TRAIL-R2 (DR5), anti–TRAIL-
R3 (DcR1), or anti–TRAIL-R4 (DcR2) antibodies (R&D sys-
tems) were added in 50 μL PBS 0.1% FBS. The cells were
incubated on ice for 30 min, washed twice with PBS 2%
FBS, and then analyzed using the Cytomics FC500 flow
cytometer (Beckman-Coulter).

In vivo experiments

Osteosarcoma model. Four-week-old male C3H/He mice
(Elevages Janvier) were maintained under pathogen-free
conditions at the Experimental Therapy Unit (Faculty of
Medicine, Nantes, France) in accordance with the institu-
tional guidelines of the French Ethical Committee (CEEA
Pays de la Loire n°06) and under the supervision of au-
thorized investigators. Animals were housed 1 wk before
the start of experiments. The mice were anesthetized by
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inhalation of an isoflurane/air mixture (1.5%, 1 L/min)
combined with 0.05 mg/kg buprenorphine (Temgesic,
Schering-Plough) before receiving an injection of 2 ×
106 POS-1 cells in close proximity to the metatarsus.
Tumors appeared at the injection site ∼8 d later. The
tumor volume (V) was calculated from the measurement
of two perpendicular diameters using a calliper, according
to the following formula: V = 0.5 × L × (S)2, in which
L and S are, respectively, the largest and smallest perpen-
dicular tumor diameters. Mice were sacrificed when tumor
volume reached 1,000 mm3 for ethical reason.
Ewing's sarcoma model. Four-week-old Rj:NMRI-nude

mice (Elevages Janvier) were housed at the experimental
Therapy Unit as described above. They were anesthetized
as described before receiving an intramuscular injection of
2 × 106 A673 cells.
Models of pulmonary nodule dissemination. Four-week-

old male C3H/He mice were anesthetized as described be-
fore i.v. injection of 1.5 × 105 murine osteosarcoma POS-1
cells. Under these conditions, pulmonary nodules develop
rapidly, leading to the death of the animals in 3 to 4 wk
after POS-1 cell injection (28).
Formulation preparations. Experiments were done with

the third-generation phosphonolipid transfection reagent
KLN143, containing an ammonium polar head. It was
used and formulated as previously described for the sec-
ond generation of cationic phosphonolipids (29, 30).
Briefly, cationic lipids were dissolved in chloroform in a
glass vial. Chloroform was evaporated under vacuum to
produce a dry lipid film. Sterile saline (NaCl 0.9% w/v)
was then added to the lipid film, and after storage at
4°C overnight, the resulting solution was sonicated for
10 min before use. Cationic lipids were mixed with plas-
mid DNA and diluted in sodium chloride solution (0.9%)
as required. The mixture was incubated at room tempera-
ture for 30 min before administration.
Experimental protocols. To determine the effect of hTRAIL

delivered by synthetic vectors on primary tumor growth or
pulmonary nodule formation, mice were injected with tu-
mor cells as described above. Three groups of eight mice
were then treated as follows: controls (vehicle treated),
pBF42 (empty plasmid treated controls: KLN143/empty
pBF42), and hTRAIL (KLN143/pBF42-hTRAIL). The
KLN143 reagent alone did not affect tumor development
(data not shown). TRAIL treatment in both models con-
sisted of weekly i.v. injections of the lipophosphoramide/
DNA formulations in the retro-orbital vein, beginning at
the time of tumor cell inoculation until 28 to 42 d posttu-
mor cell injection, depending on the series. Treatment was
continued until the volume reached 5,000mm3 for Ewing's
sarcoma or 1,000 mm3 for osteosarcoma at which point
mice were sacrificed by CO2 inhalation, in accordance with
ethical regulations. In the model of lung dissemination fol-
lowing i.v. injection of POS-1 cells, the animals were sacri-
ficed when respiratory distress was observed and the
number of nodules was assessed at necropsy.
In vivo analysis of transgene expression. Blood was

drawn intermittently from the retro-orbital vein to moni-

tor circulating hTRAIL protein levels throughout the exper-
iment. At necropsy, the tumor and muscle tissues were
lysed in reporter lysis buffer (Promega) supplemented
with a protease inhibitor cocktail (Roche Molecular Bio-
medicals) and crushed for 30 s using Ultraturax. After
which, the lysates were centrifuged at 10,000 rpm for
5 min at 4°C and processed for hTRAIL detection using
the ELISA described above.
Terminal deoxynucleotidyl transferase–mediated dUTP

nick end labeling staining for detection of apoptosis in vivo.

The proportion of apoptotic cells in primary bone tumor
was determined using the in situ cell death detection kit
(Roche Diagnostics), based on the terminal deoxynucleo-
tidyl transferase–mediated dUTP nick-end labeling (TU-
NEL) method. TUNEL-positive cells were counted by
microscopic examination with a ×40 objective lens and in-
dices were determined as the mean percentages of positive
cells among total cells.
Radiographic analysis. Radiographs on anesthetized ani-

mals [xylazine (Rompun)-ketamine (Imalgène 500) 8%
and 13%, respectively, in PBS; 100 μL/10 g] were taken ev-
ery week and at necropsy with a PLANMED Sophie mam-
mography apparatus (SN RAH 40710).

Statistics

For analysis of TRAIL concentrations, results from treated
groups were compared with the control using Dunnett's
multiple comparison test. In vivo, Gaussian distributions
were tested for the analysis of tumor volumes in the three
groups by the Kolmogorov and Smirnov test. A two-tailed
unpaired t test with Welch correction was used to compare
mean tumor volumes. To compare metastatic incidence,
a Fisher exact test was performed. Mouse survival was ana-
lyzed using the Kaplan Meier survival curves with log-rank
analysis.

Results

Eight human Ewing's sarcoma and seven mouse, rat, or
human osteosarcoma cell lines available in our laboratory
were screened for their sensitivity to TRAIL in vitro: four
Ewing’s sarcoma (A673, TC71, RDES, and EW7) and four
osteosarcoma (HOS, MG63, U2OS, and POS-1) cell lines
were found sensitive to TRAIL. The further studies on
TRAIL mechanisms of action were done with all sensitive
cell lines, but to simplify the article, the results obtained
with one representative sensitive cell line of each tumor
type are shown.

Osteosarcoma and Ewing's sarcoma cells sensitive to

TRAIL express death receptors DR4 and DR5

The expression of TRAIL death receptors was determined
in all sensitive osteosarcoma and Ewing's sarcoma cell
lines at the mRNA and protein levels, respectively, by
RT-qPCR and fluorescence-activated cell sorting (FACS)
analyses. Figure 1A shows an example of the results ob-
tained with the A673 (Ewing's sarcoma) and HOS (osteo-
sarcoma) cells at the mRNA level, showing the expression
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of the death receptors DR4 and DR5 by both cell lines,
DR4 being more expressed in the HOS cell line than
DR5 (Fig. 1A). However, at the protein level, FACS analy-
sis reveals a higher expression of DR5 at the surface of
both A673 and HOS cells than DR4 (Fig. 1B).

TRAIL induces apoptosis in osteosarcoma and Ewing's

sarcoma cells in vitro

The effect of recombinant human TRAIL was investi-
gated on the viability of osteosarcoma and Ewing's sarco-
ma cell lines using an XTT assay. Treatment with increasing

Fig. 1. Human A673 Ewing's sarcoma and HOS osteosarcoma cells express TRAIL death receptors and are sensitive to TRAIL-induced apoptosis. TRAIL

DR4 and DR5 death receptor expression was assessed at the transcript level by RT-qPCR (A) and at the protein level by FACS analysis (B) in Ewing's

sarcoma A673 and osteosarcoma HOS cells. TRAIL sensitivity of primary bone cell lines was determined by XTT assay after treatment with 0 to 200 ng/mL

TRAIL for 72 h (A673 and HOS cells as an example (C). Caspase-8 activation was analyzed in response to TRAIL in the Ewing's sarcoma A673 cell line by

the Western blot of caspase-8 cleavage (caspase-8 p18) after treatment of A673 cells with 50 ng/mL TRAIL for 1 to 6 h (D).
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concentrations (0-200 ng/mL) of TRAIL for 72 h decreased
cell viability in both cell types, with maximum inhibition
achieved at 150 ng/mL (IC50, 38.3 ng/mL) for HOS and
50 ng/mL for A673 cells (IC50, 29.9 ng/mL) for example
(Fig. 1C). Treatment of cells with 50 ng/mL TRAIL for
24 to 72 hours induced a time-dependent decrease in the
number of viable cells, compared with the control, with a
maximum decrease observed after 72 hours of treatment
(data not shown). To determine whether the decrease in
viable cell number was due to induction of cell death, cell
viability was analyzed by trypan blue dye exclusion, reveal-
ing a 27% increase in cell death in response to treatment
with 50 ng/mL TRAIL for 48 hours in both cell lines (data
not shown). Activation of caspase-8 was investigated in
osteosarcoma and Ewing's sarcoma cells incubated with
50 ng/mL TRAIL. Western blot analyses of caspase-8 activa-
tion are given for the Ewing's sarcoma A673 cell line
(Fig. 1D) and show that caspase-8 is activated in a time-
dependentmanner in response to TRAIL, confirming the in-
duction of death receptor–mediated apoptotic cell death.

In vitro validation of TRAIL transgene expression and

biological activity

To show the transfection efficiency achieved using the
synthetic transfection reagent KLN143, hTRAIL transgene
expression was analyzed by ELISA in the supernatant of
2.93 cells 48 hours after transfection with empty plasmid
pBF42 or pBF42-hTRAIL using the KLN143 reagent.
Results presented in Fig. 2A confirmed that pBF42-
hTRAIL–transfected cells expressed a high level of hTRAIL
(3.78 ng/mL), whereas no TRAIL was detected in the su-
pernatant of pBF42 empty plasmid–transfected cells, as ex-
pected. The biological activity of hTRAIL produced by
pBF42-hTRAIL–transfected cells was confirmed in vitro by
a ∼40% inhibition of pBF42-TRAIL–transfected A673 cell
proliferation after 72 hours, compared with cells trans-
fected by the empty plasmid pBF42 (Fig. 2B).

In vivo analysis of TRAIL transgene expression

In vivo, TRAIL transgene expression was analyzed at sys-
temic and local levels: TRAIL overexpression was detected

Fig. 2. In vitro and in vivo validation of TRAIL transgene overexpression and biological activity. TRAIL transgene expression was assessed at the protein

level by ELISA in the culture medium of 2.93 cells 48 h after transfection with the pBF42-hTRAIL plasmid using the KLN143 synthetic vector (A). The

biological activity of TRAIL transgene protein was assessed by its ability to induce apoptosis in A673 Ewing's sarcoma cells: cells transfected with

KLN143/pBF42 or KLN143/pBF42-TRAIL were cultured for 72 h and the viable cell number was determined using an XTT assay (B). In vivo, KLN143/DNA

formulations were administered weekly through the retro-orbital sinus of the mice bearing Ewing's sarcoma and TRAIL expression was analyzed 7 d

postinjection by ELISA in the (C) serum or in the (D) tumor tissue (***, P < 0.0001 compared with respective control group); CT, control.

Picarda et al.

Clin Cancer Res; 16(8) April 15, 2010 Clinical Cancer Research2368

American Association for Cancer Research Copyright © 2010 
 on July 20, 2011clincancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst April 14, 2010; DOI:10.1158/1078-0432.CCR-09-1779



in the serum 2 days after i.v injection of plasmids pBF42-
hTRAIL formulated with KLN143 compared with pBF42
empty plasmid or controls (respectively, 0.12 ng/mL
versus 0.03 ng/mL, P < 0.0001; Fig. 2C). Local transgene
TRAIL overexpression was also investigated at the site of
injection (muscle) and at the tumor level by ELISA test.
As expected, higher expression of TRAIL was detected in
the muscle injected with KLN143/pBF42-TRAIL formula-
tion compared with empty plasmid pBF42 (data not
shown). This overexpression was also observable at the
tumor site: the group treated by pBF42-hTRAIL expresses
significantly higher amount of TRAIL (0.12 μg/mL) com-
pared with both pBF42 empty plasmid and control
groups (0.035 and 0.038 μg/mL, respectively; P < 0.0001;
Fig. 2D).

hTRAIL transgene expression decreases osteosarcoma

and Ewing's Sarcoma incidence and progression, and

increases animal survival

Models of primaryEwing's Sarcomaandosteosarcomawere
induced by para-osseous injection of 2 × 106 humanA673 or
mouse POS-1 tumor cells into nudemice or C3H/HeNmice,
respectively. Mice received the first i.v. injection of KLN143
alone or KLN143/DNA formulations at the time of tumor
cell inoculation, and then weekly thereafter for 4 weeks.
Tumor volume was measured and calculated twice weekly.
A673 Ewing's sarcoma model. A significant decrease in

tumor incidence was observed in the TRAIL-treated group
with only 50% of mice developing a tumor compared
with 100% in the pBF42 empty vector–treated and 83%
in the vehicle-treated control groups at day 32 (Fig. 3A).

Fig. 3. TRAIL prevents Ewing's sarcoma development and increases mouse survival. Mice were injected with 2 million A673 cells as described in

Materials and Methods. Groups of six to eight mice were assigned to controls (CT: vehicle treated), pBF42 (empty pBF42 plasmid/KLN143 reagent), and

pBF42-TRAIL (KLN143 reagent/pBF42-hTRAIL). The KLN143/DNA formulations were administered through injection into the retro-orbital vein weekly,

beginning at the time of tumor cell inoculation and continued for up to 28 d. A, tumor volumes of individual mice. B, mean tumor volume per group

(***, P = 0.0002). C, overall survival rates for the three groups over a 40-d period (**, P = 0.009). D, tumor-free survival over a 32-d period (***, P < 0.001).
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Moreover, tumor volumes for the mice that develop tu-
mors were significantly lower in the TRAIL-treated group
compared with the pBF42 empty plasmid or the vehicle-
treated control groups (Fig. 3A). For example, 32 days after
tumor cell inoculation, mean tumor volume in the TRAIL-
treated group was 241.6 mm3 compared with 1,943.6 and
2,894.8 mm3, respectively, for the pBF42 empty plasmid
and the vehicle-treated control groups (P = 0.0002; Fig.
3B). Animals had to be sacrificed due to progressive tumor
development. Overall and tumor-free survivals were ana-
lyzed by comparing Kaplan-Meier curves with a log-rank
test. No significant difference was found between the
survival curves of the vehicle-treated and empty plasmid–

treated groups (Fig. 3C and D); however, a significant in-
crease in overall survival was observed at day 40 with 100%
of survival in the TRAIL-treated group versus 50% in the
empty plasmid–treated group and 25% in the vehicle-trea-
ted group (P = 0.009; Fig. 3C). Tumor-free survival curves
also showed significant increase in the TRAIL-treated group
compared with controls or empty plasmid groups (P <
0.001; Fig. 3D).

Mouse POS-1 osteosarcoma model. A model of primary
osteosarcoma was developed by injecting tumor cells in
the foot pad of syngenic mice by a para-osseous approach
in close contact to the metatarsus as previously described
(31). Mice treated with empty plasmid show a rapid devel-
opment of tumors at the site of tumor cell injection in
83% of mice, whereas TRAIL gene transfer induced a tu-
mor progression in only 33% of mice (P < 0.001; Fig. 4A).

TRAIL increases mouse survival by preventing

pulmonary nodule development

TRAIL efficacy was also investigated in a model of tumor
nodules developed secondary to Ewing's sarcoma. A673 or
TC71 human Ewing's sarcoma cells (2-5 × 106) were in-
jected i.v. in nude mice similar to models previously de-
scribed (32). However, this approach led to the
development of only few lung nodules in a small number
of animals (<25%), impossible to use for preclinical stud-
ies in which high number of animals are needed per
group. Therefore, because we previously showed that i.v.
injection of 1.5 × 105 murine osteosarcoma POS-1 cells

Fig. 4. TRAIL gene transfer inhibits osteosarcoma incidence and prolongsmouse survival by inhibiting pulmonary tumor nodule dissemination. Four-week-old

male C3H/HeN mice were injected with 2 × 106 murine POS-1 cells near the metatarsus. Primary osteosarcoma develops at the site of injection. Mice

were treated i.v. with PBS (CT), pBF42, or pBF42-TRAIL (TRAIL) weekly, starting at time of tumor cell inoculation and continued until day 28. A, individual

tumor volume of empty pBF42 plasmid– and pBF42-TRAIL–treated groups are shown. For the lung nodule model, mice were i.v. injected with 150,000

POS-1 cells and treated with PBS (CT), pBF42, or pBF42-TRAIL (TRAIL) weekly until day 42 as described above. B, metastasis rate was calculated at

necropsy by the proportion of mice bearing pulmonary tumor nodules. C, survival rate at day 42 is shown by Kaplan-Meier curve analysis ***, P = 0.0025).
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leads to the development of lung nodules in 80% to 90%
of mice (28); this model was further used to test TRAIL
efficacy against lung nodule dissemination. The results
presented in Fig. 4B show a significant decrease in the de-
velopment of lung nodules counted at autopsy in the
TRAIL-treated group, with only 12.5% of mice developing
lung nodules versus 66.7% and 62.5% in the pBF42 empty
plasmid– and the vehicle-treated control groups, respec-
tively. Consequently, a significant increase in animal sur-
vival was observed in the TRAIL-treated group compared
with the empty plasmid and vehicle-treated control
groups, with, respectively, 89% of survival 42 days after
tumor cell injection in the TRAIL group versus 33.3%
and 25% for the control groups (P = 0.0025; Fig. 4C).
These results show that TRAIL does not only exert an in-
hibitory effect on primary bone tumor growth but also on
lung nodule dissemination.

Mechanisms of TRAIL action in situ

To better understand the mechanisms of action of TRAIL
in vivo, several parameters have been analyzed as follows:
the expression of death receptors by the tumor cells in situ,
the induced apoptosis, and bone lesions. DR4 and DR5
expression analyzed in A673 and TC71 human Ewing's
sarcoma tumors by Western blot shows a higher expres-
sion of DR5 compared with DR4 in tumors induced by
both cell lines (Fig. 5A). This result confirms the difference
already observed in vitro by FACS analysis on cultured
A673 cells (Fig. 1B). Similar higher expression of DR5
compared with DR4 was observed in the osteosarcoma
POS-1 tumor (data not shown). To analyze the antitumor
effect of TRAIL in vivo, TUNEL staining was done on histo-
logic sections from A673 tumors of TRAIL-treated mice
versus controls and empty plasmid–treated mice. Results
showed a higher proportion of TUNEL-stained cells in

Fig. 5. TRAIL mechanisms of action in vivo: expression of death receptors, induction of apoptosis, and prevention of tumor-associated osteolysis.

A, death receptors DR4 and DR5 expression was measured by Western blot in Ewing's sarcoma A673 tumor tissue after lysing and crushing the tissue

as described in Material and Methods. B, TUNEL staining was done on 6-μm sections of A673 Ewing's sarcoma tumors from empty pBF42– and

pBF42-TRAIL–treated mice (magnification, ×200). C, tumor-associated osteolysis was analyzed by radiography at day 40 on control mice (CT), mice

treated with empty pBF42 plasmid (pBF42), or mice treated with pBF42-TRAIL formulation (pBF42-TRAIL). Arrows, osteolytic lesions.
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tumors from the TRAIL-treated group compared with both
control groups (90 positively stained cells in the TRAIL
group versus 9 and 14 in the vehicle-treated and pBF42
empty plasmid–treated groups, respectively; Fig. 5B). As a
consequence of tumor inhibition, TRAIL also diminished
the osteolytic lesions associated with Ewing's sarcoma de-
velopment (Fig. 5C). Radiographic analysis of tibia close to
Ewing's sarcoma development show an intensive cortical
bone degradation in the Ewing's sarcoma–bearing mice
or in pBF42 empty plasmid–treated animals, which was to-
tally prevented in pBF42-hTRAIL–treated animals (Fig. 5C).
Taken together, these results show that TRAIL induces a

significant slowdown of tumor progression and an in-
crease in animal survival in both Ewing's Sarcoma and os-
teosarcoma models by exerting a direct effect on tumor
cells, as shown both in vitro (Fig. 1C and D) and in vivo

(Fig. 5B).

Discussion

Osteosarcoma and Ewing's sarcoma are rare primary
bone tumors with a poor prognosis for patients with dis-
ease relapse or with metastases at diagnosis. There is an ur-
gent need to develop new adjuvant therapeutic approaches
to improve patient survival and to diminish chemotherapy
dosing. TRAIL, a member of the TNF superfamily, repre-
sents a promising potential therapeutic option owing to
its ability to kill transformed cells. Several studies have re-
ported TRAIL efficacy in Ewing's sarcoma and osteosarcoma
cell lines in vitro (33, 34), but very few preclinical studies
are available (35).
TRAIL can bind five cognate receptors and several stud-

ies done with tumor cell lines showed that TRAIL sensitiv-
ity is linked to the presence of activating DR4 and/or DR5
death receptors expressed on the surface of tumor cells
(36). We confirm that osteosarcoma and Ewing’s sarcoma
cell lines sensitive to TRAIL express the death receptors
DR4 and DR5 at the mRNA level and mostly DR5 at the
cell membrane as evidenced by cytometry analysis in cell
culture or by Western blot in situ. This finding may be re-
lated to publications that describe that DR5 acts as the pri-
mary transducer of the TRAIL signal (37). Similarly, it has
been reported that normal cells are sensitized to TRAIL
when DR5 is upregulated by overexpression of c-myc or
oncogenic ras mutants (38).
The actions of TRAIL are generally thought to be medi-

ated through the activation of the extrinsic apoptotic path-
way, but the intrinsic apoptotic pathway may also be
involved through the cleavage of Bid. Depending on the
cell line, the intrinsic pathway may be necessary as a pri-
mary mechanism of apoptosis or serve to amplify the sig-
nal (39). In the sarcomas and osteosarcoma cell lines, we
confirmed that TRAIL-mediated apoptosis is caspase de-
pendent, as shown by caspase-3 and caspase-8 activation
within 2 hours of TRAIL treatment. The intrinsic pathway
does not seem to be involved, as no Bid cleavage could be
detected (data not shown).

To test the effectiveness of TRAIL therapy in vivo, preclin-
ical models of Ewing’s sarcoma and osteosarcoma in-
duced, respectively, by injection of human A673 or
murine POS-1 cells were used. These models closely repro-
duce the clinical development of bone tumors, as the tu-
mor normally develops in the vicinity of the bone,
stimulates degradation of the cortical bone through osteo-
clasts, and then invades the medullar cavity, with de-
velopment of extensive osteolysis. TRAIL delivery as a
recombinant protein has been effective in limiting tumor
development in several preclinical models of solid tumors,
including lung and breast carcinoma (40–42), as well as in
a xenograft model of Ewing's sarcoma (35). A novel ap-
proach was used in the present study by the use of the cat-
ionic lipid vector KLN143. Previous studies from our
laboratory using other synthetic vectors, such as block co-
polymers, have shown the feasibility of providing efficient
and long-lasting protein expression using nonviral gene
transfer approaches in osteosarcoma (43). Synthetic vec-
tors present real interest for subsequent clinical applica-
tion, as a nontoxic alternative to gene delivery through
retroviral vectors, which is associated with toxicity due to
innate and adaptative immune responses. TRAIL overex-
pression through gene delivery using cationic vectors was
validated in vivo both at the local (muscle) and systemic
(serum) level. It was also validated at the tumor level
(even if the tumors were small) by ELISA on the tumor
tissue. The biological activity of TRAIL was evidenced by
inhibition of tumor progression and tumor incidence as
a result of direct tumor cell apoptosis, which was con-
firmed by TUNEL staining on histologic sections.
TRAIL-induced inhibition of tumor growth was accom-

panied by a prevention of associated bone osteolysis. Bone
osteolysis represents an important feature of primary bone
tumor development and can significantly diminish the pa-
tient's quality of life. This is the first study to show that
TRAIL inhibits not only the tumor development but also
the tumor-associated osteolysis observed in primary bone
tumors. This effect could be explained by the blockade of
the vicious cycle between tumor cells and osteoclasts that
occurs during tumor development in bone more than a
direct effect of TRAIL on osteoclasts. This theory was first
hypothesized by Pajet in the late 19th century as the “seed
and soil” theory (44). Subsequent studies showed that tu-
mor cells produce osteoclast-activating factors such as re-
ceptor activator of NF-κB ligand or TNF, which induce the
differentiation and activation of osteoclast precursors (45,
46). When activated, osteoclasts degrade bone, allowing
the release of growth factors stored in the bone matrix, in-
cluding insulin-like growth factor, transforming growth
factor, and fibroblast growth factors, which in turn activate
tumor cell proliferation. We showed in this study that tar-
geting tumor cells with TRAIL blocks this vicious cycle,
leading to indirect inhibition of the severe bone lesions
observed in Ewing's sarcoma for instance.
Our study also revealed that TRAIL not only decreased

tumor growth and indirectly osteolysis but also signifi-
cantly increased animal survival. Because osteosarcoma
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and Ewing's sarcoma patient's death is mainly caused by
metastasis dissemination in lungs, complementary studies
were undertaken in a model of lung nodule dissemina-
tion. However, models of lung nodule dissemination de-
rived from Ewing's sarcoma cell injection were difficult to
set up with a poor incidence and variable number of lung
nodules following 2 to 5 × 106 cells injected i.v. (32). It
was therefore not possible to conduct preclinical studies
with significant number of animals with lung nodules
per group with homogenous nodule incidence. This is
the reason why we have continued our studies with a
model of lung nodules induced with POS-1 osteosarcoma
cells. This model has already been published (29) and was
induced by injection of tumor cells isolated from osteosar-
coma into the retro-orbital sinus of the mice. In this
model, TRAIL significantly prolonged animal survival
associated with a strong inhibition of lung nodule forma-
tion. These results are consistent with previous studies
in other tumor models, such as skin carcinoma (47),
which have shown the ability of TRAIL to limit metastasis
development.
Taken together, the results presented here are encourag-

ing and warrant the evaluation of TRAIL therapy in clinical
trials for Ewing's sarcoma and osteosarcoma. However, the
major limitation of the therapeutic use of TRAIL is the oc-
currence of cellular resistance, which is attributed to sev-
eral dysfunctions arising at various levels in the TRAIL
signaling pathway, such as an imbalance in death/decoy
receptors or upregulation of c-FLIP expression (16). There-
fore, before TRAIL can be successfully used for the treat-
ment of patients, it is crucial to study the mechanisms of
resistance in Ewing's sarcoma. Nevertheless, it has been
shown that ∼70% of Ewing's sarcoma patients express
one of the two death receptors DR4 or DR5 (48), suggest-

ing that TRAIL treatment may represent a good therapeutic
option for these patients. Moreover, three clinical trials
currently in progress using fully humanized agonist anti-
bodies targeting DR4 or DR5 in solid tumors, including
osteosarcoma, show encouraging results (19–21). TRAIL
toxicity previously reported in several studies has been re-
cently shown to be due to the exogenous poly-histidine
tag of the recombinant TRAIL used in these clinical studies
(49), which induces apoptosis of hepatocytes. A phase I/II
clinical trial is currently in progress using a more stable
version of TRAIL comprising the extracellular domain,
showing promising results without dose-limiting toxicity
or hepatotoxicity.
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Ewing's sarcoma (ES) is a high-grade neoplasm 
typically arising in the bones of children and 
adolescents. Survival rate decreases from 
greater than 50% to only 20% after 5 years for 
patients not responding to treatment or 
presenting metastases at diagnosis. Among new 
therapeutic approaches, TNF-related apoptosis-
inducing ligand (TRAIL), which has strong 
antitumoral activity, is a promising candidate. 
To address TRAIL sensitivity, 7 human ES cell 
lines were used. Cell viability experiments 
(XTT assay) showed that 4 out of the 7 ES cell 
lines were resistant to TRAIL induced cell 
death. Western-blotting and flow cytometry 
analyses revealed that DR5 was uniformly 
expressed by all ES cell lines whereas DR4 
levels were higher in two sensitive cell lines 
(RD-ES and TC71) than in the 5 others. In 
TRAIL-sensitive TC71 cells, knockdown of 
TNFRSF10A /DR4 by shRNA was associated 
with a loss of sensitivity to TRAIL in spite of 
DR5 presence. Interestingly, we identified a 
new transcript variant that results from an 
alternative splicing and encodes a 310 amino 
acid protein which corresponds to the 468 aa of 
DR4 original isoform but truncated of aa 11-
168 within the extracellular TRAIL-binding 
domain. According to modelling studies, the 
contact of this new DR4 isoform (bDR4) with 
TRAIL appeared largely preserved. The 
overexpression of bDR4 in a TRAIL-resistant 
cell line restored TRAIL sensitivity. TRAIL re-
sensitization was also observed after c-FLIP

knockdown by shRNA in two TRAIL-resistant 
cell lines as shown by XTT assay and caspase-3 
assay.  

Bone sarcomas are rare malignancies 
diagnosed in fewer than 700 individuals per year 
in the United States. Ewing's sarcoma (ES) is the 
second most frequent primary bone tumors in 
children and adolescents. It is a high-grade 
neoplasm, representing 2% of childhood cancers 
with a peak incidence at age 15 (1-3) and 
characterized by a rapid tumor growth and 
extensive bone destruction that can result in bone 
pain and pathological fracture (4). Ewing’s tumors 
show a typical chromosomal translocation in 
>90% of cases linking the EWS gene on 
chromosome 22q12 to a member of the ETS 
transcription gene family, most commonly to FLI-
1 on 11q24 (5,6), leading to an aberrant 
transcription factor that promotes tumorigenicity 
(7-9). Current treatment consists of several rounds 
of multidrug cytostatic therapy combined with 
surgery and radiotherapy for local control. With 
the use of alkylating agents, long-term survival can 
be achieved in >50% of patients with localized 
disease, whereas patients with clinically detectable 
metastases at diagnosis or who are not responding 
to therapy have a significantly poorer prognosis, 
with long-term survival decreasing to 15-25%, 
especially for patients with bone metastases (10). 
As the survival rates for metastatic and relapsed 
osteosarcoma (OS) or ES patients have not 
changed in the past 30 years despite the use of 
intensive chemotherapy (11), new therapeutic 
approaches are therefore needed.  

Among new strategies, Tumor necrosis 
factor (TNF)-related apoptosis-inducing ligand 
(TRAIL or APO-2L) is a promising candidate. 
TRAIL is a member of the TNF superfamily that 
exerts a strong anti-tumor activity in a wide range 
of cancer cell lines while being minimally 
cytotoxic to most normal cells and tissues (12). 
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TRAIL binds five known receptors: two death 
receptors acting as activating receptors [DR4 
(TRAIL-R1) and DR5 (TRAIL-R2)] and three 
decoy receptors [DcR1 (TRAIL-R4), DcR2 
(TRAIL-R5) and secreted osteoprotegerin (OPG, a 
member of the TNF receptor superfamily: 
TNFRSF11B)](13). The TRAIL decoy receptors 
are unable to trigger a death signal because they 
lack a functional death domain (14). TRAIL 
activates the extrinsic apoptotic pathway by 
inducing Fas associated death domain (FADD) 
protein recruitment to the Death Domain (DD), 
leading to caspase 8 activation and caspase 3 
cleavage (15). In addition, it has been shown that 
TRAIL can induce the mitochondrial intrinsic 
apoptotic pathway through caspase 8 activation 
followed by NF�B and Bid recruitment (16). 
Recombinant human (rh)TRAIL is being clinically 
evaluated for the treatment of both solid tumors 
and hematological malignancies. A phase I trial 
with rhTRAIL is completed, showing no dose-
limiting toxicities or clearly attributable toxicities 
to TRAIL (17). No anti-rhTRAIL antibodies have 
been detected. Clinical trials are also currently in 
progress testing fully-humanized activating 
monoclonal antibodies directed against DR4 or 
DR5. Several Phase 1 and 2 studies targeting DR4 
(Mapatumumab, TRM-1) or DR5 (Lexatumumab) 
are carried out in patients with solid malignancies, 
associated or not to chemotherapy (18-22). Despite 
limited timespan, these studies show promising 
results on tumor progression. Kontny and coll. 
reported that 80% of ES tumors express DR4 
while all express DR5 (23). In another study, it has 
been shown that 72% of ES tumor samples express 
both DR4 and DR5 (out of 32 samples), 25% 
express one receptor and only 3% express none 
(24). These results suggest a high proportion of 
TRAIL sensitivity in ES tumors. 

We have previously reported that TRAIL is 
indeed a good candidate for Ewing’s sarcoma 
therapy as it inhibited cell progression and 
increased animal survival in a xenograft model of 
Ewing’s sarcoma induced by TRAIL-sensitive cell 
lines (25). However, half of the Ewing’s sarcoma 
cell lines were resistant to TRAIL (4/8) suggesting 
that TRAIL or agonist antibodies cannot be 
proposed to all patients. Data from the literature 
have reported that TRAIL resistance occurs in 
numerous cancer cell lines, which can be attributed 
to dysfunctions in the TRAIL signaling pathway 
(14,26). Among the major causes of TRAIL 
resistance, one is linked to the absence of 
activating DR4 and/or DR5 death receptors 
expressed on the surface of tumor cells leading to 

an imbalance of the ratio death/decoy receptors 
(27). Initiation of death receptors DR4 and/or DR5 
triggered apoptosis by formation of the death 
inducing signaling complex (DISC) after 
recruitment of FADD which binds procaspase-8 
leading to caspase-8 activation. However, the 
presence of internal regulators of apoptotic 
machinery including cellular FLICE inhibitory 
protein (c-FLIP), a structural analogue of pro-
caspase 8 which inhibits caspase-8 activation, is 
another important determinant (28).  

The aim of the present study is to analyse 
the molecular mechanisms underlying TRAIL 
resistance in Ewing’s sarcoma cell lines. For this 
purpose, seven human cell lines were studied, all 
expressing the EWS-FLI-1 fusion gene but 
differing in their mutation status for p53, p16, 
p14... The main finding of this study is the 
existence of a functional truncated form of DR4 in 
Ewing’s sarcoma cells, restoring TRAIL 
sensitivity when re-expressed in resistant cell 
lines. The other main finding is the specific 
TRAIL sensitivity linked to DR4 expression (as 
both short and long forms) in Ewing’s sarcoma, 
independant of the predominant DR5 expression. 
We also demonstrated that the down-regulation of 
c-FLIP expression in resistant Ewing’s sarcoma 
cells represents another way to re-sensitize these 
cells to TRAIL. 

Experimental procedures 

Ewing’sarcoma cell lines- Eight human Ewing's 
sarcoma cell lines were used: A673, TC-32, SK-
ES-1, SK-N-MC, RD-ES, EW24 and TC71. The 
cell lines A673, TC-32, SK-ES-1, and RD-ES 
were cultured in DMEM (BioWhittaker) with 10% 
fetal bovine serum (FBS; Hyclone) and SK-N-MC, 
EW24 and TC71 cells were cultured in RPMI 
(BioWhittaker) with 10% FBS. In addition, EW7 
and TC71cells require type I collagen to grow. 
Cells (2.93 HEK293) derived from human fetal 
kidney used in in vitro cell transfection assays (29) 
were cultured in DMEM supplemented with 10% 
FBS and 2 mM l-glutamine.
Mitochondrial activity - The mitochondrial activity 
was determined by a colorimetric assay using 
sodium 3� [1-(phenylaminocarbonyl)-3,4-
tetrazolium]-bis(4-methoxy-6-nitro-)benzene 
sulfonic acid hydrate (XTT) (Roche Molecular 
Biochemicals, Mannheim, Germany). Two 
thousand cells per well were plated into 96-well 
plates and cultured for 72 hours in culture medium 
with two treatements with 0, 50 or 100 ng/ml of 
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TRAIL (R&D systems). After the culture period, 
XTT reagent was added to each well and incubated 
for 5 hours at 37°C; absorbance was then read at 
490 nm using a 96-multiwell microplate reader.  
Caspase activity - Subconfluent Ewing’s sarcoma 
cells cultured in 24-well plates were treated with 
50 ng/mL TRAIL for 1 to 6 h, washed, and lysed 
in radioimmunoprecipitation assay buffer [150 
mmol/L NaCl, 50 mmol/L Tris (pH 7.4), 1% 
NP40, 0.25% sodium deoxycholate, 1 mmol/L 
Na3VO4, 0.5 mmol/L phenylmethylsulfonyl 
fluoride, 1 mmol/L NaF, 10 �g/mL leupeptin, and 
10 �g/mL aprotinin] for 30 min. The cells were 
then scraped off and the lysates were cleared of 
debris by centrifugation at 12,000 g for 15 min, 
after which total protein was quantified using the 
bicinchoninic acid + copper II sulfate assay (Pierce 
Chemical). Caspase-3 activity was assessed in 10 
�L of cell lysate with the CaspACE assay kit 
(Promega) following the manufacturer's 
recommendations. UV treated cells were used as 
positive control for caspase activity.  
Flow cytometry - Cell death was determined by 
Apo2.7-PE staining as described previously (30). 
Briefly, cells were harvested with PBS containing 
EDTA, washed and stained with anti-APO2.7-PE 
mAb (Beckman Coulter). Fluorescence was 
analyzed on a FACsCalibur cytometer (BD 
Biosciences). To determine cell surface expression 
of DR4 or DR5, cells were stained with PE-
conjugated anti-DR4 or DR5 (eBioscience) or PE-
conjugated mouse as an isotype control (Beckman 
Coulter). A minimum of 10 000 cells was analyzed 
on a FACSCalibur flowcytometer (BD 
Biosciences). Cell viability was determined with 
PE-conjugated Apo2.7 labeling and analyzed by 
flow cytometry. 
Cell transfection - Transfections with pcMV-
SPORT6-DR4 (imaGenes GmbH, Berlin) were 
performed thanks to polyethyleneimine (PEI, 
kindly provided by Dr B. Pitard, UMR915, 
Nantes, France). PEI/DNA complexes were 
prepared by equivolumetric mixing 
polyethyleneimine (charge ratio, ±4) in water with 
plasmid DNA solution at the desired concentration 
(4 �g per well) in 150 mmol/L NaCl. Transfections 
were done at 70% to 80% of confluence in each 
well, by adding 200 �L of complex formulations in 
0.5 mL of culture DMEM deprived of FBS. After 
6 h at 37°C, the transfection medium was replaced 
by 1 mL of DMEM containing 10% FBS and 1% 
penicillin/streptomycin (complete medium). 
RT-PCR analysis - 48 hours after transfection, 
total RNA was extracted from cells using TRIzol 
(Tiangen, Beijing, China) following the protocol 

suggested by the manufacturer. Reverse 
transcription-PCR (RT-PCR) after total RNA 
extraction using Trizol reagent (Invitrogen) was 
then performed. First, RNA was reverse 
transcribed using 400 units MMLV-RT 
(Invitrogen). Then, 2 �L RT reaction mixture was 
subjected to PCR using upstream (5�- 
CACCATGGCGCCACCACCAGCTAGAGTAC
ATCTA-3�) and downstream (5�- 
TTAACTCCTAACACCTAAGAGGAAACCTCT
GG -3�) primers (30 pmol each) of DR4 and Taq 
polymerase (1.25 units; Eurobio).  
Quantitative RT-PCR analysis - shRNA gene 
silencing was assessed in subconfluent Ewing’s 
sarcoma cells cultured in six-well plates. c-FLIP 
and DR4 mRNA expression was determined by 
reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) after total RNA 
extraction using Trizol reagent (Invitrogen). 
Briefly, 10 ng of cDNA were amplified using the 
IQ SYBR Green Supermix (Bio-Rad) for the DR4, 
c-FLIP and DR5 gene. Sense and antisense 
primers used are as follow (DR4: forward: 
GGAGGCACAGTGTCTGCTG reverse:
CAGCACCATTTGCTGGAAC; c-FLIP: forward:
CAGGAACCCTCACCTTGTTT reverse: 
CAGATTTATCCAAATCCTCACCA; DR5: 
forward: AGAGCCAACAGGTGTCAACAT, 
reverse: GCCTCCTCCTCTGAGACCTT). Each 
sample was analyzed twice and quantified with the 
analysis software of the iCycler iQ Real-time PCR 
Detection System (Bio-Rad).  
Western blotting - Cells were lysed with a lysis 
buffer (150 mM NaCl, 5 % Tris, pH 7.4, 1 % 
Nonidet P-40, 0.25 % Na deoxycholate, 1 mM 
Na3VO4, 0.5 mM phenylmethylsulfonyl fluoride, 
10 µg/ml leupeptin, and 10 µg/ml aprotinin). After 
30 min on ice, lysates were cleared by 
centrifugation at 10 000g for 10 min at 4°C. Total 
protein concentrations were determined using the 
bicinchoninic acid (BCA, Sigma, St Quentin-
Fallavier, France) based method. Twenty 
micrograms of total cell lysate proteins was run on 
a Sodium Dodecyl Sulfate-PolyAcrylamide Gel 
Electrophoresis (SDS-PAGE) and then 
electrophoretically transferred to Immobilon-P 
membrane (Millipore Corporation, Billerica, MA). 
The membrane was blotted with rabbit antibodies 
to human c-FLIP (Cell sigalling, MO), rabbit anti-
human Caspase-8 (Santa Cruz biotechnology), 
goat anti-human DR4 (R&D systems), rabbit anti-
human DR5 (Cell signaling) and rabbit anti-human 
actin was used as loading control (Sigma) in PBS, 
0.05 % Tween and 3 % bovine serum albumin. 
The membrane was washed and probed with the 
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secondary antibody (goat and rabbit respectively) 
coupled to horseradish peroxidase. Antibody 
binding was visualized with the Enhanced 
ChemoLuminescence (ECL) system (SuperSignal 
West Dura kit; ThermoScientific, Rockford, USA). 
In order to visualize bDR4, we changed the lysis 
buffer reagents (10 mM Tris-HCL pH=7.6, 150 
mM NaCl, 5 mM EDTA, 1 mM 
phenylmethylsulfonyl fluoride, 2 mg/mL aprotinin, 
1% Triton X100). Then, after 40 minutes on ice, 
lysates were cleared by centrifugation at 10,000g 
for 30 min at 4°C. Heighty micrograms of Cleared 
lysates were then separated by SDS-PAGE (10% 
acrylamide) and electrotransferred to Immobilon-P 
membrane (Millipore Corporation, Billerica, MA). 
Western blot analysis was performed as before by 
standard techniques with this time a different ECL 
detection kit (Pierce Perbio Science France, 
Brebières, France). 
shRNA silencing - Stably modified Ewing’s 
sarcoma cells were obtained by lentiviral cell 
transduction essentially as described previously 
(31). Oligonucleotides were designed and cloned 
into pSUPER to produce the short hairpin RNA 
shDR4 and shc-FLIP directed respectively against 
human DR4 and c-FLIP genes. The targeted 
sequences were GGAGCAGGGACAAGTTAC 
(start position 1055, NM_003879.4) for c-FLIP 
and GCACGCTGCTTCTTGGATT (start position 
36, NM_003844.3) for DR4. The cloned 
oligonucleotides were controlled by sequencing 
(Genome Express, Meylan, France) before 
subcloning them with the upstream H1 promoter 
into the vector pFG12 (32). As a control, a vector 
pFG12 was developed to produce shRNA targeting 
LacZ gene as done by Qin et al. (2003). The 
resulting constructs allowed the expression of both 
GFP and target-specific shRNA. They were used 
for lentivirus production following the protocols 
provided with the ViraPower Lentiviral 
Expression System (Invitrogen). A multiplicity of 
infection of 10 was used to transduce Ewing’s 
sarcoma cells. Seven days after transduction, GFP+

Ewing’s sarcoma cells were sorted out using 
FACS. 
Short DR4 overexpression - Total extract RNA 
from RD-ES Ewing’s sarcoma cell line was 
reversed transcribed using MMLV-RT. Then, 0.5 
µg of cDNA was amplified by PCR thanks to 1 
Unit of Platimium® Taq High Fidelity according 
to the manufacturer recommendation using the 
following DR4 primers: forward: 
CACCATGGCGCCACCACCAGCTAGAGTAC
ATCTA; reverse:
TTAACTCCTAACACCTAAGAGGAAACCTCT

GG. Then 0.5 µl of the PCR mixture containing 
the truncated form of DR4 was cloned into the 
pLENTI TOPO® plasmid according to the 
manufacturer protocol of the pLenti6/V5 
Directional TOPO® Cloning Kit. The SK-N-MC 
cell line stably expressing the DR4 truncated form 
was obtained by transduction with 20 to 150 µl 
lentiviral particules and selection with 3 µg/ml 
blasticidine (Sigma). 
Modeling DR4 isoforms and TRAIL interaction - 
The sequence corresponding to the extracellular 
domain of aDR4 (amino acids 120 to 236 of 
NP_003835.3) was aligned in Discovery Studio 
2.5.5 with its corresponding DR5 domain sequence 
(69 to 185 of NP_003833.4) and adjusted 
manually to ensure that the cystein-rich domains 
were correctly positioned (33). DR5 and aDR4 
extracellular domains share 63% identity and 70% 
similarity. The crystal structure of the DR5-
TRAIL complex 1D4V (34) was used to perform 
the molecular modelling of aDR4 using the DR5 
template. Out of the 6 disulfide bridges present on 
DR5 extracellular domain, only 4 could be 
matched and modeled for aDR4. The final models 
were built using Modeller 9v5 (35). All resulting 
models were assessed for violations using the 
Protein Health module of Discovery Studio 2.5.5 
(Accelrys Inc, San Diego, CA) and corrected when 
necessary. The DR4-TRAIL complex was 
produced by molecular replacement of DR5 by the 
best model of aDR4 in the 1D4V structure. The 
root mean square difference (RMSD) on main-
chain atoms was 0.86 Å between the aDR4 model 
and the DR5 structure.  
Caspase activity - Subconfluent Ewing’s sarcoma 
cells cultured in 24-well plates were treated with 
50 ng/mL TRAIL for 1 to 6 h, washed, and lysed 
in radioimmunoprecipitation assay buffer [150 
mmol/L NaCl, 50 mmol/L Tris (pH 7.4), 1% 
NP40, 0.25% sodium deoxycholate, 1 mmol/L 
Na3VO4, 0.5 mmol/L phenylmethylsulfonyl 
fluoride, 1 mmol/L NaF, 10 �g/mL leupeptin, and 
10 �g/mL aprotinin] for 30 min. The cells were 
then scraped off and the lysates were cleared of 
debris by centrifugation at 12,000 g for 15 min, 
after which total protein was quantified using the 
bicinchoninic acid + copper II sulfate assay (Pierce 
Chemical). Caspase-3 activity was assessed in 10 
�L of cell lysate with the CaspACE assay kit 
(Promega) following the manufacturer's 
recommendations. Cells treated one minute with 
UV were used as positive control for caspase 
activity.  
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RESULTS 

TRAIL resistance in Ewing’s sarcoma cell lines is 
related to low DR4 levels despite high DR5 

expression. DR5 and DR4 were detected by 
Western blotting on 7 ES cell lines. As shown in 
Figure 1A, levels of DR5 were similar in all cell 
lines whereas DR4 levels were higher in RD-ES 
and TC71 cells than in the 5 other ones. Flow 
cytometry analyses were performed to determine 
the presence of both DR4 and DR5 death receptors 
at the cell surface (Figure 1B). Levels of cell 
surface DR5 were about 3-fold higher than those 
detected for cell surface DR4 (range ratio 4.7-6.7 
versus 1.2-2.8 respectively). Confirming the 
different levels of DR4 detection by western blot, 
flow cytometry analysis showed low cell surface 
DR4 levels for SK-N-MC cells, intermediate for 
A673 and high for TC71 (Figure 1B). The same 
experiment was performed on bone marrow 
derived mesenchymal stem cells (MSC) and none 
of DR4 and DR5 was detected (data not shown). 
Despite DR5 is the predominant TRAIL-activating 
receptor on ES cells, DR4 implication may be 
questioned. Indeed, 4 (SK-ES-1, SK-N-MC, 
EW24 and TC-32 cell lines) out of 7 ES cell lines 
were resistant to TRAIL induced cell death as 
shown by XTT cell viability assay (Figure 1C) and 
low levels of DR4 were observed in these resistant 
cells (Figure 1A). In contrast, RD-ES and TC71 
cell lines with high DR4 levels are TRAIL-
sensitive as their viability is reduced to 17.6 ± 
2.9% and 34.8 + 2.9% respectively after TRAIL 
treatment (Figure 1C). In the case of the A673 cell 
line, cell viability was reduced to 16.4 + 0.7 % in 
TRAIL-treated cells which showed intermediate 
DR4 levels. In addition, no correlation could be 
demonstrated between decoy receptor (DcR1, 
DcR2 or OPG) and resistance/sensitivity in all ES 
cell lines studied (not shown).  
Because all TRAIL-resistant cell lines tested 
express low levels of DR4, we wonder whether 
this death receptor may be involved in the 
regulation of TRAIL resistance in ES cells. To 
demonstrate this hypothesis, two strategies were 
envisaged: (i) to decrease DR4 expression in 
sensitive cells and (ii) to re- or over-express it in 
resistant cells. 
DR4/TNFRSF10A knockdown in TRAIL-sensitive 
TC71 cell line induced TRAIL resistance despite
DR5 expression. Sensitive TC71 cells were 
modified to stably produce either control shRNAs 
(shLacZ with no target in human cells) or targeting 
DR4 mRNA (shDR4) and were named shLacZ or 
shDR4 TC71, respectively. As shown by real time 

PCR on reverse-transcribed RNAs, DR4
expression was significantly reduced (2.6 fold 
compared to shLacZ transduced TC71 cells) in 
shDR4 TC71 cells as compared to TC71 or 
shLacZ TC71 (Figure 2A, left panel). However, a 
concomitant 2.1-fold increase of 
DR5/TNFRSF10B level in shDR4 TC71 cells was 
noticed, while DR5 level was similar in shLacZ 
TC71 as compared to the parental TC71 cell line 
(Figure 2A, right panel). DR4 knockdown was 
associated with a 50% decrease of DR4 protein 
level in shDR4 TC71 cells as detected by Western 
blotting (Figure 2B). Moreover, the DR4 reduction 
was associated with a loss of TRAIL sensitivity. 
As shown in Figure 2C, 104 + 1.9 % viability was 
observed in shDR4 TC71 cells versus 39.7 ± 3.9 % 
and 67.2 ± 7 % respectively for the parental or 
shLacZ TC71 cell lines after 50 ng/ml TRAIL 
treatment, and 102.2 + 15.4 % versus 19.5 + 2.6 % 
and 28 + 3.7 % respectively after 100 ng/ml 
TRAIL treatment. These results indicated that 
DR4 and DR5 functions may not be redundant. 
Indeed, even if the loss of DR4 seemed to be 
compensated by an augmentation of DR5 
expression, it is not associated with restoration of 
TRAIL-sensitivity. 
Identification of a new DR4 splice transcript 
encoding a DR4 isoform truncated in the TRAIL-
binding domain. In order to re-sensitize TRAIL-
resistant cell lines to TRAIL by overexpressing 
DR4, we performed DR4 cDNA amplification for 
cloning into lentivirus vector. As expected, using 
primers encompassing the start codon and beyond 
the stop codon of the DR4 sequence (accession 
number NM_003844), a 1400 bp fragment was 
obtained on reverse-transcribed RNAs of TC71 
and RD-ES cells (Figure 3A). Surprinzingly, only 
a smaller fragment (900 bp) was obtained when 
these primers were used on reverse-transcribed 
RNAs from 293FT cells transfected with a DR4-
expressing plasmid (pCMV-sport6-DR4). We 
suspected that this unexpected isoform could result 
from an alternative splice site of DR4 transcript 
because i) the expected 1400 bp fragment was 
amplified with the same primers directly from 
pCMV-sport6-DR4 DNA plasmid and ii) an 
additional fragment of 900 bp was also noticed 
within RT-PCR products of TC71 and RD-ES 
RNAs (Figure 3A). The 900 bp DR4 cDNA 
derived from RD-ES RNAs was cloned and 
sequenced. The comparison of both (900 and 1400 
bp) sequences showed a 473 bp deletion at the 
beginning of DR4 exon 1 to the end of exon 3, and 
then sequence identity beyond this deletion until 
the stop codon (Figure 3B). This deletion 
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including nucleotides 138 to 611 of NM_003844 
DR4 sequence identifies an alternative intron as it 
shows typical intron feet [gt-ag]. 
The 900 bp DR4 cDNA was designed variant b 
(bDR4) as it could produce a protein shorter than 
the 1400 bp one designed variant a (aDR4). The 
bDR4 transcript could potentially encode a 310 
amino acid protein which corresponds to the 468 
amino acid aDR4 but truncated of amino acids 11 
to 168 within the extracellular TRAIL-binding 
domain. However, this truncated region shares 
45% identity and 59% similarity with the 
corresponding DR5 region, whereas the remaining 
extracellular TRAIL-binding domain shares 76% 
identity and 84% similarity with the corresponding 
DR5 one (Figure 3C). 
Based on DR5-TRAIL crystal structure and DR5-
DR4 similarities, the interactions of aDR4 or 
bDR4 to TRAIL were simulated. The DR5-TRAIL 
binding interface is 1398 Å² wide, while the 
predicted aDR4-TRAIL one is 1196 Å². According 
to our modeling study, the contact of bDR4 with 
TRAIL appeared largely preserved with a 
relatively limited interface decrease (882 Å² for 
the bDR4-TRAIL binding interface). This 
difference is mainly related to the absence within 
bDR4 of Ala163, Pro166 and Thr168 which are 
involved in the predicted aDR4-TRAIL interaction 
(Figure 3D). However, the molecular dynamics 
simulation of the bDR4-TRAIL interface indicates 
that the bDR4-TRAIL binding is conserved even 
without these amino acids. 
TRAIL sensitivity is induced by bDR4 
overexpression in TRAIL-resistant SK-N-MC cell 

line. After bDR4 cDNA cloning into lentivirus 
vector, SK-N-MC cells were transduced with 
different quantities of virus-containing supernatant 
(20, 50, 100 and 150 µL), then derived cell lines 
were designed bDR4-20,-50, -100 or -150 SK-N-
MC, respectively. As shown on Figure 4A (left 
panel), these derived cells produced various levels 
of bDR4 which were correlated to the volumes of 
virus-containing supernatant. Using higher 
polyacrylamide gel electrophoresis resolution, 
both aDR4 and overexpressed bDR4 isofoms were 
identified in bDR4-150 SK-N-MC cells (Figure 
4A, right panel). Additionally, bDR4 was detected 
as a minor isoform in TC71 and A673 cells, but 
also in the human multiple myeloma cell lines as 
shown for an example with the KMM1 cell line. 
The proportion of bDR4 relative to aDR4 appeared 
more abundant in A673 cells than in KMM1 cells. 
SK-N-MC cells transduced with the truncated 
isoform bDR4 showed a gain of sensitivity to 
TRAIL induced apoptosis. Indeed, around 95% of 

viability was observed after TRAIL treatment for 
parental, bDR4-20 or bDR4-50 SK-N-MC cells 
versus 78.9 + 2.5 % to 50.4 + 5.2 % for bDR4-100 
and -150 SK-N-MC cells (Figure 4B). Apoptosis 
assessed by APO2.7-PE staining in flow cytometry 
showed a 2-fold increase in TRAIL-induced 
apoptosis for bDR4-100 SK-N-MC cells as 
compared to parental cells (Figure 4C). 
These results indicated that TRAIL was able to 
induce apoptosis through the bDR4 truncated 
isoform while DR5 is not able to transduce TRAIL 
signaling.  
c-FLIP knockdown induces TRAIL sensitivity in 
originally resistant SK-N-MC cell line. TRAIL-
induced apoptosis pathway can be regulated by the 
competitive recruitment of procaspase-8 and c-
FLIP, as respective caspase initiator and negative 
regulator. As shown in Figure 5A, procaspase-8 
and c-FLIP levels are not correlated to sensitivity 
or resistance of ES cell lines. Indeed, pro-caspase 
8 levels were higher in only one of the three 
TRAIL sensitive Ewing’s sarcoma cell lines (RD-
ES versus A673 and TC71) and in one TRAIL-
resistant cell line as compared to the three others 
(TC-32 versus EW24, SK-N-MC, SK-ES-1). 
Additionally, similar levels of c-FLIP were 
detected in the four TRAIL-resistant cell lines 
(EW24, SK-N-MC, SK-ES-1 and TC-32) as 
compared to the three TRAIL-sensitive ones (RD-
ES, A673 and TC71) (Figure 5A). However, the 
implication of c-FLIP in two TRAIL-resistant cell 
lines (EW24 and SK-N-MC) was tested by 
developing their shRNA mediated c-FLIP
knockdown counterparts. As shown by real time 
PCR on reverse-transcribed RNAs, c-FLIP
expression was significantly reduced (1.8 fold for 
SK-N-MC and 2.3 for EW24 compared to shLac 
transduced corresponding cell lines) cells after 
transduction with lentivirus expressing shRNA 
targeting c-FLIP (designed shc-FLIP) as compared 
to parental or shLacZ cell lines (Figure 5B). Such 
c-FLIP knockdown in EW24 or SK-N-MC cells 
led to a decrease of TRAIL- resistance: 59.1 + 3.1 
% and 18.7 + 2.05 % of cell viability were 
respectively observed for shc-FLIP-EW24 or -SK-
N-MC cells, as compared to 105 + 6.5 % - 89 +
6.2 % cell viability for parental and shLacZ-EW24 
or -SK-N-MC cells (Figure 5C). Moreover, 
caspase-3 activity was increased following TRAIL 
treatment in c-FLIP knockdown cell lines but not 
in the parental or shLacZ counterparts. These 
results indicated that in spite of similar c-FLIP 
expression in resistant/sensitive cell lines, c-FLIP 
is implicated in TRAIL-resistance of 
Ewing’sarcoma cell lines. 
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DISCUSSION 

Ewing’s sarcoma (ES) family of tumors 
are a group of aggressive solid bone and soft tissue 
malignancies of children and young adults 
characterized by specific chromosomal 
translocations that gave raise to aberrant 
transcription factors. Over the last decades, the 
knowledge of the cellular and molecular biology 
of the ES has remarkably increased leading to the 
development of multidisciplinary therapeutic 
strategies. However, the prognosis and survival of 
patients with metastatic or recurrent disease 
remains very poor. Therefore, there is still a 
crucial need for better therapeutic approaches for 
the treatment of ES. Among new therapeutic 
options, TRAIL, a member of the tumor necrosis 
factor (TNF) superfamily is a promising candidate 
as it induces apoptosis predominantly in cancer 
cells, while sparing normal cells. Moreover, 
combined treatment of TRAIL with chemotherapy 
or gamma-irradiation synergized to achieve 
antitumor activity in tumor cell lines and also in 
tumor models in vivo. Concerning Ewing’s 
sarcoma, TRAIL induces cell apoptosis in vitro for 
sensitive cell lines and in vivo in corresponding 
experimental models (23-25). However, failure to 
undergo apoptosis in response to TRAIL treatment 
may result in resistant tumor cells. Understanding 
the molecular events that regulate TRAIL-induced 
apoptosis and their deregulation in resistant forms 
of cancer may provide new opportunities for 
cancer therapy. Several malignant tumors such as 
pancreatic tumors, neuroblastoma and malignant 
melanoma are resistant to TRAIL. Many resistance 
mechanisms developed by cancer cells have been 
already described in the signaling pathway of 
TRAIL, for example by diminution of the ratio 
death/decoy receptors or inhibition of TRAIL 
signaling pathway [c-FLIP over-expression, 
caspase-8 down-regulation, involvement of IAP 
(inhibitor of apoptosis proteins), MCL-1, BCL-
2…] (36). Understanding these mechanisms is 
necessary to consider therapeutic use of TRAIL or 
agonists of its death receptors in cancers.  

It has been demonstrated in Ewing’s 
sarcoma that TRAIL resistance could be related to 
caspase-8 deficiency as a decrease of its 
expression is observed in 20% of ES patients (37). 
Therefore by increasing caspase-8 expression, 
interferon (IFN)-γ could sensitize ES cells to 
TRAIL induced apoptosis (23,28). In addition, no 
current correlation has been observed between 
TRAIL resistance in ES cell lines and death 
receptor or c-FLIP expression (37). However, as 

preliminary data from our group showed that half 
of human ES cell lines tested were resistant to 
TRAIL (25), we decided to focus on two potential 
regulation levels of TRAIL resistance in ES: the 
ratio death/decoy receptors and the balance c-
FLIP/caspase-8 in seven human ES cell lines. 
These cell lines all express the EWS-FLI1 fusion 
gene but differ in their p53, p16 or p14 mutation 
status, reproducing the variability observed in 
patients.  

In the present study, we demonstrated that 
all ES cell lines expressed high levels of DR5, 
while DR4 was expressed only by 2 sensitive cell 
lines out of 3, the third one presenting intermediate 
levels. None of the 4 resistant cell lines express 
significant levels of DR4. Furthermore, no 
correlation could be established with decoy 
receptor expression and TRAIL-resistance (not 
shown). The correlation between TRAIL 
sensitivity and DR4 expression alone had never 
been described in ES. A lonely publication 
reported that 9 of 10 ES cell lines expressed both 
DR4 and DR5 (western-blotting), whereas a 
TRAIL-resistant cell line expressed only DR4 
(24). The authors reported that DR4 was absent 
from the cell surface in the resistant cell line and 
two additional cell lines, and they suggest that it 
may be non functional. In the present study, we 
found DR4 functional in the sensitive cell lines, 
and its overexpression in TRAIL-resistant cells 
restored sensitivity. The study from Mitsiades et al

concluded that TRAIL sensitivity is related to DR5 
expression, the resistance of the cell line being 
overcame by restoration of DR5 levels by 
transfection (24). They concluded that TRAIL 
sensitivity of ES was mainly based on the presence 
of DR5/DR4 rather than the presence of decoy 
receptors or c-FLIP expression. We share the same 
conclusion, except that, in the present study, we 
demonstrated the pivotal role of DR4 rather than 
DR5 by two complementary approaches: firstly, 
DR4 knockdown in TRAIL-sensitive TC-71 cell 
line induced TRAIL resistance despite DR5 
expression and secondly, DR4 overexpression in 
resistant cells restored their sensitivity. Therefore, 
overexpression of DR4 may represent an 
alternative strategy to restore TRAIL sensitivity in 
ES cells and models.  

During DR4 cloning procedure, we 
evidenced a splice transcript of DR4 
corresponding to a new isoform truncated in the 
TRAIL-binding domain. Transcriptional 
modification by alternative splicing is known to be 
involved in the regulation of programmed cell 
death (38). Thus, alternative splicing has also been 
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identified in genes of the TRAIL-system, 
including DR4 and DR5; however, the isoform 
presented here has never been reported. For 
example, two isoforms of the 
DR5/TRICK2/TRAIL-R2/KILLER differing by a 
29 amino-acid extension in the extracellular 
domain are generated by alternative pre-mRNA 
splicing (39). The inserted sequence may represent 
a retained intron as it has flanking sequences that 
match consensus 5’ and 3’ splice sites. The authors 
hypothesized that the expression of these two 
isoforms of TRICK2/DR5 which have different 
spacings between the transmembrane domain and 
the TRAIL-binding domain, might regulate the 
response to TRAIL. In the present study, bDR4 
was detected as a minor form in TC71 and A673 
cells, but also in the human multiple myeloma cell 
line KMM1. The proportion of bDR4 relative to 
aDR4 appeared more abundant in the ES cell line 
A673 than in KMM1 cells, suggesting that the new 
DR4 alternative splicing described here could be 
regulated by cell-specific factors and may not be 
an aberrant splicing which occurs proportionally to 
DR4 total expression. Therefore, it seems that DR4 
splicing is not influenced by the initial amount of 
DR4 transcript in ES or in other tumor cells. In our 
models, the sensitivity of ES cells to TRAIL is not 
related to the aDR4/bDR4 ratio; but rather to the 
presence of DR4, expressed as truncated or 
complete forms, even if DR5 is predominant. This 
result seems to be specific to ES as it never had 
been reported in other cancer systems.  

In our study, we demonstrated that the 
truncated DR4 isoform is functional because its 
overexpression in TRAIL-resistant SK-N-MC cells 
induced a gain of sensitivity to TRAIL-induced 
cell death. This result implies potential 
trimerisation of bDR4 as homo-trimerisation or 
hetero-trimerisation with aDR4. The TNFR 
superfamily trimerisation mode is still under 
investigation, but it is now clear that different 
mechanisms co-exist in parallel. In the case of the 
TNF-R1, it is demonstrated that the presence of a 
Pre-Ligand-binding Associative Domain (PLAD) 
is essential to obtain the fully functional trimeric 
complex (40). This trimeric complex pre-exists 
before binding of the ligand TNF � or �. In the 
case of TRAIL membranous death receptors (DR4 
and DR5), the N-terminal end does not possess 
this PLAD but rather adopts an “N-motif” 
structure (41). There are some evidences 
indicating that the complete receptor exists as a 
trimer prior to ligand binding (42). As observed in 
our study, the lack of this “N-motif” in the short 
form of DR4 is not a pre-requisite for the receptor 

activity. At this stage, we have no indication 
concerning the trimeric nature of the short form in 
the absence of TRAIL. Since both the truncated 
and the complete DR4 isoforms are able to 
transduce TRAIL signaling, it indicates that the 
short DR4 isoform does not prevent the DR4 
trimerisation necessary for TRAIL binding. It is 
known that TRAIL binds with a high specificity to 
DR5 via its loop AA’ since the removal of this 
loop nearly abolishes DR5-TRAIL recognition 
(34). This TRAIL loop is in direct interaction with 
the Cystein Rich Domain (CRD) 2 domain of 
DR5/DR4 but not with the CRD1 domain (34). 
Our modelling study indicates that the CRD2 
domain involved in TRAIL binding is maintained 
in the bDR4 isoform. This suggests that most of 
the TRAIL-bDR4 binding specificity can be 
attributed to the CRD2 domain. This would 
explain why bDR4 is still able to sensitize cells to 
TRAIL activity. 

Another interesting and novel result of this 
study relies to a second level of regulation of 
TRAIL resistance in ES, linked to c-FLIP 
downregulation. Indeed, even if no correlation 
could be evidenced between c-FLIP expression (or 
the ratio c-FLIP/caspase-8) and TRAIL 
sensitivity/resistance in ES cells, we demonstrated 
that c-FLIP knockdown induced sensitivity in 
originally TRAIL-resistant SK-N-MC cell line. It 
is well known that TRAIL-induced apoptosis 
pathway can be regulated by the competitive 
recruitment of procaspase-8 and c-FLIP, 
respectively as initiator or repressor of caspase-8 
activity. Several publications have reported that 
inhibition of c-FLIP expression could represent an 
interesting strategy to sensitize TRAIL-resistant 
cells whatever the initial level of c-FLIP 
expression (43-45). Therefore, using a RNA 
interference strategy, we demonstrated that c-FLIP

knockdown in TRAIL-resistant EW24 or SK-N-
MC cells restored TRAIL-sensitivity associated 
with an increased caspase-3 activity. We therefore 
hypothesize that the involvement of c-FLIP in 
TRAIL-resistance in ES cells may be linked to its 
differential recruitment within the death-inducing 
signaling complex (DISC). In RD-ES, A673, and 
TC-71 TRAIL-sensitive cell lines, cells express 
higher levels of DR4 (including both truncated and 
complete DR4 isoforms) than in resistant cells, but 
always less than DR5 levels. The intracellular 
domain of death receptors DR5 or DR4 binds 
FADD via the death domain (DD) then FADD 
binds caspase-8 through death effector domain 
(DED) leading to the DISC formation and death 
signal transduction. The presence of c-FLIP 
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interferes with procaspase-8 through the DED 
domain, acting as a competitor and inhibiting the 
procaspase-8 cleavage thus caspase-8 activation. 
In sensitive ES cells, DR4 is expressed together 
with DR5, inducing a high DISC formation with 
procaspase-8 recruitment that cannot be competed 
by c-FLIP (Figure 6A). [It seems that the presence 
of DR4 in sensitive cells preferentially induces 
procaspase-8 recruitment rather than c-FLIP]. 
Because no significant difference have been 
observed in the procaspase-8/c-FLIP ratio between 
resistant and sensitive ES cells as analysed by 
western-blotting, other hypotheses could be 
proposed: (i) the relative availability of both 
protagonists (procaspase-8 or c-FLIP) is different 
in the cytoplasm near the DR4 or 
DR5/FADD/DED complex depending on the 
presence of lipid rafts, (ii) the relative affinity 
between FADD (linked to the intracellular 
domains of death receptors) to procaspase-8 or c-
FLIP is different between DR4 and DR5, (iii) the 
procaspase-8 recruitment is more rapid or effective 
when DR4 is expressed than with DR5. These 
hypotheses have been partly confirmed when 
sensitive cells are treated with shDR4: the level of 
DR4 is decreased, so procaspase-8 is less recruited 
in DISC formation, and c-FLIP is therefore able to 
inhibit caspase-8 cleavage, then to induce TRAIL 
resistance.  

TRAIL-resistant cell lines (TC-32, EW24, 
SK-ES-1, SK-N-MC) express low (or no) levels of 
DR4, but still DR5. The addition of TRAIL 
induced the DISC formation but in a lesser extend 
than in DR4-expressing sensitive cells (Figure 
6B). c-FLIP is therefore able to inhibit caspase-8 
cleavage in this complex. When resistant cells are 
treated with shc-FLIP, apoptosis is restored as the 
DISC complex could be activated. The other 
strategy developed to re-sensitize TRAIL-resistant 
ES cells is to overexpress DR4 (as truncated or 
complete isoform), restoring higher DISC 
formation by procaspase-8 binding to FADD, 
leading to apoptosis.  

In conclusion, by using shDR4 in sensitive 
cells and overexpressing DR4 in TRAIL-resistant 
cells, the results presented in this study 
demonstrated that DR4 is involved in TRAIL 
sensitivity in ES. We also evidenced a new 
isoform of DR4 as a consequence of an alternative 
transcript lacking exons 1-3, which is still 
functional and induced apoptosis through TRAIL 
binding. Finally, we hypothesized that the 
resistance/sensitivity in Ewing’s sarcoma cells is 
linked to the DISC formation regulated by c-FLIP, 
the DISC formation being related to the presence 
of DR4 (in sensitive cells) or not (resistant cells). 
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The abbreviations used are: ES, Ewing’s sarcoma; TRAIL, TNF Related Apoptosis Inducing Ligand; DD, 
Death Domain; DISC, Death Inducing Signaling Complex; TNF, Tumor Necrosis Factor; DR, death receptor; 
c-FLIP, cellular FLICE inhibitory protein; FADD, Fas associated death domain. 

FIGURE LEGENDS 

Fig. 1. TRAIL activator receptors (DR4, DR5) detection and TRAIL sensitivity in Ewing’s sarcoma cell lines.
(A) DR5 and DR4 detection was assessed by Western blotting from total lysates of 7 ES cell lines. (B) DR5 
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and DR4 detection at the cell surface of A673, TC71 and SK-N-MC cells was analysed by flow cytometry 
(unshaded peaks), isotype control is shown as shaded peaks. Results are expressed as the relative Mean 
Fluorescence Intensity (MFI) corresponding to the ratio: MFI of the sample analysed for DR4 or DR5 Ab / 
MFI with the control isotype. (C) TRAIL sensitivity of the 7 ES cell lines was determined by XTT assay after 
50 ng/mL TRAIL treatment for 72 hours. 

Fig. 2. DR4 knockdown in TRAIL-sensitive TC71 cell line. (A) DR4 and DR5 expression were assessed by 
real time PCR on reverse-transcribed RNAs of parental TC71 or counterparts shLacZ or shDR4 TC71 cells 
which were modified to produce either shRNAs targeting the bacterial transcript for beta-galactosidase 
(shLacZ) or shRNAs targeting DR4 transcripts (shDR4). (B) DR4 detection was assessed by Western blotting 
of total cell lysates of parental TC71, shLacZ and shDR4 cells. (C) TRAIL sensitivity of the corresponding 
cell lines was determined by XTT assay after 50 ng/mL TRAIL treatment for 72 hours. 

Fig. 3. New DR4 alternative transcript and its predicted bDR4 protein. (A) PCR amplification of DR4 cDNA 
either after reverse transcription of RNAs of TC71 and RD-ES Ewing’sarcoma cell lines, or in 293FT cells 
transfected with pCMV-sport6-DR4 (pDR4-293FT), or directly from 50 ng of pCMV-sport6-DR4 (pDR4). 
(B) DR4 gene structure is displayed by boxes and triangles for exons and introns respectively whose sizes (bp) 
are indicated. Untranslated regions are shaded. aDR4 cDNA (1400 bp; NM_003844) with numbered exons 
displayed by boxes is compared to bDR4 (900 bp; BankIt1442931 bDR4 JF729355) cDNA. The alternative 
intron containing part of exon 1, exon 2 and part of exon 3 is displayed by a broken line and the two 
nucleotides at both sides of this intron are indicated. (C) The aDR4 and bDR4 sequences are aligned against 
the 69 to 185 amino acids of DR5, which correspond to the resolved DR5 crystal structure. Sequences were 
aligned using Jalview (46). Amino acids are highlighted using the Zappo color scheme (based on their 
physico-chemicals properties), the consensus is displayed as a sequence logo. Disulfide bridges are 
represented by red lines. (D) Diagrams of predicted TRAIL (cyan) binding to aDR4 (red) or bDR4 (purple) 
are shown. The amino acids Ala163, Pro166 and Thr168 which are present in the aDR4-TRAIL binding 
interface but absent of the bDR4-TRAIL one are indicated. 

Fig. 4. bDR4 overexpression in TRAIL-resistant SK-N-MC cell line. (A) bDR4 isoform was detected by 
Western blotting in SK-N-MC cells transduced with bDR4-expressing virus contained in 50, 100 or 150 µL of 
supernant (left panel). Both aDR4 and bDR4 were distinguished after high-resolution polyacrylamide gel 
electrophoresis and Western blotting in KMM1, TC71, A673 and bDR4-150 SK-N-MC cell lines (right 
panel). (B) TRAIL sensitivity was determined by XTT assay for transduced and parental SK-N-MC and A673 
cell lines after 72-hour treatment with 50 ng/mL TRAIL. (C) Percentage of cell death induced by a 48-hour 
treatment with 100 ng/mL TRAIL was determined by flow cytometry analysis after Apo2.7-PE staining. 

Fig. 5. c-FLIP knockdown in TRAIL-resistante EW24 and SK-N-MC cell lines. (A) c-FLIP and procaspase-8 
were detected by Western blot of total cell lysates of 7 Ewing’s sarcoma cell lines. Actin was used as loading 
control. (B) c-FLP expression was assessed by real time PCR on reverse-transcribed RNAs of EW24 and SK-
N-MC cells unmodified or modified with lentivirus expressing shRNAs which target either beta-galactosidase 
or c-FLIP transcripts (shLacZ and shc-FLIP, respectively). (C) TRAIL sensitivity was determined by XTT 
assay for transduced and parental EW24 or SK-N-MC cell lines after 72-hour treatment with 50 ng/mL 
TRAIL. (D) Caspase-3 activity was determined by enzymatic assay after 1-6 hours incubation of EW24 (left 
panel) and SK-N-MC (right panel) cells in the presence of 50 ng/mL TRAIL. UV exposition during 1 minute 
was used as positive control. 

Fig. 6. Hypothesis of TRAIL-resistance or sensitivity regulation by DISC formation and c-FLIP competiton in 
Ewing’s sarcoma cells. (A) in TRAIL-sensitive cell lines, DR4 is expressed at high levels together with DR5, 
the intracellular domain of DR5 or DR4 binds FADD via the death domain (DD) then FADD binds caspase-8 
through death effector domain (DED) inducing a high DISC formation that cannot be competed by c-FLIP 
(the presence of c-FLIP interferes with procaspase-8 through the DED domain, acting as a competitor and 
inhibiting the procaspase-8 cleavage thus caspase-8 activation). (B) TRAIL-resistant cell lines express low (or 
no) levels of DR4, but still DR5. The addition of TRAIL induced the DISC formation but in a lesser extend 
than in DR4-expressing sensitive cells, c-FLIP being therefore able to inhibit caspase-8 cleavage in this 
complex. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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����� ������������*�������������� ��������0�,�#�������$������������������������$���������

�����"��������������� ':��3�������������� �����*��0��&+�&��������)� ���������������������

����� ��1������������������������� ��������� �����������$������#��������$�������	���	�
�����

��1���� ���� �A���������������  �� ���� ����� ����� �$������ 	�� �	��+� ��� �11��)� 0���

���������� ����� ���� ���A��*��� �������� �������� ��������1� ������� ����� ��� �����$������ #�

�����������"���������������	���	���45%6745,.7+�
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.1 �������	�2&3'� *4'� *4��	��!��	���$����	���5�	���������	��

�

������������� ���������������������*)������� �����������������"������1��������

��"����������������������� ������� �������������8C�)����� ��"������8C�������� �� �������

������� ��O3H+� ����� ����������� ��� ������ A��K������� ������������� ��� ��������� ������

�� ������������ �������� #� ��� $���� ��� ��� ��"�������� ��� ��������"�� �����*� 45,(7+�&��

�A������������������$���� ��� �������"�2 ��#������������������*�������������������

 ���������� ������� ��������� �� ������������"������������� ��� ����D������ ���$����"���

�������+� ��� 1�*������ ��� ��8C�� ���� ���� �� ������� ��8C)� �������� #� ��� ���1� �� ����

��� �������� ����� ���������)� ����  ���$��� ���������� ����� ��11���� ������� ��� ����� �������

��������������L���������D�������������� �����������������������+���O3H���� �������� �����

��� �� ������� ������� ����� ��8C�� ��� ����$�� ���� ������ ����� ��� � ��8C)� �"������� ������

 ��������� A��K��������'�����������;:�"����%
<+��
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�����	��6����7�	�	��������	�2&3�'�� *4�'�� *4���
����������	
������
������������5�	��
40��������"��)������������@�A��������+)�45,577�

�

�

�

O����$������ O���� ����� � ����

&:�'>
3��'O���� �����

O���� �����
������� ���

B�������
:� ����� ��� ������� �
&A��K����

�2�8 ��2*�299":9"

"
�����	
�	 	�8%�9�

&:�'>P ����A�1�����"�������� �����"�

>'&�:P�� �����"��  ����A�����������"�1� ���

��8C�

��8C

O3H

�"92�&��2*�299":9"
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�< ��8C��
�

;�9�������	�	��	#��	����
�	�� *4��

��8C�� ;O3H� ��"����O3H�� G������ �������11���� ������� 1� ���� ;O0:<� G� ���8&�<���

���� �� ������� �������������� ���� ���*� �������� ���  ����� ��� ������*� �������� ���� ����

��"��������� ��� ����������� 45,%745,,7+� ��8C�� ���� ������$��� ��� ��� �����1������� ��� �8:�

����� ��� ����� ������� �11� ������ ���� �8:�:((� ;((������$��� ��� ��� �����1������� ��� �8:<+�

&�����  A��K���� ���� ���� ��������� ��������$�������� ��� �A��� ��� ����� �������� ��"���)�

�������������������"�������������%./���� ����������&0,.��������������5./���� �:��'

��"���� 45,-745,	7+� ��8C�� �*����� ����� %� ���1������  ��Q� ��B����� ;��8C�� ()� ��8C�� 5� ���

��8C��%<���� ��Q�����������;���K��()����K��5�������K��%<)����������������������"�����������1����

�����"���45,
745,=7;:�"����%=<+�
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�����	��(���9�������	�	���������	��	�� *4���$	<���=���	��4����������������A��������+)�

45,677�

�

����� ��11���� ��� ������  ��� ���1������ ��� �������� ��� ������� ���� ���������

����� A������������� ��� ��������$��������+� ��� �������� &'��������� �*��� ���������� ����

���L�����������"�������8:�������������� ��������������8C+������1�����(������������������

���$�����������%(
�� ������������ ��Q� ��B��������%(	� ��Q� ��� ������)��������������

�������� �����' A������������  ������� ���� ���� ������� ��������"��� ��� � ���� ����������

����� ����������+������1�����5����������� �������11�������������������� �� ����������9����K��

5� ;������)� 5=
�� �����������<����������� ������������� �����' A����������������������

��8C�� 5� ;������)� 5,,� � ����� ������<� ��� ���� ��������+� ��1��)� �����1����� %)� ���� ����

�������������$������������������(66�� ������������ ��Q��������������5,,� ��Q���B����)�

�����' A�����������)������� ��������������������������������8'�������������������� �����

������� ���������������*���������������' A�����������������������$�������+�0�������

������� �*��� ���������)� ��8C�� ����� �"�������� ����� ��������� ����� 1����� ����$��� �����

N C

ID TM ED
1 48

S A

14 44

71 158 316

N C

1 19

T P

(14) (44)

42 129
287

(316)

CN

1 41 199

(316)(118)

RANKL1

RANKL2

RANKL3

Domaine homologue 

à la famille du TNF
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 ����"�� ��� ��� ������� �*��� ���������� 45-.7� ���� ���� ���������� ������� ���� �8:� ������

 ��������"���QA���;��&�<�45-(745-57)�>��$����'�A���(�>����*�>�����������������;>�('

>>3<45-%7����>>3'
�45-,7+�

��8C�� �� ����� ���$���� ����  ���������  ����� �*������ ���� ���� �A���� A���� ��

� �������������������������������������� ������������������$������)���� �����D��� �� ��������

��������������������� ����� ������� ��� ���� ��� ������������*+� ��� ���� ������ �*���������� ���

"��������$������ �������������� �������������� 1������������������������������ ����������

;��)� ������� �������)�  ������"�<� 45,,7)� ����� ���� ��"����� �A����R���� ;"��"�����)� ��A���)�

����)�1����1S���<�������������A�������� �������45--7+���8C�������*�������������11��������

��"����� ���  �������� ���������� ;��5)� >&%�%'�(<)� ����� ���� �����$������� ������� ���  �������

������������������������ ���� ������ A�����A��������������������� 45-	7+����������$�������

�������� �*�������� ���� ��8C�)� #� ���������� ����  �������� ���������� ���� ���*�������� ���

�������������������+���������"���������*���������"�������������������������A���� A����

�)� ����  �������� �������������� ��� ���� "����������������� 45-
745-=7+� ��1��)� ���� �*���������

1��$��������8C���������������������� ���������� ������)���� S��)������������)�����������

��� ������ �����45-	7+�0�����$���*� 1� �������������� ��"����� ���*��������������8C�)� �����

����������������;���������0%)���'()���'	)���'(()��8:α)�O�>)�3�B��������������"����������5<)������

���������$����;�H:β��������'(%<�45,-745-6745	.7�45	(7+�

�

;�����������
�	�� *4���
������������	����	��	�

��� ���� ����� �D��� ��� ��8C�� ����� ��� ��11���� ������)� ��� ��������� ��� ��� ������� ����

����� ��������������������"�2 ��#�����������*������"�������+������)������������������

��������������$��� �� �������������� ����������������$�������� ��Q����� ������������ ���

"���  ������ ��8C�� ������ ���� ��������+� ���  �������� �)� ���� ��"���������� ��� ���

�������� ��������� �������� ��� �  ��$������� ��� ���  ������ ����������� ���������� ����

��������R��� �*��������������  ������������� �� ���� ����� ��� ������ ��  ��Q�  ���

������*�4(.=745	57;:�"����%6<+������������)��������������R����������������������8C���*�"���

��� �����"������������ ��� A��K������������������������������������ �����A��� �� �����

��� ��������� ������������ ��Q� ��B����� 45,-745	5745	%7;:�"���� %6<+� ��� �	�
�)� ��� 1�*������

��� ��8C�� ���� ���� �� ������� ��8C)� �������� #� ��� ���1� ������ ���'����� ������� 45	,7� ����

 ���$��)���������� �����>'&�:)����������� �������11���� ��������������� ���������������

45,,7+���8C������������������ 1� �������������������� ��������� ��������������� 45	-745		7+�

&����$����������������"���������D���������������� ����� A��K������������$����"�����������

�����������$���� ���������������������������������������+��

�

�
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�����	� �>��� +�

�	�� ��������$�5�	�� 	� ������� ���!��	�� ? 1,� ���	#�����
�� ��� �@��A�
	�
���%��������!	� ��
A�� ?01� ��� �
����!�	������� �	��B
	������� ?�1�� 4������� ��� � C��������+)�
45	577�

�

;� ���	����
����
�	�� *4��

O����� ���� �D��� ��L���� ����� ��� $����"��� �������)� ������� ������ ��� ��8C�� �����

������������ ����������L#��������������+������)� ����������� �����"�������� ����������������

��8C�� ����������� �"�������� ��� ��1���� ��� �������������� ���� "������� ����������

��"�������� ��� ����� ���� �������'���)�  �� ��� ������ �������� �����  �����$���� �� ����

����L� ����� ��� ��8C�� �*�"��� 45	%7+� &� �� ��������� ���� 1�� ����� ������������ ����� ���

��� ����������� ������+�

��8C��L��������������D����������������������1�� ������������������+�������$��������

����1����������������������������"���������������"���"�����������"������A����R�������

����� ��� ����������� ����  �������� ��� ��A���� 4(.=7+� ��� �D��� ��� ��8C�� ����� ��� �A�����

������������ ����� ����� ���������*�  �������� ������������� ;��� ����  ���$��� ��� ��������� �����

� �����������������������<������*����� A����;����"������ ��������1� ����� ������� �����<�

45-
745	
7+�

0���� ���  ����*��� �������)� ��� ���$���*� �A���� ���  �������� ���������� �����

 ���$������������������8C�)� ����� ��� ���������������������"���������A��������������)�

���  �� ������ ��� ��� ��������� ��� ��� �����$�������� 45	=745	6745
.7+� 0�� ����)�  ���������

 ����K����)� A��K����)�������������1� ��������� ������� ��������������������������������

 ���$���� ��� ��������� ��� ����� ����� ��� ��8C�� ������ ������� ���� 3�B'�3+� &�����

��"���������� ��� ���*��������� ��� ��8C�)� "�2 �� #�  ��� 1� �����)� ����� ������

���  ����"������������������������ ���*������������ ��O3H������� ��������$���������

� � �

>��$�����1�������

�����A������*������

�����$���

0���������
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6�
�

���  �� ��� �� ���*� ����� ���  ����*��� ���� �������� ��������+� 3��� ��������)�  �� ������� ���

��� �������!��")����������������������������������#�������� �����������8C������� �����

�������"��+� &��������)� ��������� ������*� ���� ������� ���� ���� ��"�����  ����������� ���

��� ���� ���!��"� ���� ��� 1��$��� ������� ���*��������� ��� ��8C�� 45
(7+� � ��1��)�  ���������

 �������� �� ���������*������������1�����1�� ������������� �� ���������8C���������#�

��8C����������� ���������'���������45
5745
%745
,7+���8C��������������"�����������������

��� ������ �������������� ����  �� ���� ��� ����)� ��� ��� ��������� ��� ��� �����

45
-745
	745

745
=7+� ��� 1� ������ ��� ��"������� ���  ��������  �� �������� #� �����"���� ��� �����

�����������������������"�������45
,7+�

�

$< ��8C�
�

��8C�;�8:��:((�<)������ ������������8C�)�����������$��������������1�����������

�� �������� ��� �8:� ��� 	(	� � ����� ������+� 3�������� ��������$�������� ��� �A��� �)� �����

������� �������� ,./� ��������"���� ��� � ��� &0,.� 45-
7+� 3��������� ��� �������� ��"���)�

��8C���������� ����������$�����������������������������1���������������+�������������

�*��� ���������� ����  ������� ��� ,� ��������� �� ���� ���  A�������� ��� 5� ������ ��� 8'

"�A ��A�������45,-7;:�"����,.<+�

�

�

�

�

�

�

�

�����	�)C���9�������	�	�� *4��4����������������A��������+)45,677�

�

���������������*)���8C�������������#� ������1� ��������� ������������� ����������

������������ ��������������+���������"���������*���������������A���� A������������� ��������

������������+� ���*��������� ��� ��8C� �� ���� ���� ���� ����� ��11������� �������  ����� ���

��� ���������������)��������)���� ������)�������������������1����45-
745
6745=.7+������������

�������� ��� ������ ������� ��� ���$���*� �A������  ���������������� ��� ����� ����� ��� ���

������������� �������������*������ ������)���*� �������� �A���� A������� @���� �)���*� ��������

������������)���*� ���������������������������*�1�$��$������+��

�

�

�

�

NC

616 234 213 29 1

RANK

Dom
aine riche 

en Cystéine

Peptide 
signal
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�����	� ).��� ����$��� ��������$�5�	�� 	�� �	���	�� �
����	���� 	� ������� ���!��	�� ? 1� 	��
�
!����	��������	��B
	���
A��4������������������+)�45=(77�
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�

�����	�)��������$��� ��������$�5�	����
	����	� �$�����5�	��$	<��
� �
�!��� ���
�	���
�
����	
�� ���	�
�� ������������	� �����������	� ���� �
	� �������
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��� 1�*������ ��� ��8C�� ��� � ���� ������ �11������ ;%� �><� ���� ��8C)� �������� #� ���

���$������������'����� ������)����������� �������������� ������)�����������������$���#�

������� �����"����+�&������ �����������"���������� �� ���������"������������������:	)�

�� ��������� ������������K��������������������@5)��� )�3�%C�����C������������#���� ���������

���11� ����������������1������������%=)���C)�T8C������ ����8:�@+�&����� �� ���� �������

���������� #� ��� ��11���� ������� ���� ��� �������� ����� ���������� ��� #� ��� ��������� ����

����� ������+�

���������� �������8C����������������� �������� ���8C����������$����"�����������

�������� ��������������"�2 ��#�����������*� �����"�������+� �����)����� ������� �����������

�����  �� "��� ;��8C'G'<� ����������� ���� ������������� ������ ���� ���� #� ��� �������

������� ��������������)�������A��������������#� ������������������8C�'G'�45=(7;:�"����,(<+�

&��� ������� ������������������������ �����$��� ������"����� �A����R���� ��� �����1�������

����������������A��� A����@���������"����������������������A������������+�

���������A�������������#� ������$������ ��Q��������������8C'G'����������������������

 ������ ��������������� ��Q� ��B����+�&����������������� ��� �������������������������

��� ���������������� ������������������ ���������������11���� ������+�&�������������� �������

����� ��������������"������������������ ��Q������������������������������������������

U�"���������V)����� ����#�����������������������"��� ��������8C�45=57;:�"����,5<+�
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 < ������������"������;O3H<�
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;�9�������	�	��	#��	����
�

��O3H)����������������������O���� �����"�����������$����A�:� ����;O&�:<)�:���� �����

0������� �&������ ������(� ;:0&�'(<)� �8:��� ������ ������������ ����(� ;��'(<���� ������ ���

����� ��������11� �����)��8:��:((@)�����������$��������������1������������� �����������

�8:�������1����������*�"��������������������45,(745=%7+�������� ��������11���� ����� �����

����������$������� �����1�����������������������$��� ���������������������$��������

���� ��� 1���� ���� ���� ���� ����$���  ���$��� ��� ����� ��11������� ��"����+� ��� "��� �������

 ��������O3H������� ������������� ����������=�5%'5,���� ��������-��*�������������������

���56�K$�45=,7+��

��O3H������A������������������1�������������'�����������,.(�� �����������������

�������������"����;5(�� �����������<����� ����)�"������������������������������%=.�� �����

������+���O3H)��������������������������� A�����������������������$���������������

����������* ����������������1������������������������$��+�
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Peptide 

signal 

21 AA

Clivage protéolytique du peptide signal

Formation dimère                 

Cys 400

Domaines riches en cystéine  

Glu22 - Ser186

Région homologue au 

domaine de mort 

Phe209 - Val 361

401 Acides Aminés

Protéine mature 380 Acides Aminés

Domaine de 

liaison à

l’héparine

Dimère d’OPG sécrété

D1 D3 D4D2 D7D6D5
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�����������8'�����������������,�����1���� ������� A�������;0('0,<����������������

������$������ ��� ������� �����"����+� ���� �*��������&'����������  �������)� ������ #� ����)� 5�

������"�������U��������������V� ;0-����0	<)������ ���1�� �������� ��������� �����������

�� ������ ����� ���� ��������� ���������� ����� ��� ������������� ��� ����� ��� ���$������ ���

 �����*��O3HG��8C��45=	7+�3�����������)� ������*������������������������1�� ���������

45=,7+����L����������������������������&'���������)��������������"����������������������

��������#���B��������;0
<�������������� A�������;&A�,..<)��� ��������#����������������������

45=,7;:�"����,5<+�����������������������#�������������������#���O3H���������"������ �����

���� ����� ��� ��� 1������� ��� ����������� ���  �����  ��� ���� #� ��� ����� #� ���� ���� ������

"�� ��������  ����� ���� H�A �������H�A ����� ;H�H�<� ���� #� �����"���� ��� ���$�������

� ��������  ��������������� ��� ��O3H+� 0�� ����)� ���� 1���� ����� #� ����������� ��� #� ���������

H�H�)� ��O3H���� ������������ ���$�����������"������ ���8C�� 45=
7+�0��� ��������������

 ��Q� ��������������������������������������� ������ ��� �����������'������������ ��O3H�

����� ���� �������� ����� ���� ����1����� ���� ���������������� �������� �����*� �� ���� ���

H�H�����������"�A �����45==7+�&�������������""�������� ������������������������������

H�H�� ����D�������� ������������O3H+��

�����������"���������O3H�������������������� �)�������"�����������+����1�*���������

��O3H�#����������1�������������������������(('(6,��������������������$������������11������'

������������ ���  �����  A��K���� ���� ��� ������� $������ ��� ������� ����'����� ��������� ���

��O3H�45==74(%.7+�0���������� 	���	�
��������������������� ����������� �� ���������������

���������������������������������������11����������O3H��������������"������ ���11������'

���������������������45=67456.7+�0���������������������������������$�����������������"�����

��� �� ��������� D����456(7�+�&���������*���""�������� �����D������1� ���������������

��� ��O3H� �����  ��������  �� ���+� 3�������)� ����� ���� �������"����  �� ��������

����� ������� ;�������� ����<)� ��O3H� �� ������)� 	�� �	��)� ���� � ������� ����'���������

������������������������1�������������������� �����������������$�����������8C�������� ����

��� ������������������� 4,-7+� ��O3H����� �A���������� ����� 1���������������� ;--'	5� K0�<�

���� �������������������������������1��������������� �� ���������� ������������� ���������

"�A ���������� �������������� ;((.'(5.� K0�<� ��� � ,� #� -� ������ ����������� ��� 8'

"�A ��A�������45,-7;:�"����,%<+��

��O3H�������������������$���������)�����������������������������*)��������)����1���)�

���� �������)� ���  S��)� ���� �����)� ��� ��� ����)� ���� "������� ���������� ��� ���  �������

45,5745=%7+� ����� ���� �*������� ��� 1�F��� ������������� ���� ����  �������� ���������� ��� ���

������� �������)� ����� ���� �*��������� ���� ���� �A���� A���� @� ��� ����  �������� �������������

����� �"�������� ����� �������� ���� ��� &0,.� 45657+� ��1��)� ����  �������� �������������)� ����

1�$��$������)� ���� ���� A���)� ���� �����$������� �������� ���  ������� ��������)� ���� ��"�����

�������� ���������������������>H'	%������O�5�������������������� ���������������������
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 �� ��������������������������������

"��������$������1� ����������������"���������A����

��� ��������� 0%)� ���� S����"���)� ��� �8:

456,7456-7+� ���3�B���� ����������"����������5��*�� ������� ���

���*��������� ��� ��O3H� 456	7

����$����������������� ��1������������$��������������������������

��������#����"�������45,-7+��

�

;����	�	���2&3��
������������	����	��	

��O3H��"���  �������� �� ������� ������������ ��8C�����

��8CG��8C)� ����$�� ��� ��11���� ������� ��� ��� �������

������������������+� ��� � �D��� ����������� ��O3H������ ���$����"��������������

"�2 ��#�����������*� �����"�������+������)����� �����

��������������������  ����"������������������"�����

�*�������������  ������������� ������ ���

���������)� ���� ������� ����������� ����� ��� "��� ��� ��

������������ ��� ���� ���� ����� ��� ��� �������� ��������� �������

1�� ������ ��� ������ ��1��������� ��� ���  ����

456=7;:�"���� ,,<+� &��� ���

��O3H��� ��$�������45=.7
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�����	�))�������$�����������$�5�	��	��������
�D!	��? 1�	��2&3
4����������@� �A������+)�456=7

�

�

�< ����������� ������$�����������8C������� ��� �����������
��������

�

������������������*��������������8C�����

������$���� ����������������������������������������+��

1������ ��� ��8C�� ����� ����� ��������$��)�  ��Q� �������

������� ���� �������������� ��� ��� ������ �������� ������

�������������������������)��*��������1�����������O3H�45,-7

"��������$������1� ����������������"���������A������������*��������������O3H����������

��� ��������� 0%)� ���� S����"���)� ��� �8:α)� ��� �H:β� ��� ����'()� ���� ���� ��� �11��� ������������

+� ���3�B���� ����������"����������5��*�� ������� �������������11��� ����$������ ����

456	7456
745=(7+� ���� "�� � ���� �R���� �*�� ���� ��*� ������ ��� �11���

�������� ��1������������$���������������������������������� ��Q��������������

+���

���	�	���2&3��
������������	����	��	�

��O3H��"���  �������� �� ������� ������������ ��8C����� ��� ����$���� �������� �����

��8CG��8C)� ����$�� ��� ��11���� ������� ��� ��� ��������� ���� ����� ������� ��� ���  �� 1���� ���

�D��� ����������� ��O3H������ ���$����"��������������

"�2 ��#�����������*� �����"�������+������)����� ������� ����*�������� ��O3H�������

�  ����"������������������"�����������������������������R����

������  ������������� ������ ������ ��1���� ��� �������������� ��A�����

���������)� ���� ������� ����������� ����� ��� "��� ��� ������ ;���� 'G'

���� ���� ����� ��� ��� �������� ��������� �������)� �  ����"���� ���

��1��������� ��� ���  ������� �����$����� #� ���� 2"��� �����

��� ���������� ����� �������$���� "�2 �� #� ���� ��L� ����� �

45=.7+�

����$�����������$�5�	��	��������
�D!	��? 1�	��2&3�%'%�?01�E��	��	�-�����
456=77�

���������� ������$�����������8C������� ��� �����������
���������

�����������������*��������������8C����� ����������O3H����� ���������������� ����D���

��������������������������������+�������������$������ ��

1������ ��� ��8C�� ����� ����� ��������$��)�  ��Q� �������)� ��� �������"��

������� ���� �������������� ��� ��� ������ �������� �������� ���� ��� ������������

=,�

45,-745=67456%7+��������

��������*��������������O3H����������

()� ���� ���� ��� �11��� ������������

����������11��� ����$������ ����

� ���� ��*� ������ ��� �11���

�������� ��Q��������������

��� ����$���� �������� �����

�� ���� ����� ������� ��� ���  �� 1���� ���

�D��� ����������� ��O3H������ ���$����"��������������������������

�� ����*�������� ��O3H��������������

������������R����

����������� ��A�����+� � ��

'<� ����������� ����

�  ����"���� ���

�� �����$����� #� ���� 2"��� ����� �����1��

���� ��L� ����� ��������������

?01�E��	��	�-�������

���������� ������$�����������8C������� ��� ��������������� ��������

O3H����� ���������������� ����D���

�����������$������ �������������

��� �������"���� ������A�������

�� ���� ��� ������������ 456674%..7+� ���
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���"���������� �������������1�����������8C��������������������$�����������A���������

����� ���  ����*��� �������� 4%.(7+� �����)� ����*������� ��O3H� ����� ����������  ��� ������$���

��8C�GO3H����$����������������� ������������������������������������A������� �������

�����������������������������������*+���������������������������������O3H�������������������

���� �������� ������A������� �� ��L#� ���� ��������� ����� ���� ������� ��� ��������� ���

������������������������A���������������������������� �� ������������������������������

45	=745	674%.57+�8�������������������������� ����������� 1���� ���������� �����������������

��O3H� ����� ��� ����������� ���� �������� ��������� ����������+� �����)� ����� ��� ������

��� ������������������ ���������)���O3H)����������������������1�������"�����������������

 ���$���������$�����"��1� ����������������������������������������������A������� �������

���  ���������������������������*�����������������������*�������� ����D�����������������4,-7+�

3�����������)���������� ������������L#����������������O3H�����$��������������� ���$������

�������� �������������� ���� ���� #� ��� ���������� �������� ���� �������� ��������� �����

������ 55� L����� ����� ���� ������� ��L� ����� ��O3H': � 4%.%7+� ��� ������ ������  �������� ���

������ �� �� ������ ���� �11���� ��� ����������������� ��� ��O3H': � ;�>H8'...
<� ���� ���� ��������

������A������� ���� ����� ��*� ����������� ��� �A������ ��������� ��� ���  �� ������

��������+� 0����  ����� �����)� ���� ������� ��L� ����� ����' ������� ��O3H': � ������

�������������� �11� � �� ���� ������������������ �������� ������A����������� ��������������)�

$������������������� �����"����������4%.,7+�>��������������)� ��������� �������������

������������������������� ������� ����� ��Q������������������)������� ���������"��� ������

��O3H': )� �$���������� #� ���� ����$������ #� ��� 1���� ��� ��O3H': � ��L� ��� ��� ��� ��O3H�

����"��+� 0�� ����)� ���"��� ���� �11� � ����  �������� ����� ��� ����������� ���� ��������

������A������)�������$������L��������������������������O3H��������� ����*���������������

���  ��� ���� #� ������$��� ��� ������� ����'��������� ��� �����+� &����� ���������� ��� ��O3H�

��������� ����� ��������$��� ����� �11��� ����������� ���� ����$������ ������� ������� ��������

�������������������������������� �� ����4%.-7+�

�

�1  ���	������	���$����	���5�	�������5��	���
���	��	��	���	����	�#�

�

��� ��� ������� O3HG��8CG��8C�� ���$��� ������������ ���� �11� ������ ������� ��� ���

��"�������������������"�������*��������������������������������������������� ��������

���������������������������������������������)���������� A��K��������������������������

 �� ��������+� &����� ���  ��� ��� >'&�:� ���� ���� ���������� #� ��� ��11���� ������� ����

����� ������������������#����1�*�����������8C��������8C����������������8:'W��������������

�����#������"���������������������������������� �����"�����������������������8C�+�

�
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�

���>'&�:)� ������� ������ &����A� ����������"� :� ���� (� ;&�:(<� �� ����� ���$���� ����

������1�������� ��� ��� ����#� ��������� ��� ������� �������� �����"��� 4%.	7+� ��� L����������

��� �D��� ���������� ����� ��� $����"��� �������� ��� ���������� ��� ������� ��� ��� �����1�������� ����

����� �������4(.674%.
7+�����	�
�)������� ������������8C��������>'&�:����� ���$�������������

�����11���� �������������� ������������� ������������������������������������������ �������

�������� ���$������������$����������� ����������4%.=7+�����	��)� ���D�����L�������>'&�:�

����� ������� �����"������������������������ �� ��Q� ���� ���������G��� ������ �����������

����������������'��������>'&�:������X������$��� �����>'&�:�$����"���������� ��1+�&���

������� ����������� ���� ������������� ������ ���� #� ��� ��1���� ������� �������

4%.674%(.74%((7+� ��������������������>'&�:� �� ��$������ ����"�� ���������A��������*����

����������������������������� ������� ���$������������$��� �������� ����������4%(57+����

���������������������)���1� ������������ '1��)������ ����������>'&�:)����������������

������A��� ���������������� ���� ��� #� ���� ��1� ��� �� ��� ����� ������� 4%(%7+� ���

����*��������� ��� >'&�:� ���$��� ������ ����� ���������� ����� ���� �������"���� ������� ����

��������������������������������������������������������� �������� �� �����������4%(,7+��

���>'&�:����� ���������������������������������������11���� ������������ ��������+�

�����)� ��� ���� �� �������� #� ��� �����1�������)� #� ��� ������� ��� #� ��������� �� ���� ��� ��������

����� ���������� 4%(-7+� ��� ������� ������ ��� ����*��������� ��� ��8C)� �� �������� #� �����

��11���� ������)� ����� ���� ��� �������� ����� ���������� 4%(	7+� 0���� ���� ������� ���

��11���� �����������������1�)�>'&�:�� ����������������K�)� ':��������C�������������������"���

��� ������"������������������������������� �������8CG��8C��4%(
7+�

��������������������������� ������$��������� �����������>'&�:�����L#��������������

"�2 �� #� 5� ����$�������  ��������� ��� ��� ����� ���� �A�������� K�������  ���$���� ������$��� ���

�� ������� '1��)� ���������$�>��A�������� ���0�������$+�&������*����� ����� ����� ���$����

��� ����"����� ��� ��� ��11���� ������� ����� ��������� 	�� �	��� 4%(=74%(67� ��� ��� 0�������$� ��

����������11���������������#� ��*������� ����Y��������������������������*��������)���� �

���� ��"���������� ��� ������� ���$� ������� ����� ���� ���*�  ��� 4%(67+� 3��� ��������)� ����

������� ��� ��������� ���� ������� ���� ������$������ ��� ��� ����� ��� >'&�:� ����  ���$��� ���

�������� ��"��1� ���������� ��� ������ ����� �������� ���� ���� ��� �������������� ���

�����������������������4%5.7��������������������� ������������������������������

����������������������������� ������A���R���4%5(7+�

0������  ��� ���������)� ������$������ ��� ��� ����� ��� >'&�:� ��������� ������������ ����

����� �������������������� ����$��� ��� ����������������������� ���������������������

��� ��� �������!��"��������� ������ ������� ����������������� �������� ���� ����$������

��� �� ����� ���*+��
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$< �8:'W�9����������������������������� �����"�����
�

����������� ������� �����������������8C�)���������)�������������������)������

��������$��� ��� �������������� ���� �������� ������A������� �$�������� ������� ���

���������������������������������������������+�&���� ����������������������� A��K����

�8:'W� ����� ��� �D��� ����� ������� �����"����� �� ��L#� ���� ������+� �����)� �����������������

 ��Q� ���� ������� ����� ����$������ ��� �8:'W� ����  ���$��� ���������� ���� ����� ����� �������

 ������ ��� ������ ��������  ���� ������ #� ���� ������ ������ 4((.7+� 3��� ��������)� 	�� �	�
�)� ���

1���������������� �������1�� ���������#�������������� �������� �� �������������������������

���� ��� �8:'W� ��� ������ �� ��� >'&�:� ����� ��� �$��� �� ��� ��8C�� ���� ��� �� �������

����������� �������*� �� ����������� �8:'W)� �8:�(����5� 4%5574%5%74%5,74%5-7+� ��� ������)� ����

 �������� ��� ��� ���� ���!��"� �*�������� ��� �8:'W� ��� ���� �� �����"��� ���� ���� ��*�

�������� ���!��"� �����  ���$���� ��� ��� ��11���� ���� 	�� �	�
�� ��� ����� ������� �������� ���

������ �����>'&�:�����8:'W�45
(7+������)� ���� ������������������������8C�����������

���������������������������A������� ������������������������������������!��"���������

�����*��������������"�������'�8:'W���������� ������������ ����$��������� �� ����� ���*�������

�����1�������� ��������� ��� ����������� �������+� ���� ������� ������������ ���  ����� ������"���

������� ���� ���  ��� ���� ��� �8:'W� #� �������� ����������� ����  �������� ���������� ��� ����

������"�������'�8:'W������������� ��1���)�������������11�������������+�&��������)� ����11���

����������� ���� ����� �$����������� ��� ��� �������!��")�  ��� �������� ������ ������������#�

����������� �������� ���� ��� �8:'W� 4%5	74%5
7+� 3��� ��������� ���� ������"���� ����'�8:'W� ����������

�������� �����$������������������ ������������$)������� ������� ��1��*���$�������L#�����

������������ ����� ���� �������"���� ��1������������ ������� ���� ��� �����A����������

��KA�������)�����������������������A����������������R��+�0���������� �����������������������

�������� ����  ��� ������������ ����������� ���� ���11���� �� ��������� #�  ����� �����+� 0���

�11������ �����������������������A��������4%5=74%567����� ��������������$������������

����������������#����"�������������������� ����*��������� �������!��")���������������

������������ �������������� ��������������������������������������� ����������+�
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.1 "#�����	
�����
��
�!�����

�

�< &������� ����������
�

;�8�����	������������

- >��������� ������� ���!���� 3��K�>�������� ����������������� ;�3>�<� (	,.�#� 5��>���� �'

"���������;@��!�����K��<��

- >��������� �������0�$��  ����>���1���� ��"���>������ ;0>�><�#�,+-�"G�����"�� ���)�

5�>��'�"���������;@��!�����K��<��

- ���������Z����:S�����;�Z:<�;BA �����3��$��<+�

- 03@��;0��$�  ����3���������@�11�����������������&�5[����>"5[)�@��!�����K��<+�

- ��A�����'�0���4��A������9� .)-�"G��\� �0��� ;���A�����0������� ������ ��� �� ��<�9� .)5�"G�7�

;@��!�����K��<�

- ����$���������9�3��� �������(..��G��������������A ����(..�I"G���;�������"��<��

- :5-)�:
-����(
-� �5��;:��&O8])�@� ����0� K��������$!���<�

- 3��������� �������6	��������;:��&O8]<�

- &����"�������A�����;@0�@��� ��� ��<��

�

;����
�	���	�������	���������	����

�

��"�������������������� �������!��"�9�

B���� ��"����� ��� ��� ���� ���!��"� ���� ���� ���������)� ������� �����"����

��������;��$����� -<9� �	
%)� �?5,)� �&'
()� �C'8'>&)� �&'%5)� �C'��'(� ��� ���'��'(� ��� �0'��+�

����������������� ������� ��� ������� ������������ ���� �����������((����55� ����������#� ���

1������������"�������1�������?�'���� ��� ������������������ �������!��"�;��$�����,<+�

���� ��"������	
%)��C'8'>&)��&'%5)��C'��'(�����0'����������������"�� ���������� 1��������

�������0���+�@�� �����;�����)��C<+�������"������&'
(�����?5,����������'(��������������1��������

�������0�+�0��������;���������&����)�3����<+���

���� ��"����� �	
%)� �&'%5� ��� �0'��� �����  ��������� ��� >������ ���  ������� 0>�>�

���������������(./�����Z:����(/�3��� ������G��������A ������� ���� ��"������?5,)� �&'
()�

�C'8'>&� ��� ���'��'(� ��� �3>�� ������������ ��� (./� ��� �Z:� ��� (/� ���

3��� ������G��������A ���+� 3���� ���� ��"����� �&'
(� ��� ���'��'()� ���� 1�������� �����
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����	��� )��� ������������5�	�� 	�� �����	
�	�� ���
�	�� �	�������	�� 	� ������	� �"F�
��
�������	��;�38���9�3����������3���������8����� ��������������<+�

�

�

>��� A������������&0(,[�9�

���� ���� A���� &0(,[� ����� ����1���� ��� ���"� ������� ����  �����1�"������ ����

"�������� ��� :� ���� ;��"��� ����� �<� ��� ���� ���� ����� ��� � ���� �� ��$������ ��"���������

&0(,� ;>�����A��@���� <+� ���� ��������&0(,[� ����� �������������������W'>�>�������������

���(./�����Z:��������>'&�:�;5-�"G��)��_0��A�����<+�

&����������� ��������� �A������������������;&�><�9�

����&�>�������������������1�������������������������������������� �����1�"������

����"�����������:� ������������������ �������#�����������-.....� ��������G �5��������,�L�����

����������0>�>� �������������� �(./�����Z:+������������ ���������A������������������

 ���������)� ����������� ������ ����������� ����  �������� ��������R�������+� &���  ��������

������������������������ ������������������������0>�>����������������(.�/�����Z:����

��� $:H:� ;(� �"G��)� �_0� �A�����<+� &��� &�>� ����� ��"������� ����� ���� ����������

��������R�������� &0,-� ��� &0%,� ��� ���������� ����� ���� ���������� ����� �A�����*�

&0(.-����&06.�
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�

������� ���� �*��������������� ����� ���������� ���  ���������� ��������� ����� �D��� #� 1��*�

��������������� ���;3�>��� �������<+����� ������������� ������������1�����������5-)�
-����(
-�

 �5)����������������0>�>��������������������3>�+������������������� ����#������������

���-.*(.%� �������G �`+� ���� 1�������� ���������������� �������������������������������

��������������� �-/����&O5�#�%
a&+��� ��1���� �)� ���� ��������������� �������#� �������

��������������������A�����'�0��+������A����������������������������������L�����������������

���  ������� ������������ ���� (./� ��� �Z:+� ����  �����1�"������ #� (	..� ������ ���� �������

��������-���������#���������������$�������������������������� ������������� �������+����

 ����� ���� ������� ����� ��� �������  ������� ��� ���� 1�� ����� ���� ��������� ��� ����� ����

���������1������+�

�

���������������$������ �������������������^���9�

�>�����  �������� �	
%� ��� �&'
(� ����� ������� ���� ����� (..I�� ��� ������� ����� ����

���������� �������6	������+� ���� �������� ������������� ������������ ����������� �����������

����8:'W�;-.�#�5..��"G��<��������
5B�#�����������(����������������L���+�����������������

���$������ ����������������������������������� �����������������������1� ���������'������ ��1�
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������������ ����������������������������� ���+����������A������������ �������������

����� ����� #� ���� ��������� ��O3H� ��������� ����11������� ����� ����$��� ��� ��������� ��� ��8C�

������������������������������������������*+�����11��)������������"�������*����� ������

�������������� ��� ��� ������� ���!��"� ���� ���� �������� ��� ���� ��������� ��� ��8C��

����������� �� ��� ����� ���� ���� ���� ������1������ �� �+� �����)� ��� ���� �����$��� ���� ���

 �� ���������� ��� ��8C�� ����� ���������������� �������� ����� ����� ����������� ����� ���

��� �������!��"���������� ���������� ���+�0�����������)� ���$��� �����11������"��1� ���1��

��� ��O3H� ��������� ���*�������� ���� ��� ������ �� ��� ������ ����� ���� ��11������� �������

*���"����������� �����������!��"+� ��������� �������� ����������������"�������������

�����A��������������������������������������������������� ����� �� ������������A�����

��� 	��"G�"������������������� ���� �������� ������������ ����L� �������� �������� �&'
(�����

����� �������� ������� ;:�"���� 	
<+� �����)� ��O3H� ����  ���$��� ������$��� ����������� ����

 ������������������������������������)� ���������1��������"�����������������������'��������

45==7+�&��������������������� ����������$�����)������������&'
(����������$���#�������

��� ���� ��������������� ���� �����1���� ��� "��� ���� ������ ������� ���� ���� ����� ���

����������������������4%%,7+�
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�����	�/6���+����	��	��� ���$����
������	���"��9 ����������"����������������������������
�A����� ����������� ��� 1��"������ ��� �������� ��������� ���� ��L� ����� �������� ������� ���
 �������� ��� ��� ���� ���!��"� ��� ����������� ��� 1�� ����� ��� ��� ��������� ��� ����������

����������;8�P�����$������ ������������������*�������<+�
�
�

�����)�����������������&'
()���O3H����������������������������������������������

������������� #� ���� � ����� ����'����������+� &��������)� ���� ��������� ����������� ���

��8C������������ �������������������������11�����������O3H��������8C��;5%��>�#�%
a&<�

�������*�1���������������#� ����������������;,	��>�#�%
a&<+���O3H��������� ��*�� �������

����$����������������������������� ������������8C���������� ��������������4%%-7;:�"����	=<+��
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�����)� ���$��� �� ���11��� �������������� ��"��1� ���1� �*�� �� ���� ��O3H� ������

���$�$������� ���� ��� ����������� ��� ������$������ ��� ��� ������� ����'��������� ��� �����+� 0��

����)���� ���������� ����������������� ��� 1����������������� ��O3H� ;('(6,<)� ���$��� �����11���

��������������������������������$����#����������������������� �������$����"�������������

0���������� ������� A������
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O3H�('(6,
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a&

6

�

'

,

2

�6

��

�
��
�
��
;�
"
G�

"
��
�
��
��
��
��
�
�<

�&'%5��������'��'(�����0'�������C'8'>&������&'
(��������	
%��������C'��'(������?5,

8P���������5���������������5��������������5�������������5����������������5���������������5���������������5��������������5



����������

(5(�
�

������"�A ������������������� �������� ���*��� ������������� �����������������������+����

�11��)� �����1�����������������������������������������������������#���������������������

����� ����������������4%.-7+��

3���� �  ������� ��� ����� ����� ��O3H)� ����� ������ �������� ���� �������������� ���

�����1���� ���"������� �����)� ����� ��������1���+� �����)� ����� ��������1���� ������)� ����� ����

���������L� ��������08)����$����������1���������� ��������������������������������������

���������������������������)� ���������������#������������������������ � ���������+�

�1��� ���$������ ���� ��������� ��11������� ��� ��������� ����� ������ ��� ������ ���

���*�������������� ;��������-� ��������<)� (� �������� ��������1����������� ��� ��������#� ���

��� �����-���L� ��������� �����*���08G������+�3�����������)��������� ������$������"�2 ��

#� ����� ��������1���� ���� ���������� ����������� #�  ����� �������� ��� � ���� �� ������

�A����������+�

&��������)� ��� �������� ���11��� ��� ��O3H� ������� ���"������ ���� ������������  ��������

������������ ����� ���� �������"���� �����"���� ��������+� 3���� ������� ���� ���$����� ����� #�

������$������ ��� �����)� ��� ������� ������������ ��� ������� ���� �11���� ��������������� ��� ��8C': �

����������� �������!��"+���8:': � ����������#����1������������������*��� �������������

��8C� ��� � ���� ������"��$������ H(� �������� ��� ������� ��� ���$��� ������"�� ����

��������#� ����������������� ��O3H+� ��� ������������������ ���������"������ ��� �1� ���������

��8C�� ���� �������� #� ��O3H� 4%%	7� ��� �������� ����)� ��� ���� ���� ���  ��� ���� ��� ����� �����+�

���������� �������������� ��� ��8C': � �� ��� ��������� ���� ��������� �����

��O������� ���+���������������������1�������"�������������"�2 ������� ������A����������

:	=)� ��8C': � ������ �������  ���$��� ��� �������� ��"��1� ���������� ���� ���� �)� ���

�������������� �������� ��� ������������� ��� �������� ������A������� ����� ��� ������

���������� ���� 3O�'(+� 0��� ���������� ����������� ���� ���� �$������ ��� ����� ��� ��$���������

"�2 �� #� �������������� ����� �� ����� �����������  ������ ��8C': � ����� ��� ������

���������� ���������������� ����������4%%
74%%=7+�&����11��������'�������*������8C'

: )������ ����� ��*������O3H������������ ������������������������$��������� �� ����� ���*�

��������� ����11������� �������8C': ��������������$������������������1�����������������	��

�	�
�+���� ����"��������1������������������8C': ����������� ������Z�^5�;������������

����� ����� ��������1���<������ �������������� ������1�����������������������������$�����

�����#������11���� ������� ������������� �������!��"�; ����$����������� �3�� ���@�"�A�

���Z��"������� ����)��3&H�)�3����<+�

������ ��� �����������)� ����������� ������� ������� ��������$��)�������������������)�

��� ��������A��� ���� ���� ��� �������������� ��� ��� ���� ���!��"+� ��� �11��)� ����

�� �����"���  �� ������� ������� #� ������� ��� �������� ���!��"� �����  ���$���� ��� ���

��11���� ���� ��� ����� ������� 1�� ��������� ��� ������ �� ��� >'&�:� ��� �8:'W� 45
(7+� 8����

������ ��1�������������������� 	���	�
�� ��� ��� ��������8:'W�#� �������� �����11���� �������
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�

���� ���� A���� ������ ��� ���"� ������� ��� ����� ������� ��� ������� ���� ����� ������ ���

�����������1����� �� �)� ��������� ������8:'W����>'&�:������ ��� ������+�3�����������)� ���

������ �� ��� �� �����"��� ��� ������ ��������� ����������� ��� �8:'W� �� ���� ����� ���

������ �� ���� �����������1����� �� �� ����� ��� ������� �������� ���� ��L� �����

�������� ���������� ���������	
%+�&����� �����"�����1��������������������������)����������

�����������)�  ���$���� ��� ��� ��11���� ���� ��� ����� ������� ��� ��� ����� ����� ���

�������������� ��� �������� ������A������� ���� ����� ��� �������������� ��� ��� ����

���!��"+���� �������� �)� ������$��������� �8:'W� ��������������� ������"��� ��������������

����������������� $������� ���  �� ��� �� ���*����� �����$���� �����������1�������� ������������

����������� �������� ��� ��� � ����$��� ���  ������� �� ��� ��� ���� ���!��"+� &��������)� ���

�8:'W� ����������� ��� �"���� ����'�������� � ����������� ������ ��� ������  �������� ����� ����

�������"���� ���������� ������� ���� ��� ��������)� ������� �� ������ ��� ��� ����� ���

�� ������������� �� ���� ����� ���*�4%%67+���������$������������������ )������������11���

����'��������1)� ������ ��� �11��� ����������� �����  ��������� �������+� 8��������)� ��� �� ����

������� ���� ���� �������� ���!��"� ����� ������������ #� ����������� �������� ���� ��� �8:'W�

4%5	74%5
7+�0������)������������������������� ��������������� ��� �8:'W� ���� ���� ��"��������

��� ���� ���!��"� �&'
(� ��� �	
%� ��������� ���� ��� ���������� ��"��1� ������ ��� ��� ���$������

 ����������	���	�
��������*�� ����� ��������11��������������+��

8���������� ���������������� �����11������� ������$����������8:'W����� �����������������

����� �����������$����8:'�(������������ �������!��"+�����8:'�'(�����$�������"��� �����

�������"������� ��������1��������$������1�*����������8:'W����������� �����������$��������+�

���11�������������������������������������������� ��������1��������8:'�(������������������

�������������������� ��� ��������	
%� ������������ ��L� ����� �������� ����������� ��������

 ��������������+� ��� ����� ����� ��� �8:'�(� �������� ���� ��� ��������1���� �� ���� ��������

����� ��� ������ ���� ������� ���� ����"�� ������ ��� �� � ��� ����� ����� ��� ������ �������� �����

��1�������� #�  ����� �$������ ����� ��O3H� ����������� ���� ��� ����� �� ������+� &�����

��11���� ����� ����� ����� ��������� ���*�������� ���� ���� ��11���� ��� ��� ���� ����� ������ ����

���*� ���������� ����� ���� �� �������� ���� ��� L��� ��� ����� ����  ����������� ��� ����+�

�����)� ���� �������������������� �������� �������� ��� ��� �� ���������� ���������������� ����

1�$������� ������������� �������������$�������������������+������������#��������� ��������

�8:'�()����������������������"��1� ������������������������������������������$�������

 ������������������"�������A������F�� ������������������Z�^5+�&����11��� ����������� ���

�������������� �������� ��������� ���*�������� ���� ��������� �������� �8:'�(� ����11�������

 ��������������� #� ������������ ����������� ��� �8:'W� ������� �������������� ��� �������

���!��"������������������������1������ �� �+�0�������������A������)� ���������$������

��� �������������� �������� ������� ����� #� ������$������ ��� ��� ��11���� ������� ����

�� �����"�����1�������������������������� �������1�� ��������+��
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(5%�
�

&��������)����$��� �����11�����"��1� ���1��$����������������������������A������������

����������������������� ���������8:'�(+������)� ����8:'W����� ���"������������������������

��� ������ ��1�����������+�0������ ��� �����������)��8:'W��*�� ������D����������������L����

�������11���������������������*������������� �� ����������������)� ����� ������������

���� �������� ��� ��� ����� ��� ���� ����$������ ����  ���$��� ���������� ��� �11��� ������������

��"��1� ���1�4%,.74%,(74%,57+������� ����������� ����������������*�����8:'W�������������

�� ���� ������������� ���������������������L����������������������������� ��������8:'

�(+��������� ���������8:'W����� ���� ����������� ���D���������� ���� �������� ���������������'

��������������� ����������11���������� ����������������*� ��������� ����"��"��������� ���

�� ����������������� A����4%,%7)�������1������ ������������������ ���������������������

�����������������A���� A������4%,,7�; ��������� �� ���������������������������� ��Q�

����������8�������A�����<������������$������������ A����*� ���������� �����"���� ������

4%,-7+� �����)� ��� ���� �����$��� ���� ������$������ ��� �������������� �������� �$������� ���

�������� #� ����������������� ��� �8:'�(� ��� ����� ���� ����������� ��� $�� �"�� ���  �� ���

�� ���*������ ����� #� ������$������ ���� �11���� ��� �8:'W� ���� ����1���������+� 3����  ����������

������� ������ ��� ���11��� ���������� ��� �8:'�(� ���� ����1���������)� ��� ������� ������������ ���

 �������� ��������� ������� �����"���������������� ��������� ����1��������������� ����

�������� ��������� ��� ���� ���� ��� �8:'�(+� g������� ����� �����"���� ��� ���11��� ������������

�$�����)���������������������������������������� ��������1�����1�������"��������������� �����

����8:'�(�������  ������� ����11��+��

�
&��������)�����������"�������'�8:'W����������� ���������������������������"���

����� ��� ����*��� ��������  ��Q� ���� ��������� ��� ���������� ����� ����������'������������

������������������������A��������������+�����11��)�������������������$������������$������

��� �����1�������� 	�� �	�
�� ��� �������� ��� �8:'W� ����� ���� ��"����� ��� ��� ���� ���!��"�

�������������  ������ ������� ���  ����������11��������+� �����)� ��� ���� �����$������� ��Q�

 ��������������������!��")��8:'W������ ���$�����������������11������'��������������������

 �������� ���������+� 0�� ����)� ������� ���� ��"����� �������� 	�� �	�
�� ����� ��� ��$��������� ���

���������������� ��� ��������������������� ��� ������� ������ �?�':��(���� ��� ������� ������������

��� ��"������ ���� �11���� ��� �8:'W� ���� ���� ��"����� ����������� ��������� ������� �������

 ��� ������������������ �������!��"�;���������"����?��������������"���������1�������

���<+� 3��� ��������)� ������ ���� �11���� �����������*� ����������� ���� ��� ��� ���� ���!��")�

��������������#����"�������������������"�������'�8:'W���������������� �������������������������

����������������11������ �����������1��������������������������������A��������������������

 �� ����4%5=74%567+�����������������11��������8:'W��������� ����*������������������� ����

��������� ��� ��� ����������� ������������ ��� ������������� ��� ���� ����$������ ��� ��� ��������

$���1� ��G���������������������������������;:�"����	6<+���
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 �� ����� ���*��������������$��� ��� ����������>'&�:+�����11��)� ����� A��K�������� ����������

������������ �����"����������������#����1��������8:'W���������8C�+�����������"�������'

>&�:���������������� ����$�� �"����������������� ���5������+�3�����������)�������� ���

�����������)� ������$���������>'&�:������������������������������� ������������������ ��������

������������� �����#��������������������A��������������� ������A���R�������������

������������11���� ������$����#� ��*������� ����Q������������������������������ �����

��������������������������� ��������� 4%(674%5(7+� ��� ������"������������������ �������

��������������� ������� ������$���������>'&�:�������������������� ��������������� ����

���!��"� ������� ���� ����������������� ���� ��� ��������1���� ��� ���� �� ������� ����$���  '1���

������� ���� ��� �"���  ����� ��� ����"�������  ��������1+� ���  ����"�� ��� �� ������� ����

� �������������� �����; ����$����������� �Z��"������� ��������3�� ���@�"�A)��3&H�)�3����<+�

0������ ���� ���������� ��� ���� ���� 1������ �������� ������A������� �$�������� ����� ���

�������������������� �������!��")�������$������$�$�������������$����������������������

5� ������ ��� ������� �����"����� ����������� � ����� ����� ��� ��� ���� ���!��"�

;����������������8C���������8:'W<���������������11������������$������� �����������

��� �� ����� ���*����������$������������������1�����������������������������������������+��
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��� ��� ���� ���!��"� ���� ��� ���*���� ������� �������� ���������� ����"��� ��� �����

1��������� ����� ���������� ���+� 0������  ��� %.� ��������� ������)� ����������� ����

 ��������������� ��������� ��� ������������� ��� ���������� �� ��������  �����"� ����� ����

��������������������������������������������������������������������������� ��������!��"�

�� ������� #� ��� ����� ������+� &��������)� �������� (-� /� ���� ��������� ����������� ����

����������� ���������� ��� ���"����� � ��� ��� �������� � ������ �����  ��� ��������� ������ ����

����� ��*������ ����������������������� ����������� �������� ���������� �������+� ����*�������� �

������������� �������������������������������������������� ���������������������������

������ ���  ���"�� ���  ��� "������� � ��� ��������� ���� ���������� #� ����� ������+� ���

�� ������������������������ L��������D�����L��������� ���������������������������� ���

������������ �����������������+��������������� ��������� ������������������� ���������

 ���� ������������������������������X����� �����������$���������������������11� � ����

������������������������������� �$�����������������#������������+��

0��� ������� ���������� ��� ����� ��� ��$��������� ���� ������� ���������� ��� ������ ��

���*����� ������� �� ����� ���*����������������1�����������������������������������������������

������������������������������ �����������������*+�0������ ���������*)�����*��������*�

������"���� �����$���� ����� ����$��� ��� �����1����������� ���������� ���+� ��� �������� ���� ���

 �$���� ���� ������� ����  �������� ���������� ��� ��� �� ����� ���  �$���� ��� ����������� ��������

����� ��������� ��� ��$�������� ���� 1� ������ ���  ������� �� ������������ ����� ��� ����� ��

�������+�&��������������������������������������$�������������������������������#��������

��� ��O3H� ��� ��� ��8C': )� ���� ����� ����'������������  �$����� ��� ���� ����� � ����� ���

������� �����"�������8C�)���������������� ���� ����� ��"��1� ��������� ���� ���� ��������

�������������� �������+� ��� ���� �$L� ��1�� ���  ����� ����� �� ���� ��� ����������� ���

��� ���� ���!��"� ���� ���������� ������������ �$������ ����� ���  ����� ��� ���������� ���+�

0��������������������)����������������������������������� �����*��������������� �����

�������� ����� ����������������� ��� ��O3H� ����� ���������� ���+� ��O3H� �������� �� ����

���������������������1�������"�������������"�2 ��#������ ������A����������;$�����A����

���� �������<� ��� ��� 1������� ���� ������b)� ��� :	=+� ���� ����$������ ���� ��"��1� ������ ���

�������������� �������� ��� ��� ��������A��� ���� ���� �� ��� ����� �$������+� &����� ����

��������� ����������� ��� ��8C�� �� ���� ����� ��� ������ �� ���� ����������� ������ �����

������ ������ ��� *���"��11�)� ��� ���� �����$��� ���� ��� ��������� ��O3H� ��������� �����

����11������+� �1��� ���$������ ���� ����� ����� ��O3H� ����� ����������� ����� ������ ��� �

 ��������� ��������������������������� �������� ��������1���+� ���� �� ����������� ���������

���������"�2 ��#� ������� ����������������������������������#� �������$���������� ����

�� ������A����������:	=+�&��������)����������������������#���������$�����������11���

��"��1� ���1������O3H���������������������������� �������!��"+��
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��� �11��)� ���������� �*��������������� ���� ���� ������� ���� ��11������� �������

��� ��������� ��� ��� ���� ���!��"� �������� ���� ���������������� ��� ���� ��L� ����� �����'

�������� ���  �������� ������� ��� ���*� ��"����� ���������� ;�	
%� ��� �&'
(<������ ����� ������

��� ��������� ���$���*����$����� �� ����������� ����� ��� ��� �*��������������+�&���

��11� ������  �� ������� ��� ����� ������ ���� ���� �)� ������"��������� ��� ��� ������� ��$������

��� �������������� �������� ��� ��� ����� ���� ���� ������� ���� ����A��� ����������� ����

���������+�3�����������)� ���������������������"���������������������������$��� ���������

�����������  ��Q� ���� ������� ����  ��Q� �������)�  �� ���� ����� ��� ���$���� ���

�����������������������"���� ��������+������ � ��������������� �������11� ��������$������

�������������� ������������������������� ������ �������!��"���������������*��������

���������� ���� �������$���+� 3��� ��������)� ���� ������ ������� ��� ����������� ��� ���������

������� ���� ��� 1���� ���� ���� ���� ������ ��� �������� ���!��"� ��� 1���� ����� ���� �A������

*���"�������+� �����)� ��� ��� ���� ���!��"� ���� ���� �������"��� �������� ���� ��� ���

�������������� ��Q����������+�8����������������������������� ���������L� ����� ��Q�����

�������8�������A���������� ����������������������������������������� ������+������������

8���� �����  ��� ��������� ���� ��� ��������� U�8����V�  �� ���� �����  ��1��� ��� ��A���� ����

������������� ��� ���*������� 4%,	7+� &����� �$��� �� ��� ��A���� ������� ���� ��1� ��� �� ���

�A���� A���� �� 1�� ��������������������������� ����� �������������� �������� �������������

�$��� �� ���  ����������� ������ ���� �A���� A���� �� ��� @+� ���� ������� �������*�

*���"�������� �������� ��Q� ��� �������8������������������ � ��������� ������ ����������

���������������������1�� ���������A����������������������������������������������+����

������� ��� � ������������ ��� ����������� ����������� ��� ��� ���� ���!��"� �A�"��������

 ��Q� ���� ������� ������ ����������+� &����� ��� �������� ���������� ���� ��������� ��� :��� K�

���O0��;���������&����)��8���>��=%.)�3����<���� ����$����������� ���������$��������+����$���

��� ���L��� @O����� ;1���� �� ���� ���8&�<� ���� ��� ����������� ��� ������ ��� ��� ����

���!��"��A�"������� ��Q����������������� �������������1����"���������&-
@�G	+�3����

 ��1����)�����&�>���� ������������������������������������������#���������������� �����"���

������������������� ������ ����� ���������������������1�������?�':��(��������+�8����������

��L� ��� ��� ��������#��������������� ����������� �������� ������������� ������������1�����

����1� ��������� ���*�������������?�':��(� ;:�"���� 	=<+������������� ��1����������������

������$������#�������������� � ������������L� ��������� �������������������������?�':��(�

����� �� ���� ������� ��� ������ ����������� �������� ����� ���  ����� ��L� ��+� &�����

�$���������� ����� ������ ��� ��������� ��� ������� ��� �?�':��(� ���� $���� ��� ����� ����������

�� ��������#����������"��� �������� �����������!��"���������������������� ������������

������������ �������)� ����� ������������""���������������������$���������������������

������K��� Q�4%,
7+��1�������������������������#� �������������)����� ����������1��������

����������������� ���������������������$�����������������"��������������������L� ����
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#� �����1����� ��� �"��� ���)� ����  �������� ��������� ���������������� ���������+�

���*������������������� �������������� ������������ ���� ���������������� ����������

�������� ����%�������������L� ��������� ���������*���������?�':��(���*�������+�����������

�*��� ������#� ������$��� �������������������������������������������"�������� ��������

���"������ ���������� ��������!��"����������������� ���� �������������$���+������)�������
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Targeting the bone microenvironment as a promising 
therapeutic approach in Ewing’s sarcoma 
 

ABSTRACT 

Ewing sarcoma represents the second most 
common bone tissue malignancy in adolescents 
and young adults. Considerable progress in both 
local therapy (surgery or radiation therapy) as 
well as systemic chemotherapy during the past 4 
decades has raised the 5-year survival rate from 
around 10% to 55-65%. However, survival for the 
25% of patients with metastatic disease at 
diagnosis remains poor: less than a quarter survive 
beyond 5 years. Moreover, a survival plateau 
seems to have been reached with conventional 
therapies, suggesting that novel approaches are 
needed especially for high-risk disease. 
Identification and well-designed testing of novel 
agents is crucial for this challenging group of 
patients. Ewing’s sarcoma is defined as a bone 
tumor which may occur at any site within the 
skeleton but affects preferentially the trunk and 
the diaphysis of long bones. It arises less 
commonly in extraskeletal soft tissues (15%). 

Bone lesions from primary or secondary 
(metastases) tumors are characterized by 
extensive bone lesions, mainly due to osteolysis. 
Osteoclast activation and subsequent bone 
resorption is responsible for the clinical features 
of bone tumors including pain, vertebral collapse 
and spinal cord compression. Therefore, drugs 
which target the bone resorbing cells, i.e. 
osteoclasts, may represent promising agents in an 
adjuvant setting for the treatment of bone tumors. 
Two main drug families will be described more in 
detail in this review: the bisphosphonates (BPs) 
on one hand and drugs targeting the pro-resorbing 
cytokine Receptor activator of NF-kappa B 
Ligand (RANKL) [osteoprotegerin (OPG), 
RANK-Fc, RNAi targeting RANKL expression] 
on the other hand. 
 
KEYWORDS: Ewing’s sarcoma, bone resorption, 
bisphosphonates, RANKL 
 
INTRODUCTION 

First described in 1921 by James Ewing [1], 
Ewing Sarcoma is the second most common 
malignant primary bone tumor in adolescents and 
adults with a frequency of 1-3 per million per year 
in the western hemisphere [2]. This primary 
neuroectodermal tumor (PNET) of mesenchymal 
origin develops mainly between the age of 10 and 
20 years with a peak incidence at age 15 [3, 4]. 
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therapeutic protocol (Euro-EWING99) consisting 
of neoadjuvant and adjuvant poly-chemotherapy 
associated to definitive surgery with limb salvage 
in the majority of cases. Radiotherapy and 
bone marrow transplants are occasionally 
proposed to patients. With the use of alkylating 
agents, long term survival achieved more 
than 65% for localized disease, but has not 
changed in the past 30 years for patients with 
clinically detectable metastases at diagnosis or 
with disease relapse [19]. According to this 
observation, new therapeutic options should be 
actively explored to both increase long term 
survival for high risk patients and decrease 
chemotherapy’s side effects. 

New therapeutic targets are currently in progress 
in clinical trials, and among them the association 
between chemotherapy agents with VEGF 
inhibitors [20, 21]. A phase II clinical trial is 
currently in progress testing the efficacy of an 
IGF-1R targeting antibody on sarcoma patients 
including Ewing sarcoma after a promising phase 
I clinical trial showing clinical benefits [21]. A 
better understanding of the Ewing’s sarcoma 
biology allowed the researchers to focus on bone 
micro-environment as a promising therapeutic 
target in such tumors. Indeed, blocking the vicious 
cycle between bone resorption and tumor 
proliferation which occurs during tumor 
development in bone (involving osteoclasts, bone 
stromal cells/osteoblasts and cancer cells) may 
represent a therapeutic option [22]. It has been 
suggested that a disorder in the expression of the 
main cytokines involved in the regulation of bone 
remodeling, namely OPG (osteoprotegerin), 
RANK (receptor activator of nuclear factor  B) 
and RANKL (RANK ligand) is associated with 
bone tumor formation. Accordingly, an anti 
resorptive strategy could represent a promising 
approach to inhibit local Ewing sarcoma growth 
as it has been already demonstrated in 
osteosarcoma by the inhibition of the 
RANK/RANKL interaction [23, 24]. The aim of 
this review is to provide an update on actual 
Ewing sarcoma treatments and on new recent 
findings related to the modulation of bone 
remodeling as a new therapeutic target in Ewing 
sarcoma. 

Interethnic differences can be observed, as white 
and Hispanic young people are primarily affected 
but rarely people of Asian or African origins 
[5, 6]. Approximately 85% of Ewing sarcomas 
occur in bone and especially in the pelvis, chest 
wall, spine and the diaphyseal regions of long 
bones as femur, fibula and tibia [2]. The disease is 
characterized by a rapid tumor growth and 
extensive bone destruction with periostal reaction 
that can result in bone pain and pathological 
fracture [7]. Histologically, Ewing sarcoma is 
characterized by small, poorly differentiated 
round cells expressing a high level of the 
transmembrane glycoprotein CD99 believed to be 
involved in cell adhesion [8]. Until early 1990s, 
this glycoprotein was used as the only 
immunohistochemical diagnostic marker of 
Ewing sarcoma family tumor (ESFT) but was 
supplemented because of its lack of specificity, 
marking also other tissues and tumor types. The 
molecular initiating event of Ewing’s tumor is a 
chromosomal translocation between the EWS gene 
on chromosome 22 and a gene of the erythroblast 
transformation sequence (ETS) family [9, 10, 11]. 
This translocation leads to the production of the 
oncogenic fusion gene EWS-FLI1 
(t(11;22)(q24;q12)) in 85% of the cases but also 
to EWS-ERG (t(21;12)(q22;q12)) in 10% and 
EWS-ETV1,4 or -FEV in the remaining 5% of 
cases [12]. The protein encoded by this gene is an 
aberrant transcription factor that promotes 
tumorogenicity [13, 14]. The presence of this 
fusion gene, representing the Ewing sarcoma 
molecular signature is used as a specific 
diagnostic marker of the Ewing’s tumor family 
thanks to fluorescence in-situ hybridization and 
RT-PCR [15].  

The first suspicion of an Ewing sarcoma is 
generally established by radiology as the patients 
appear with intermittent osseous pain of variable 
intensity which can be mistaken with growth pain 
or provoked by sport [16]. Because of this late 
diagnosis, more than 20% of patients present 
metastases at diagnosis, decreasing their long term 
survival to 15-25% as compared to more than 
70% for patient with localized tumor [17, 18]. The 
EUROpean Ewing tumor Working Initative of 
National Groups (EURO-E.W.I.N.G.) developed a 
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1.3. Euro-EWING99 

Since 1999, the still accruing EURO-EWING 
group involving the following SFCE, GCF, SIAK, 
EORTC, EICESS European groups and the 
American COG group tested the clinical benefits 
of a different chemotherapy combination 
involving Vincristine, Ifosfamide, Doxorubicin 
and Etoposide (VIDE). The protocol is composed 
of 6 sequences of VIDE treatment followed by 
surgery when possible. The histological response 
to chemotherapy is then evaluated and patients are 
divided into 3 arms according to the tumor 
localization at diagnosis, the volume for 
unresected tumors and the percentage of residual 
cells after treatment. The R1 arm concerns 
patients with localized disease with good response 
to chemotherapy (<10% of residual cells) or with 
a volume below 200ml. The R2 arm involves 
patients with lung metastases and patients with 
localized tumor with poor response to 
chemotherapy or with a tumor volume above 
200ml. Finally, the last arm (R3) includes patients 
with bone, bone marrow or multifocal metastases. 
For the R1 group, adjuvant chemotherapy is 
randomized between 7 sequences of a 
combination of Vincristine and actinomycine with 
cyclophosphamide (VAC) or ifosfamide (VAI). 
For the R2 group adjuvant therapy is randomized 
between VAI and a stronger chemotherapy 
composed of busulfan and melphalan. For the R3 
group giving the lower survival prognosis, 
treatment options consist in high dose of 
melphalan-melphalan, busulfan/melphalan with 
autologous stem-cell transplantation or in the 
worst case Phase II clinical trial. 

1.4. Limit of current treatments 

Thanks to these treatment improvements, the 
current survival rate for EURO-EWING patients 
reaches 70% for localized disease. Unfortunately, 
5 years survival rate for patients with metastases 
detected at diagnosis remain around 25% and 
even around 7% when relapse occurs in the first 
two years after treatment. Accordingly, new 
therapeutic options should be tested and among 
them, inhibition of tumor associated bone 
resorption seems to be a promising axis showing 
preclinical encouraging results in bone tumoral 
pathology. 

Current Ewing sarcoma treatments 

1.1. Localized disease treatment 

The first part of the treatment of the localized 
tumor consists in cytoreduction using neoadjuvant 
chemotherapy in order to eliminate micrometastases 
and to facilitate tumor surgical resection with 
wide negative margin. Then surgery is performed 
as often as possible with limb salvage in the 
majority of cases. Amputation is still occasionally 
realized when radiation or conservative surgery 
would not be efficient enough to totally eradicate 
the tumor [25]. Then patients receive adjuvant 
chemotherapy associated or not with radiotherapy, 
this latter being rarely used because of potential 
side effects such as secondary tumor 
developments or effects on bone growth. 

In 1962, the first chemotherapeutic agent used in 
Ewing sarcoma was cyclophosphamide [26, 27]. 
Then, multimodality therapies were tested as for 
example in 1974 at the Memorial Sloan-Kettering 
Cancer center in New York with the combination 
of Vincristine, Actinomycin D, Cyclophosphamide 
and Doxorubicine (VACD). The combination 
benefits were confirmed by international multi-
institutional collaborative trials [28, 29]. In the 
late 1980s, Ifosfamide and Etoposide were 
included with three or more of the VACD 
combinations, improving five years relapsefree 
survival for the patients without metastases from 
54±4% for the standard therapy group to 69±3% 
for the group including Etoposide and Ifosfamide 
[30].  

1.2. Recurrent and metastatic disease 
treatment 

Before chemotherapy, relapsing Ewing sarcoma 
patients had a very limited life expectancy of 
several weeks or even months. First, several 
clinical trials proved the interest of a combination 
of cyclophosphamide (an alkylating agent) and 
Topotecan (a topoisomerase I inhibitor) associated 
when possible to surgery and radiation [31, 32, 
33]. Currently, one of the most efficient and well 
tolerated combinations is composed of 
Temozolomide and Irimotecan, these 2 molecules 
exerting a synergistic effect and being able to by-
pass cyclophosphamide and Topotecan resistance 
acting through different mechanisms [34].  
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their release from the bone matrix during bone 
resorption [35, 36, 37]. All those factors stimulate 
tumor engraftment and proliferation according to 
the “seed and soil” hypothesis [38]. In turn, tumor 
cells produce pro-osteolytic factors (such as 
hormones, cytokines and growth factors) directly 
or indirectly through stromal cell interaction [39, 
40, 41]. Among these factors, parathyroid 
hormone related peptide (PTH-rP) promotes 
osteoclast differentiation, activation and survival 
through RANKL production by osteoblasts, 
leading to final bone resorption. Therefore, the 
increased bone resorption favours the vicious 
cycle by inducing the release of growth factors 
stored in the bone matrix and further enhance 
tumor proliferation. Increased calcium 
concentration in bone microenvironment induced 
by bone destruction has also been shown to 
increase tumor growth and PTH-rP production. 

Accordingly, inhibiting bone resorption seems to 
be a promising approach to inhibit local Ewing 
sarcoma growth. 

2.2. Bisphosphonates 

Bisphosphonates (BP) are synthetic analogues of 
endogenous pyrophosphate that selectively 
concentrate at the bone resorption surface thanks 
to interaction with hydroxyapatite acting as strong 

 

 
 
 
 
 
 
 
 

2. A new therapeutic research axis targets 
the vicious cycle between tumor proliferation 
and bone resorption 

2.1 The vicious cycle 

Skeletal complications remain the major issue of 
primary bone tumors. In osteosarcoma and Ewing 
sarcoma as well as in bone metastasis secondary 
to breast, lung or prostate carcinoma, skeletal 
lesions lead to bone pain and pathological 
fractures. In physiological conditions in adults, 
the skeletal integrity is controlled by a balance 
between bone formation and bone resorption. This 
equilibrium is altered by tumor cells leading to 
osteolytic and/or osteoblastic lesions. Moreover, 
interaction between tumor cells, tumor derived 
humoral factors and the bone marrow 
microenvironment has shown to be essential for 
bone tumor initiation and promotion. As 
evidenced in bone metastases, a vicious cycle 
occurs during primary bone tumor development 
between bone resorption and tumor proliferation 
[22, 23] (Figure 1). The tropism of primary and 
metastatic tumor cells for bone is linked to the 
presence of growth factors, such as Insulin-like 
Growth Factor-1 (IGF-1), Transforming Growth 
Factor-! (TGF-!) or Fibroblast Growth Factor 
(FGF), in the bone microenvironment itself after
 

Figure 1. The Vicious cycle between bone resorption and tumor proliferation. Pro-osteolytic factors (IL-6, 
TNF-", RANKL, IL-11, PTH-rP, PGE2, IL-8) expressed by tumor cells induce RANKL mediated bone 
resorption directly or indirectly through RANKL production by osteoblasts, allowing the release of growth 
factors (TGF-!, BMPs, IGF-1, FGFs and PDGFs) which in turn stimulate tumor proliferation. 
 

TGF- 

BMP

IGF-1

FGFs

PDGFs

IL-6, TNF-

!, 

RANKL

IL-11
RANK

L

VICIOUS 

CYCLE

Differentiation

Osteoclast Precursors

Mature Osteoclasts

Osteoblasts

Tumor cells

PTH-rP, 

PGE2,

IL-8
TGF- 

BMP

IGF-1

FGFs

PDGFs

IL-6, TNF-

!, 

RANKL

IL-11
RANK

L

VICIOUS 

CYCLE

Differentiation

Osteoclast Precursors

Mature Osteoclasts

Osteoblasts

Tumor cells

PTH-rP, 

PGE2,

IL-8

RANKL



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Etidronate

Clodronate

Pamidronate

Alendronate

Ibandronate

(a) 

Risedronate 

Zoledronic acid 
 

Minodronate 

(b)

Bisphosphonate 

Pyrophosphate

Tulidronate

(c)

Bone environment: New therapeutic option in Ewing sarcoma 

(risedronate) or imidazole ring [40]. First 
generation BPs are metabolized as toxic 
analogues of adenosine triphosphate (ATP) that 
induce osteoclastic cell death [48, 49]. As for 
other N-containing BPs (second and third 
generation), zoledronic acid inhibits the farnesyl 
diphosphate and geranylgeranyldiphosphate 
synthases, two enzymes involved in the mevalonate 
pathway necessary for the prenylation of small 
intracellular GTPases such as Ras, Rho or Rac 
[50]. The prenylation of these GTPases being 
essential in osteoclast function, their inhibition 
leads to the induction of osteoclast apoptosis by 
the loss of survival signal [51, 52, 53]. Moreover, 
BPs may also inhibit bone resorption by 
increasing the production of OPG by human 
osteoblasts [54]. OPG is a decoy receptor for 
RANKL which inhibits the RANK/RANKL 
interaction that is essential for osteoclast 
differentiation and activation. The disruption of 
OPG/RANK/RANKL balance in favor of 
RANKL can be implicated in increased bone 
 

inhibitors of bone resorption as they are released 
during osteolysis [42, 43, 44]. Several 
bisphosphonates are currently available, with a 
phosphorus-carbon-phosphorus chemical basis 
similar to endogenous pyrophosphate with a 
carbon molecule replacing the central oxygen. 
This carbon molecule permits the substitution of 2 
additional side chains. BPs are distributed in 
different families depending on the structure of 
their side-chains (Figure 2). The first generation, 
composed of etidronate, clodronate or tiludronate 
have a simple substituent linked to their 
central carbon and exert a weak inhibitory effect 
on bone resorption. The second generation 
including pamidronate, alendronate, oribandronate 
possesses an aliphatic side chain containing a 
single nitrogen atom. The third generation and 
among them zoledronic acid, risedronic, 
orminodronic acids the most efficient to prevent 
bone lesions [45, 46, 47]. These last BPs are 
composed of an heterocyclic substituent 
containing two nitrogen atoms in an pirydyl ring 
 

Figure 2. Structure of bisphosphonates: (a) The first-generation bisphosphonates have short alkyl, halide or 
hydroxyl side chains, (b) the second-generation bisphosphonates (with the exception of tiludronate) have a 
nitrogen atom in their side chain, and (c) the third-generation bisphosphonates have a heterocyclic side chain 
with at least one nitrogen atom.  
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promising preclinical results had been reported on 
survival and tumor growth [66]. In this context, 
zoledronic acid has been recently combined with 
conventional chemotherapy and surgery for adult 
and pediatric patients in the French OS2006 phase 
III randomized clinical trial for osteosarcoma 
treatment. Following these results, other 
preclinical and clinical studies demonstrated the 
beneficial effect of BP treatment in osteosarcoma 
[67, 68, 69, 70, 71].  

Concerning Ewing Sarcoma, despite the 
improvement in chemotherapy protocols, survival 
rate for patients with bone metastases remains 
very low. In this context, combining zoledronic 
acid with current conventional chemotherapy 
could represent a promising therapeutic option to 
limit tumor associated osteolysis and to prevent 
bone metastases development which is currently 
the main bad prognosis factor [20]. Few 
fundamental and preclinical studies have 
demonstrated an antitumoral effect of zoledronic 
acid on Ewing Sarcoma cell lines [68, 72, 73, 74]. 
In the laboratory, we have recently shown that 
zoledronic acid induces a significant inhibition of 
tumor cell viability by blocking the cell cycle in 
S-G2M phase transition and by lowering caspase-3 
activation [75]. Using a preclinical model of 
Ewing sarcoma induced in athymic mice, zoledronic 
acid alone significantly inhibits tumor 
development in bone site, decreases osteolytic 
lesions and improves mice survival [70] (Figure 3).
 

resorption associated with pathological conditions 
such as malignant bone diseases [55]. Additionally 
to its antiresorptive effect, zoledronic acid has been 
shown to induce the death of tumor cell lines such 
as myeloma, breast and prostate carcinoma cells 
in several preclinical studies [46]. It also appears 
to exert an inhibitory effect on cancer cell 
invasion and angiogenesis [56].  

Despite several side effects reported after long 
term treatment with BPs such as osteonecrosis of 
the jaw, BPs are currently under investigation in 
postmenopausal bone loss and bone lesions from 
tumor origin such as breast and prostate cancer 
with variable clinical benefit [57, 58]. A 
significant decrease of bone resorption was 
observed in these studies but with no unequivocal 
effects on survival and metastases occurrence. 
Moreover, BP clinical effects on bone metastases 
from lung cancer are also discussed as well as 
their effects on visceral metastases [59, 60, 61, 
62]. The encouraging results reported on bone 
remodeling as well as the ability of BP and in 
particular zoledronic acid to induce tumor cell 
death in vitro make it a good candidate for a 
therapeutic strategy in primary bone tumors. 
Indeed, zoledronic acid could inhibit both bone 
resorption and tumor proliferation in the vicious 
cycle, making it more efficient. Concerning 
primary bone tumors, several studies have already 
demonstrated the interest of using zoledronic acid 
in osteosarcoma [63, 64, 65, 66], in particular 
 

CT

ZOL
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Figure 3. Effects of Zoledronic acid treatment in an Ewing sarcoma preclinical model in nude mice. The model 
was induced by the intra-osseous injection of 2 millions A673 human Ewing sarcoma cell expressing luciferase. 
Luciferase expression was followed by in vivo bioluminescence. The control group (CT) received PBS injection 
and the Zoldedronic acid (ZOL) group received 100 µg/kg ZOL twice a week from day 1 to the end of the 
treatment (8 weeks). Results show significant inhibition of tumor development in the ZOL treated group as 
revealed by diminution of tumor incidence.  
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Moreover, the Euro-Ewing 2008 study 
administering zoledronic acid or placebo to Ewing 
sarcoma patients corresponding to the R1 group 
(described above) is actually in progress in 
Germany and will provide more information on 
zoledronic acid efficacy as adjuvant therapy in 
Ewing sarcoma. However, because several side 
effects have been reported with the clinical use of 
BPs, another approach to decrease bone resorption 
could be to target RANKL, the main cytokine 
involved in osteoclast differentiation [57, 58]. 

2.3. Osteoclast activity inhibition 

2.3.1. RANKL inhibition 

Bone remodeling is strongly regulated thanks to 
the molecular triad composed of OPG, RANKL 
and RANK [79, 80]. The binding of RANKL to 
its receptor RANK on the surface of osteoclast 
precursors in association with M-CSF induces 
osteoclast differentiation in vitro suggesting an 
important role of this interaction in bone biology 
(Figure 4). In the bone microenvironment, RANKL 
 

On the contrary, the same doses of zoledronic acid 
exerted no inhibitory effect on Ewing Sarcoma 
progression in soft tissue. These results can be 
explained by the high tropism of BPs for the 
calcified bone matrix, leading to their elevated 
concentration in bone tissue and their rapid 
clearance from blood and soft tissues. These data 
correlate with other studies on soft tissue tumors 
or visceral metastases [46]. On the other hand, we 
demonstrated the synergistic effect of a 
combination of zoledronic acid and ifosfamide, a 
conventional drug used in Ewing sarcoma clinical 
protocols, on tumor progression in soft tissue. 
Indeed, low doses of ifosfamide induced the same 
extent of tumor growth inhibition in preclinical 
soft tissue Ewing Sarcoma as compared to high 
doses of ifosfamide alone. These results correlate 
with other previous studies showing a synergistic 
effect between BPs and chemotherapeutical 
agents and demonstrate the great interest of using 
zoledronic acid in Ewing sarcoma treatments to 
reduce chemotherapy’s doses and as a 
consequence, its side effects [68, 76, 77, 78].  
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Figure 4. The OPG/RANK/RANKL molecular triad. RANKL can be produced by several cell types in the 
bone tumor micro-environment (osteoblasts, activated lymphocytes, monocytes, endothelial cells and tumor 
cells as well). The RANKL/RANK interaction on osteoclast precursors induces osteoclast differentiation, 
activation and survival. OPG acts as a decoy receptor and its binding to RANKL inhibits RANKL dependent 
osteoclast differentiation.  
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metastases as well as in primary bone tumors and 
might be a promising target in Ewing sarcoma 
[23, 24, 82, 83]. Several molecules targeting 
RANKL have already proved their efficiency in 
other malignant bone pathologies like 
osteosarcoma and might represent potent 
therapeutic agent in Ewing sarcoma as described 
below.  

OPG and RANK-Fc 

OPG, a member of the TNF receptor superfamily 
is a ubiquitous secreted homodimeric cytokine 
able to bind RANKL then inhibiting the 
RANK/RANKL interaction and further osteoclast 
differentiation and activation [79, 85, 86]. The 
critical role of OPG in bone remodeling has been 
shown thanks to animal models, such as OPG 
overexpressing mice that have severe osteopetrosis 
and knock-out OPG mice exhibiting severe 
osteoporosis [79, 87]. The ratio between OPG and 
RANKL expression is essential to control the 
balance between bone resorption and formation 
and an increased level of RANKL compared to 
OPG can be responsible of osteolytic pathologies 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

is produced by bone marrow stromal cells 
osteoblasts and osteoclasts while in a tumor 
microenvironement, it can be produced by several 
other cell types like fibroblasts, epithelial cells 
and T lymphocytes, in which RANKL appears to 
be the final effector of osteoclast mediated bone 
resorption [81]. Cells of many tumor types such as 
multiple myeloma, prostate cancer or even human 
neuroblastoma can as well express RANKL 
themselves [82, 83, 84]. Moreover, many 
chemokines, cytokines, hormones and growth 
factors produced by tumor cells are able to induce 
an increase of RANKL expression through PTH-rP 
and a decrease of OPG production thus increasing 
vicious cycle in bone metastases. Concerning 
Ewing sarcoma, only few studies are available but 
it seems that these cells express only a low level 
of RANKL [7]. A preliminary preclinical study 
carried out by our group showed a localized but 
strong expression of RANKL in a paratibial 
model of Ewing sarcoma induced by an 
intramuscular injection of human A673 cells in 
nude mice (Figure 5). The interest of targeting 
RANKL has previously been shown in bone 
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Figure 5. Immuno-histochemical analysis of RANKL expression in Ewing sarcoma tumor developed in nude 
mice as described in Figure 3. The tumor was stained with a mouse monoclonal antibody targeting RANKL 
(RANKL), the negative control was performed with mice serum instead of primary antibody.  
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injection of Ewing sarcoma cells in nude mice 
[95, 96]. To avoid this potential protumoral effect 
of OPG, another RANKL blocking recombinant 
protein might be used in Ewing sarcoma: RANK-
Fc, the soluble form of RANK. RANK-Fc is 
unable to bind TRAIL and its efficacy has already 
been demonstrated in preventing tumor associated 
osteolysis and indirectly tumor growth in 
preclinical models of bone metastases such as 
prostate, lung and breast cancer [97, 98, 99]. Our 
team showed as well the ability of RANK-Fc 
delivered by non-viral gene transfer to prevent 
osteolytic lesions and tumor development, thus 
inducing an increase of animal survival in a 
rodent preclinical model of osteosarcoma [24]. 
The same efficacy can be expected in Ewing 
sarcoma and remains to be tested. 

Denosumab® 

Denosumab® (AMG 162, Amgen) is a humanized 
monoclonal antibody targeting RANK-L that has 
been developed for the treatment of osteoporosis 
and has been rapidly proposed for the treatment of 
bone tumors associated with osteolytic lesions. It 
is currently tested in 36 clinical trials, 17 
including patients with skeletal metastasis. This 
antibody is a G2 Immunoglobulin with a long 
half-life in blood and is well tolerated. A single 
subcutaneous injection had shown a great efficacy 
to significantly reduce osteolysis in patients with 
osteoporosis, inflammatory arthritis and bone 
tumors such as multiple myeloma or bone 
metastasis [100, 101]. Moreover, a clinical study 
realized on breast and prostate cancer patients 
revealed the same ability of Denosumab® to 
reduce bone resorption markers in blood and urine 
as compared to BPs [101]. However, Denosumab 
has greater advantage for reducing SRE in 
patients refractory to BP treatment [102]. These 
promising results about Denosumab® in cancer 
remain to be confirmed in larger clinical trials. 

Despite the fact that RANKL has been shown to 
be the final effector of osteoclast activity and 
differentiation through its binding to RANK, other 
molecular mechanisms appear to be implicated in 
bone resorption. In view of preliminary results 
obtained in preclinical studies using animal models, 
RANKL does not seem to be the only factor 
involved in bone osteolysis in Ewing’s sarcoma. 

such as osteoporosis or Thalassemia induced bone 
loss [88, 89]. A disruption of this ratio in favor of 
RANKL has also been demonstrated to be 
responsible of severe osteolysis in tumoral context 
[55]. Accordingly, overexpressing OPG to restore 
this equilibrium between OPG and RANKL 
expression appears to be a promising approach to 
limit tumor associated bone lesions. The interest 
of recombinant OPG therapy has already been 
demonstrated in preclinical models of secondary 
bone tumors preventing osteolytic bone disease 
from multiple myeloma, prostate cancer or breast 
cancer [82, 83, 90]. Our team showed for the first 
time a significant therapeutic interest of OPG in 
primary bone tumors. Indeed, in a preclinical 
model of osteosarcoma, OPG delivered by non-
viral gene transfer inhibited tumor growth and 
tumor associated osteolysis, increasing 
significantly animal survival [23]. A clinical trial 
has already demonstrated the efficacy of OPG in 
limiting post-menopausal osteoporosis for a 
sustained period after a single subcutaneous 
injection of recombinant OPG-Fc. This study 
validated as well the good tolerability of OPG-Fc 
administration [91]. Another Phase I clinical trial 
tested the effect of recombinant OPG-Fc (AMGN-
0007) administration on osteolytic lesions of 
patient presenting multiple myeloma and breast 
carcinoma. In this study, a single sub-cutaneous 
injection of recombinant OPG was able to 
suppress bone resorption with an efficacy 
comparable to pamidronate, a second generation 
Biphosphonate [92]. Unfortunately this clinical 
trial has been stopped because of the production 
of OPG targeting antibodies in a treated woman 
inducing a blockade of both endogenous and 
injected OPG. Moreover, despite its clinical 
efficiency to prevent osteolytic lesions, a major 
issue to OPG-Fc administration as an adjuvant 
therapeutic agent in tumor context is its ability to 
inhibit TRAIL induced apoptosis [93]. This dual 
effect of OPG may inhibit TRAIL induced 
apoptosis of tumor cells, a natural mechanism to 
prevent tumor development [94]. Moreover 
TRAIL’s ability to induce apoptosis in sensitive 
Ewing Sarcoma cell lines and to prevent tumor 
development has already been demonstrated 
in vitro by Wietzerbin’s team and in vivo by our 
team in a preclinical model induced by intratibial 
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in bone biology, promoting the stimulation of 
osteoclast survival and proliferation [111, 112]. 
M-CSF also upregulates RANK expression in 
osteoclast precursors which is essential for their 
differentiation. In late differentiation stages, it 
also activates Akt, c-Fos and extracellular 
regulated kinase (ERK) pathways that might 
interact with RANK/RANKL signaling [113, 114].
In vitro, the combination RANKL and M-CSF 
is able to induce the differentiation of human 
bone marrow culture into resorbing osteoclasts 
[115]. In vivo, its critical role in bone biology has 
been assessed thanks to M-CSF deficient mice 
(op/op) displaying severe osteopetrosis with a 
depletion of osteoclasts. In these mice, a normal 
phenotype can be restored thanks to injections of 
recombinant M-CSF [116, 117, 118]. Another 
model of mice deficient for the M-CSF receptor 
c-fms displayed the same severe deficiency in 
osteoclast associated to an ostopetrotic phenotype 
[119]. M-CSF seems to be also implicated with 
other cytokines in bone pathologies like in 
osteoporosis fragility fractures or breast cancer 
metastases in which it is overexpressed [120]. The 
effect of this pathway inhibition was also 
demonstrated thanks to Imatinib mesylate and 
Dasatinib, two chemical inhibitor of tyrosine 
kinase activity able to inhibit c-fms pathway. Both 
molecules have been shown to induce a 
dysregulation of bone resorption in vivo acting on 
osteoclasts differentiation [121, 122]. Dasatinib 
was even able to induce the same effects on bone 
resoption that zoledronic acid in treated animals 
with the same increase of trabecular volume and 
thickness in both cases [121]. Moreover 
preclinical studies showed that the inhibition of 
the M-CSF signaling pathway is able to induce a 
decrease in bone destruction associated with 
human melanoma metastases and even of tumor 
proliferation in a myeloid leukemia metastases 
model [123, 124]. According to these results, M-
CSF inhibition might be a promising approach to 
inhibit Ewing sarcoma associated bone 
destruction and indirectly tumor proliferation 
through inhibition of the vicious cycle. 
 
CONCLUSION 

Improvement in chemotherapy and surgical 
techniques has significantly increased long time 
 

2.3.2. RANKL independent osteoclast inhibition 

Anti-TNF  

Another mechanism of osteoclast differentiation 
independent of RANKL might be, at least in part, 
responsible of osteolytic lesions observed during 
bone tumor development, including Ewing sarcoma. 
This mechanism involves the cytokine tumor 
necrosis factor " (TNF-") whose role in bone loss 
has been previously evidenced as TNF inhibitor 
completely protected mice against ovariectomy-
induced bone loss [103]. Moreover, it has been 
shown that osteoclast formation can be induced 
from circulating precursors by TNF-", known to 
be produced by Ewing sarcoma cells [7, 104, 105]. 
Indeed, tumor associated macrophages (TAM) 
isolated from Ewing sarcoma tumors are able to 
differentiate into mature functional osteoclasts in 
the presence of macrophage-colony stimulating 
factor (M-CSF) and TNF-". According to these 
observations, this RANKL-independent mechanism 
might play a significant role in tumor associated 
osteolysis in Ewing sarcoma, and one can suggest 
that an anti-TNF-" strategy could block the 
vicious cycle between bone resorption and tumor 
proliferation. Because TNF-" is known to exert 
apoptosis in tumors, an anti-TNF-" strategy might 
antagonize this process. However, the context is 
different for Ewing sarcoma tumors which have 
been shown to be resistant to TNF-" induced 
apoptosis [106, 107]. TNF-" blocking antibodies, 
such as adalimumab, etanercept or infliximab 
have already been developed for inflammatory 
diseases such as ankylosing spondylitis, psoriasis 
or rhumatoïd arthritis and proved their tolerability 
and relative safety concerning short term 
treatments [108]. However, long term TNF-" 
blocking strategies must be used with caution 
because of potential side effects including 
lymphoma or other malignancies emergence [108, 
109]. In the context of Ewing sarcoma treatment, 
a short term and local treatment could allow to 
avoid these side effects. 

Anti-M-CSF 

Macrophages colony stimulating factor (M-CSF), 
also called colony stimulating factor 1 (CFS1) has 
been first identified for its ability to stimulate the 
growth of macrophages [110]. It has been also 
shown that M-CSF plays an essential active role 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

injected at high doses like osteonecrosis of the 
jaw or severe hypocalcaemia. The understanding 
of molecular pathway implicated in bone 
resorption may also represent a promising strategy 
to inhibit bone resorption in a more physiological 
and targeted way. Defining the specific pathway 
implicated in bone resorption and the involvement 
of cytokines like RANKL, TNF-" or M-CSF 
might allow the development of specific 
antagonists like the RANKL antibody 
Denosumab® which appears to exert promising 
effects in the prevention of bone lesions. Other 
options are based on RNA interference or 
development of peptidomimetics that allows a 
specific inhibition of the targeted cytokine. The 
major interests of these strategies are their low 
production cost as well as their easy production. 
Concerning peptidomimetics, preclinical studies 
already demonstrated their efficacy, showing that 
by binding RANKL or OPG these peptides were 
able to prevent osteolytic lesions induced by 
metastases of multiple myeloma [125]. 
Concerning RNA interference, preclinical studies 
have already shown the efficient inhibition of 
tumor growth and engraftment by a lipoplex or 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

survival in patients presenting localized form of 
Ewing sarcoma, reaching 70% at 5 years. 
Unfortunately, these therapeutic progresses are 
not sufficient to improve long term survival for 
patients presenting a metastatic form of Ewing 
sarcoma at diagnosis or resistant to treatment. 
Moreover, in addition to their limited effects on 
resistant patients, a major issue of current 
chemotherapeutic agents is their side effects 
obtained with high doses that affect patient’s 
quality of life. In this context, innovating 
therapeutic strategies which could be used in 
combination with chemotherapy are necessary to 
increase these poor survival rates. Inhibiting bone 
resorption and by this way the vicious cycle 
occurring between bone resorption and tumor 
proliferation represents a promising approach in 
association with tumor targeting drugs. 
Bisphosphonates such as zoledronic acids have 
already proved their efficiency to inhibit 
osteolytic lesions in pathologies like osteoporosis 
or bone metastasis but their efficiency remains to 
be proved in the context of Ewing Sarcoma by 
clinical trials. Unfortunately, one limit of these 
molecules is their severe side effects when 
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Figure 6. Potential therapeutic options to block the vicious cycle in bone tumor environment. Several 
strategies aim at inhibiting osteoclast differentiation and activation: OPG, Denosumab®, RANK-Fc, TNF-" 
antagonists, peptidomimetics... Zoledronic acid (ZA) is able to target both osteoclast and tumor cells, inducing 
their apoptosis. A strategy using RNA interference could inhibit RANKL production in any cell producing 
RANKL (osteoblasts, lymphocytes, monocytes…).  
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nanoparticules-combined siRNA targeting the 
EWS-FLI1 oncogene in Ewing sarcoma 
[126, 127]. The interest of targeting tumor 
microenvironment has already been studied 
as well in a preclinical study using siRNA 
targeting integrin subunits with a strong inhibitory 
effect on prostate tumor growth in bone site [128]. 
These results demonstrate the interest of 
developing other therapeutic strategies like 
recombinant antagonist proteins, peptidomimetics 
or RNA interference which specifically target 
cytokines implicated in bone resorption and used 
them in combination with conventional 
chemotherapeutic agents to limit metastasis 
development (Figure 6). 
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Zoledronic Acid as a New Adjuvant Therapeutic Strategy

for Ewing's Sarcoma Patients
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Abstract

Ewing's sarcoma (ES) is the second most frequent pediatric bone tumor also arising in soft tissues (15% of

cases). The prognosis of patients with clinically detectable metastases at diagnosis, not responding to therapy

or with disease relapse, is still very poor. Among new therapeutic approaches, bisphosphonates represent

promising adjuvant molecules to chemotherapy to limit the osteolytic component of bone tumors and to

protect from bone metastases. The combined effects of zoledronic acid and mafosfamide were investigated

on cell proliferation, viability, apoptosis, and cell cycle distribution of human ES cell lines differing in their

p53 and p16/ink4 status. ES models were developed to reproduce both soft tissue and intraosseous tumor

development. Mice were treated with 100 μg/kg zoledronic acid (two or four times per week) and/or ifo-

sfamide (30 mg/kg, one to three cycles of three injections). ES cell lines showed different sensitivities to

zoledronic acid and mafosfamide at the cell proliferation level, with no correlation with their molecular

status. Both drugs induced cell cycle arrest, but in the S or G2M phase, respectively. In vivo, zoledronic

acid had no effect on soft tissue tumor progression, although it dramatically inhibited ES development in

bone. When combined with ifosfamide, zoledronic acid exerted synergistic effects in the soft tissue model:

Its combination with one cycle of ifosfamide resulted in an inhibitory effect similar to three cycles of

ifosfamide alone. This very promising result could allow clinicians to diminish the doses of chemotherapy.

Cancer Res; 70(19); 7610–9. ©2010 AACR.

Introduction

Ewing's sarcoma (ES) is the second most frequent primitive

malignant bone tumor in children and adolescents after oste-

osarcoma. Its frequency is around three cases per million in

people under 20 years old, with a peak incidence in the sec-

ond decade of life (1). Current treatments developed in the

Euro-EWING99 protocol consist of neoadjuvant chemothera-

py, local surgical resection with limb salvage, followed by

adjuvant chemotherapy with or without radiotherapy. These

treatments lead to a 70% overall survival, but it is less than

40% in patients with metastasis and only 15% for bone metas-

tasis. Radiographs show marked osteolysis with periosteal

reaction and frequent soft tissue invasion around the primary

tumor. ES are included in the primitive neuroectodermal tu-

mors (PNET) sharing a chromosomal translocation involving

the EWS gene on chromosome 22 with a gene of the erythro-

blast transformation sequence (ETS) family (2). In 85% of

cases, the translocation t(11;22)(q24;q12) occurs leading to

the EWS-FLI1 fusion gene, which behaves as an oncogene.

Bisphosphonates are PPi derivatives that selectively con-

centrate at the bone resorption surface (3) and induce osteo-

clast apoptosis, resulting in inhibition of bone resorption (4).

In addition, they inhibit tumor cell adhesion, invasion, and

proliferation, and induce apoptosis in a variety of human tu-

mor cell lines in vitro including osteosarcoma (5–10). Among

all bisphosphonates tested, zoledronic acid, one of the third-

generation nitrogen-containing bisphosphonates, shows

the greatest inhibitory effects on both osteoclast activity

and tumor cell proliferation (11). Quite appropriately, these

agents are increasingly used alongside anticancer treatments

to prevent skeletal complications and relieve bone pain.

Concerning primary bone tumors, zoledronic acid has been

recently combined with conventional chemotherapy and sur-

gery in the French OS2006 phase III randomized clinical trial

for osteosarcoma treatment, after promising preclinical

results had been found on survival and tumor growth (10).

The rationale for the therapeutic use of zoledronic acid

in bone tumors is linked to the existence of a stimulatory
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feedback loop (the “vicious cycle”) between tumor cell prolif-

eration and bone resorption during tumor development in

bone (12). Thus, zoledronic acid may have complementary

actions on bone tumors: an indirect antitumor effect by in-

hibiting osteoclastogenesis and a direct action on tumor

cells. To date, only one preclinical study reported the thera-

peutic benefit of using zoledronic acid in ES, showing an in-

hibitory effect on osteolysis; however, no study on survival

and tumor volume has been done (13). In the present study,

in vitro experiments were performed to evaluate the effect of

zoledronic acid on eight human ES cell lines, all expressing

the EWS-FLI1 fusion gene but differing in their molecular

characteristics (p53 mutation, p16/ink4 deletion). Then,

in vivo experiments were realized to study the effects on

tumor progression and animal survival, as a single therapeu-

tic agent or in combination with ifosfamide, a conventional

drug used in ES clinical protocols. Two different animal mod-

els of ES were developed, reproducing both clinical behaviors

of ES: soft tissue or bone development (15% and 85%, respec-

tively, of total ES).

The objectives were to determine the potential ther-

apeutic efficacy of zoledronic acid alone or in combination

with chemotherapy that could help reduce the chemotherapy

dosing regimen in preclinical and then clinical protocols

for ES.

Materials and Methods

Cell lines

Human ES cell lines kindly provided by Dr. S. Burchill

(Children's Hospital, Leeds, United Kingdom; A673, TC32,

SKES1, SKNMC, and RDES cells) or by Dr. O. Delattre (Insti-

tut National de la Santé et de la Recherche Médicale U830,

Paris, France; EW24, TC71, and EW7) were used. They all

contain the EWS/FLI1 chromosomal translocation EWS-

FLI1 but differ in their p53 and p16/ink4 status (Supple-

mentary Data). A673, TC32, SKES1, and RDES cells were

cultured in DMEM (BioWhittaker) with 10% fetal bovine se-

rum (Hyclone). SKNMC, EW24, TC71, EW7 cell lines were

cultured in RPMI (BioWhittaker) with 10% fetal bovine serum.

In addition, EW7 cells require type I collagen to grow.

Cell viability assay

Three thousand cells seeded in 96-well plates were treated

with 0.1 to 100 μmol/L zoledronic acid [1-hydroxy-2-(1H-

imidazole-1-yl) ethylidene-bisphosphonic acid supplied as the

disodium salt by Novartis Pharma AG] or 0.1 to 50 μg/mL

mafosfamide (Baxter Oncology), or by the combination of

both for 24 to 72 hours. Cellular activity was determined

by the sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-

bis(4-methoxy-6-nitro)benzene sulfonic acid hydrate assay

(Roche Molecular Biomedicals) and measured by a Victor

multilabel plate reader (Perkin-Elmer) at 490 nm.

Trypan blue counting

Fifteen thousand cells seeded in 24-well plates were trea-

ted for 72 hours as above. Cells and culture medium were

collected after trypsinization, and trypan blue (Sigma) was

added. The cells in each well were then manually counted

to determine the ratio of dead cells to viable cells.

Apoptosis analysis

Caspase-3 activity was determined using the CaspACE

assay system fluorometric kit (Promega). Fifteen thousand

cells seeded in 24-well plates were treated as described above

for 6 to 24 hours or with 1 μmol/L staurosporine for 6 hours

as a positive control before lysis. Caspase-3 activity is

reported per microgram protein as determined with copper

sulfate diluted in bicinchonic acid (both from Sigma).

Cell cycle analysis

Two hundred thousand cells were seeded in 25-cm2

flasks, then test compounds were added for 24 to 72 hours.

Cells were collected with the supernatant and centrifuged

at 800 × g for 5 minutes. The cells in the pellet were fixed

in ethanol, centrifuged, and rinsed twice. The final pellet

was resuspended in citrate phosphate buffer, incubated for

30 minutes at room temperature, and then centrifuged.

The pellet was finally rinsed with PIB-RNase (DPBS+ Triton

X-100 + 0.5 mol/L EDTA). After 30 minutes of incubation at

37°C, 50 μg of propidium iodine were added to each tube.

After a final incubation at 4°C for 20 minutes, cell cycle anal-

ysis was performed using a FC500 flow cytometer.

Mouse models of ES

All procedures involving mice [their housing in the Exper-

imental Therapeutic Unit at the Faculty of Medicine of

Nantes (France) and care, the method by which they were

anesthetized and killed, and all experimental protocols] were

conducted in accordance with the institutional guidelines of

the French Ethical Committee (CEEA.PdL.06). Four-week-old

male athymic mice were purchased from Harlan. The soft

tissue ES model was induced by an i.m. injection of 2 × 106

ES cells next to the tibia, leading to a rapidly growing tumor

in soft tissue with secondary contiguous bone invasion. For

the bone model, the same number of cells was injected in the

medullar cavity of the tibia, leading to a slow-growing in-

traosseous tumor that progressively destroyed the cortical

bone and invaded the surrounding soft tissues. Mice were

anesthetized by inhalation of a combination of isoflurane/

air (1.5%, 1 L/min) and buprenorphine (0.05 mg/kg; Temgésic,

Schering-Plough). Mice were randomly assigned to treatment

groups 1 day after tumor cell injection. The tumor volume

was calculated by using the formula L × (l2)/2, where L and

l are the longest and the smallest perpendicular diameter,

respectively. The mice died either spontaneously or were

killed by CO2 inhalation when the tumor volume exceeded

6,000 mm3. The tumor-bearing hind limb was dissected

and kept in 10% paraformaldehyde for radiography, micro–

computed tomography (micro-CT), and histologic analyses.

Dosing regimens and experimental protocols

Zoledronic acid prepared in PBS was injected s.c. at

100 μg/kg, this dose being equivalent to the clinical dose

of 4 mg every 3 to 4 weeks (14). Zoledronic acid treat-

ment started at day 1 after tumor cell inoculation and was
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administered either twice a week with a 3-day interval or on

4 consecutive days each week. Ifosfamide (ASTA Medica) was

injected i.p. at a final dose of 30 mg/kg. The first ifosfamide

sequence, starting 10 days after tumor cell injection when the

tumor was detectable, comprised a 3-day treatment with a

24-hour interval. A second and third cycle was administrated

1 and 2 weeks later depending on the protocols. The mice in

the control group were injected with an equivalent volume of

PBS. The protocol was determined in accordance with clin-

icians to start the treatment at a tumor stage comparable

with that of patients at their first visit to an oncologist.

Radiographic analysis

Radiographs on anesthetized animals [xylazine (Rompun)-

ketamine (Imalgène 500), 8% and 13%, respectively, in PBS;

100 μL/10 g] were taken every week and at necropsy with a

PLANMED Sophie mammography apparatus (SN RAH 40710).

Micro-CT analysis

Micro-CT tomography was performed with a high-resolution

X-raymicro-CT system for small-animal imaging SkyScan-1072.

Three-dimensional reconstructions were built for each hind

limb bone to quantify and compare the bonemicroarchitecture

parameters between control and treated animals.

Bone and tumor histology

After sacrifice, the tibiae were conserved and fixed in 10%

formalin, decalcified (PBS-EDTA), and embedded in paraffin

for tartrate-resistant acid phosphatase (TRAP) staining: 4-μm

sections were cut and stained for TRAP by incubating for

1 hour in a solution of 1 mg/mL napthol-AS-TR-phosphate,

60 mmol/L N,N-dimethylformamide, 100 mmol/L sodium tar-

trate, and 1 mg/mL fast red TR salt solution (all from Sigma).

A hematoxylin counterstain was performed. Apoptotic cells

in primary bone tumor were determined using the in situ

cell death detection kit (Roche Diagnostics), based on the

terminal-deoxynucleotidyl transferase–mediated dUTP nick-

end labeling (TUNEL) method. TUNEL-positive cells were

counted by microscopic examination on four to six histologic

sections per animal.

Statistical analysis

Regression models were used to assess the effect of zole-

dronic acid and mafosfamide on cell proliferation of each cell

line in vitro. Splines developed with generalized additive

models were used to look for nonlinear effects of both che-

motherapies on each cell line (15). In case of important

departure from linearity, a log transformation was used

and linearity was assessed again. When linearity was ade-

quate, linear regression models were constructed to indepen-

dently test the effect of each chemotherapy and search for an

interaction. Nonparametric tests (Kruskal-Wallis test) with

Dunn's post hoc test were used for the other in vitro experi-

ments. Tumor volume averages were also compared using

the nonparametric Kruskal-Wallis test with Dunn's post

hoc test. Mice survival were estimated with the Kaplan-Meier

estimator and compared with the log-rank test. The level

of statistical significance was chosen at 0.05; all tests

were bilateral. R software and Excel software were used for

these analyses.

Results

In vitro experiments

Cell viability. Figure 1A summarizes the sensitivity to

zoledronic acid and mafosfamide of eight human ES cell

lines, but no correlation with p53 status could be evidenced.

Results obtained with the A673 cell line are presented as an

example in all the forthcoming figures. A linear effect of

zoledronic acid and mafosfamide was found on A673 cell

proliferation after log transformation of the data (Fig. 1B;

P < 0.0001), revealing that sensitivity of A673 cells to zole-

dronic acid and mafosfamide is concentration dependent

with an IC50 of 3 μmol/L and 5 μg/mL, respectively. When

these molecules were combined, no synergistic effect on ES

cell proliferation could be shown by covariate analysis what-

ever the drug combination tested (Fig. 1C).

Cell death—apoptosis. Studies on cell viability were per-

formed using trypan blue on cells treated by zoledronic acid

and mafosfamide for 72 hours. Figure 2A shows that the

proportion of dead cells increased with increasing zoledronic

acid and mafosfamide concentration. To characterize the

cell mechanisms involved in this process, apoptosis and cell

cycle were analyzed. An increase in caspase-3 activation was

observed in cells treated with both drugs but in a lower

extent with zoledronic acid than mafosfamide (Fig. 2B).

However, the use of the pangenomic caspase inhibitor

Z-VAD-FMK did not abrogate the zoledronic acid–induced

inhibition of cell proliferation (Supplementary Data). Cell

cycle distribution analyzed by flow cytometry revealed that

zoledronic acid treatment increases the proportion of A673

cells in the S phase (34% versus 18% in controls) whereas ma-

fosfamide blocks cells in the G2M phase (84% versus 33% in

untreated cells; Fig. 2C). Therefore, this therapy combination

may overcome the potential resistance to either drug.

Experimental in vivo protocols

Two experimental models of ES were developed (in soft

tissue and in bone) to reproduce as closely as possible the

pathologic variants observed in patients. The in vivo experi-

mental results obtained in the tumor model induced by A673

cells are presented in this article, but were confirmed in at

least another ES model (Supplementary Data).

Zoledronic acid and chemotherapy exert a synergistic

effect in the soft tissue model of ES. Zoledronic acid treat-

ment of mice bearing ES, induced in soft tissue by using A673

or TC71 cells, did not inhibit tumor progression regardless of

the dose used (10, 50, or 100 μg/kg; two or four times a week

for 4 weeks, beginning at day 1; data not shown). Zoledronic

acid was then combined with ifosfamide following two dos-

ing regimens (Fig. 3A): zoledronic acid (100 μg/kg twice a

week, beginning at day 1) and three courses of ifosfamide,

each consisting of three injections of 30 mg/kg ifosfamide

at 24-hour intervals beginning when the tumor was detect-

able (around day 10, then one course per week; left), and zo-

ledronic acid (100 μg/kg twice a week from day 1) and one
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course of ifosfamide (30 mg/kg beginning at day 10; right). In

the first set of experiments, zoledronic acid alone had no ef-

fect on tumor development, ifosfamide alone decreased tu-

mor progression by 27% at day 25 compared with control

mice (P < 0.05), and the combination of both drugs exerted

an effect similar to that of ifosfamide alone (Fig. 3A, left). In

the second set of experiments, zoledronic acid and ifosfa-

mide alone had no significant effect on tumor progression,

Figure 1. In vitro effects of zoledronic acid (ZOL) and/or mafosfamide (MAFOS) on ES cell proliferation. A, ES cell line sensitivity for zoledronic acid

and mafosfamide expressed as IC50 values. •, wild-type or functional p53;○, mutated p53. B, dose-dependent effects of zoledronic acid or mafosfamide

alone on human A673 cell line proliferation for 72 hours, represented as linear regression curves. C, effects of the zoledronic acid and mafosfamide

combination on A673 cell proliferation (48 hours).

Zoledronic Acid Prevents Ewing's Sarcoma in Bone

Cancer Res; 70(19) October 1, 2010www.aacrjournals.org 7613

American Association for Cancer Research Copyright © 2010 
 on July 20, 2011cancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst September 14, 2010; DOI:10.1158/0008-5472.CAN-09-4272



but the combination reduced the mean tumor volume by

54% at day 25 compared with untreated animals (P < 0.01;

Fig. 3A, right), a higher extent than three courses of ifosfa-

mide alone (Fig. 3A, left). Taken together, both these experi-

ments show that the combination of zoledronic acid with a

single course of ifosfamide exerts a greater inhibitory effect

on tumor progression than three courses of ifosfamide alone,

suggesting that chemotherapy combined with bisphospho-

nate may allow the reduction of chemotherapy doses. Com-

plementary radiography (Fig. 3B) and micro-CT (Fig. 3C)

analyses showed a global reduction of bone mineralization,

marked osteolysis with disruption of cortical continuity

leading to multiple fractures in untreated mice bearing ES

(Fig. 3B and C). The severity of these bone lesions was

strongly diminished in zoledronic acid–treated mice (alone

or combined with ifosfamide), indicating that zoledronic acid

protects bone from tumor-associated osteolysis. Quantita-

tion of specific bone volume [BV/total volume (TV)]

confirmed these observations: BV/TV of tibia from zoledronic

acid– and zoledronic acid + ifosfamide–treated mice is

strongly increased (53.41% and 53.24%) compared with the

ifosfamide and untreated groups (33% and 25%, respectively;

Fig. 3C), being comparable with normal tibia (52.1%). Histol-

ogy analysis confirmed the protective effect of zoledronic acid

on bone, leading to the prevention of tumor cell invasion in

the bone marrow (Fig. 3D). However, it cannot protect against

tumor progression in soft tissue; thus, chemotherapy is need-

ed in combination with zoledronic acid in this case.
Zoledronic acid alone prevents ES development in bone.

This model closely reproduces ES development in patients,

with a slower tumor growth than that observed in the previ-

ous model in soft tissue (42 and 27 days, respectively, to

reach a tumor volume of 4,000 mm3). Figure 4A shows that

zoledronic acid alone (100 μg/kg, four times a week for

9 weeks) strongly inhibits tumor development as shown by

a 97% reduction in mean tumor volume 46 days after tumor

cell inoculation. The corresponding radiography analyses

showed that zoledronic acid protects bone from tumor cell

invasion compared with untreated animals (Fig. 4B). This

result was confirmed at the osteoclast level as revealed by

TRAP staining (Fig. 4C): Osteoclasts were clearly evident at

the tumor site in control animals but were absent in zole-

dronic acid–treated mice. The direct effect of zoledronic acid

on ES cell apoptosis was confirmed in vivo by increased

TUNEL staining in the tumors from the zoledronic acid–

treated group compared with untreated animals (Fig. 4D).
Zoledronic acid combined with ifosfamide prevents

tumor relapse in bone. The combination of zoledronic acid

(100 μg/kg, twice a week) and ifosfamide (3 courses of 3 ×

30 mg/kg) was tested for 4 weeks in the above-described bone

model. Zoledronic acid alone exerted a stronger inhibitory ef-

fect on tumor progression (−65%, P < 0.01 at day 30 posttumor

cell inoculation) than ifosfamide alone (−45% at the same day,

P < 0.01; Fig. 5A). Moreover, ifosfamide efficacy declined over

time, and relapse was observed from day 18. When zoledronic

acid was combined with ifosfamide, the mean tumor volume

curve could be superimposed on that of zoledronic acid alone,

suggesting that zoledronic acid combined with ifosfamide

prevents the early relapse that occurs with ifosfamide alone.
At the bone level, micro-CT analysis showed impressive

bone degradation and disorganized bone remodeling in mice

bearing ES (untreated) compared with naïve control animals

(no tumor; Fig. 5B). Animals treated with ifosfamide showed

the same extent of bone degradation. When mice were treated

with zoledronic acid alone or combined with ifosfamide, a pro-

tection from bone lesions was observed with an absence of

Figure 2. Effects of zoledronic acid or mafosfamide on ES cell death.

A, A673 cell viability analyzed by trypan blue staining at 5 to 50 μmol/L

(zoledronic acid) or 0.1 to 10 μg/mL (mafosfamide) for 72 hours.

B, caspase-3 activity per microgram of protein in A673 cells treated or

not with zoledronic acid (5 or 10 μmol/L) or mafosfamide (5 or 10 μg/mL).

Staurosporine was used as a positive control (1 μmol/L, 6 hours;

***, P < 0.001 compared with controls). C, cell cycle distribution in

the absence or presence of 5 μmol/L zoledronic acid or 5 μg/mL

mafosfamide for 48 hours.
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Figure 3. Synergistic effect of zoledronic acid and ifosfamide (IFOS) on the development of ES in soft tissue. A, A673 ES cells (2 × 106) were injected

into the tibial muscle of immunodeficient mice. Animals were then divided into four groups (eight mice per group) designed as control, zoledronic acid

(100 μg/kg, two times per week beginning at day 1 after tumor cell injection), ifosfamide [30 mg/kg, three cycles of three injections (left) or one cycle of

injection (right)], and zoledronic acid + ifosfamide. The tumor volume was reported as mean tumor volume per group (*, P < 0.05; **, P < 0.01). B, radiography

analysis of osteolytic lesions. C, micro-CT analysis of tibia from normal mice or mice bearing ES induced by A673 cell injection as described above,

treated (ifosfamide, zoledronic acid, and ifosfamide + zoledronic acid) or untreated (UT). Specific bone volume is indicated in each case (BV/TV).

D, histologic analysis of the cortical bone in mice treated with zoledronic acid (hematoxylin eosin staining, magnification ×100).
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Figure 4. Monotherapy with zoledronic

acid prevents ES development in bone.

A, A673 ES cells (2 × 106) were injected

in the medullar cavity of the tibia of

immunodeficient mice. Mean tumor

volume of control and zoledronic acid

(100 μg/kg, two times per week beginning

at day 1 after tumor cell injection) groups

(8–10 mice per group) is reported.

B, radiography analysis of osteolytic

lesions in one representative mouse

of each group. C, TRAP staining of

osteoclasts in mice treated with zoledronic

acid compared with untreated mice

bearing ES tumor and normal mice

(no tumor). D, TUNEL staining was

performed on 6-μm sections of A673 ES

tumors treated or not with zoledronic acid

(magnification ×100 and ×200).
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cortical disruption, increased cortical bone density, and lack of

fractures (Fig. 5B). In these cases, the bone architecture was

conserved, even with extensive ectopic bone formation in

the zoledronic acid + ifosfamide group. These results were

confirmed by measuring TRACP5b levels in the serum of

corresponding mice. TRACP5b levels were indeed significantly

diminished in both the zoledronic acid–alone and zoledronic

acid + ifosfamide–treated groups compared with untreated

controls or ifosfamide-alone groups: 4 and 6 units/L versus

12.5 and 20.5 units/L (P < 0.001; Fig. 5C), respectively.

Discussion

Among the new investigational approaches to improve

therapy in ES and OS, bone-specific agents may improve

survival and/or quality of life on “continuation” therapy. This

would include regimens with fewer short- and long-term side

effects and better results for tumors in difficult locations and

patients with recurrent disease.

Among primary bone tumors, giant cell tumors of bone are

characterized by a major osteoclastic component that justi-

fies the clinical use of bisphosphonates in this pathology

(16). Because osteosarcoma and ES cells are metabolically

active bone cells (17, 18), studies with bisphosphonates

and more specifically nitrogen-containing bisphosphonates

have shown selective uptake and “poisoning” of these cells

(19–23). We have previously shown that zoledronic acid is

able to limit tumor progression in a rat model of osteosarco-

ma, to prevent tumor relapse compared with chemotherapy

alone and to prevent osteolytic lesions (10). Our results have

provided the rationale for the French randomized clinical

protocol OS2006, which combines zoledronic acid with con-

ventional therapy for adult and pediatric patients. Since then,

other fundamental or preclinical studies have confirmed the

beneficial effect of bisphosphonates in osteosarcoma (20–25).

The limits of ES therapy in the current European pro-

tocol EuroEWING99 mainly concern patients with bone or

medullar metastases. Therefore, bisphosphonates may be

Figure 5. Effect of zoledronic acid

combined with ifosfamide on the

development of ES in bone. A, A673 ES

cells (2 × 106) were injected in the medullar

cavity of the tibia of immunodeficient

mice, then mice were assigned to control,

zoledronic acid (100 μg/kg, two times per

week beginning at day 1 after tumor cell

injection), ifosfamide (30 mg/kg, 3 courses

of 3 injections), and zoledronic acid +

ifosfamide (n = 8 per group) groups. The

tumor volume was reported as mean

tumor volume per group. B, bone lesions

were analyzed by micro-CT and compared

between the bone of naive mice (no tumor),

untreated mice bearing ES (CT), mice

treated with ifosfamide or zoledronic acid

alone, and zoledronic acid combined with

ifosfamide. C, the effect of zoledronic

acid alone or in combination with ifosfamide

on osteoclast number was studied by

TRAP5b activity in the serum of ES-bearing

mice at day 22 (**, P < 0.01 compared

with controls).
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useful as adjuvant therapy to target osteoclasts and conse-

quently to diminish the bone lesions associated with these

tumors, or to prevent the development of bone metastases

(26, 27). Very few studies specifically concern bisphosphonate

action in ES. Two previous studies have shown cytotoxic and

growth-inhibitory effects of bisphosphonates in ES/PNET cell

lines and xenograft models (21, 25, 28). Another study has

reported the inhibition of ES/PNET tumor growth by zole-

dronic acid, apoptosis induction, and alteration of the tumor

lytic phenotype (13). However, all cell lines used to induce ES

in these studies possess the p53 mutation and therefore are

not representative of ES tumors in which p53 mutations are

relatively uncommon (∼13% of patients; ref. 29).

We thus wanted to extend these studies by using eight hu-

man ES cell lines, all expressing the fusion gene EWS-FLI1 but

differing in their p53 (mutation) and p16/ink4 (homozygous/

hemizygous deletion) status. The results presented here, show-

ing that all these ES cell lines were sensitive to zoledronic acid

whatever their p53 mutation or p16 deletion status, are

encouraging for treating a large cohort of ES patients. The data

on ES cell growth inhibition can be compared with others

obtained with different bisphosphonates: Sonnemann and col-

leagues' study showed that 50 μmol/L pamidronate reduced

cell number by up to 80% in eight ES cell lines, whereas clodro-

nate had limited effects, reducing cell viability by maximally

40% at 1 mmol/L (28). To investigate the mechanism of action

of zoledronic acid in ES, apoptosis and cell cycle analyses were

performed. The results showed that zoledronic acid inhibits

cell viability by blocking the cell cycle in S-G2M phase, as pre-

viously described for osteosarcoma cells (30). In addition, a low

caspase-3 activation was shown in ES cells, more probably re-

flecting a postmitotic process linked to the cell cycle blockade

rather than a caspase-dependent mechanism. Indeed, the use

of the pangenomic caspase inhibitor Z-VAD-FMK had no effect

on zoledronic acid–induced of ES cell proliferation.

A subsequent step was to confirm the inhibitory effects of

zoledronic acid in vivo. In patients, ES tumors mainly develop

in bone (85% of cases), but it can also occur as isolated soft

tissue tumors. Because zoledronic acid targets not only

osteoclasts but also the tumor cells themselves in vitro, this

therapy was also tested in a soft tissue model. Interestingly,

zoledronic acid strongly inhibited tumor progression in bone

(−97% after 9 weeks of treatment in the A673 model), this

result being in accordance with the beneficial effects of

bisphosphonate widely reported in several experimental

models of bone lesions associated with primary or secondary

tumors (10, 14, 31, 32). On the contrary, the same doses of

zoledronic acid had no inhibitory effect on ES progression

in soft tissue. This result is consistent with data from other

models of soft tissue tumors or visceral metastases. Indeed,

the inhibitory effect of bisphosphonate on tumor growth is

still inconsistent for soft tumors (33–35). Even at the clinical

level, few data have reported an antitumor effect of zoledro-

nic acid against visceral metastases (36, 37), and conflicting

results have been highly discussed (38). In our ES models, it is

clear that the doses of zoledronic acid that prevented tumor

development in bone were unable to significantly influence

soft tissue tumor growth. The best efficacy of zoledronic acid

in bone may be explained by the fact that bisphosphonates

concentrate in bone due to their high tropism for the calci-

fied bone matrix. The efficacy of zoledronic acid may be

therefore potentiated in bone tissue by a dual mechanism:

antitumoral and antibone resorption activities. Higher con-

centrations could be tested in soft tissue models, but would

be irrelevant to clinical dosing regimens.

For many years, bisphosphonates have been used as an

adjuvant to chemotherapy in several clinical protocols (39).

In vitro and in vivo studies showed a synergistic interaction

between bisphosphonates and chemotherapeutic agents,

augmenting their efficacy (23, 25, 40, 41) and (re-)sensitizing

to chemotherapy (22), to diminish side effects or to improve

the function and quality of life (42). In our study, we showed

that zoledronic acid exerts synergistic activity with low doses

of ifosfamide in soft tissue ES, inducing the same extent of

tumor growth inhibition as high doses of ifosfamide alone.

This result suggests that chemotherapy dosing regimens could

be diminished in the presence of adjuvant bisphosphonate.

In the case of intraosseous ES tumor, zoledronic acid alone

exerted strong antitumor activity; however, when lower doses

were combined with chemotherapy, zoledronic acid seemed to

prevent the tumor recurrence observed with one course of

ifosfamide. Here, the combination of bisphosphonate with

chemotherapy again improved the therapeutic response to ES.

Because ES is characterized bymarked bone resorption, ther-

apeutics that target osteoclasts such as bisphosphonates are

promising. Our study shows, by complementary fundamental

and preclinical analyses, that zoledronic acid represents a

promising therapeutic agent for ES patients as a first-line ther-

apy in combination with chemotherapy to limit bone lesions

and toprevent bone tumor relapse, and also as an adjuvant ther-

apy for the treatment of bone or medullary metastases. This is

particularly important in the context of the EuroEWING99 pro-

tocol, which is nearing completion, and for the choice of new

future strategies, especially for patients at high risk of relapse.
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Abstract
Osteosarcoma is the most frequent primary bone tumor

that develops mainly during youth, the median age

of diagnosis being 18 years. Despite improvement in

osteosarcoma treatment, survival rate is only 30% after

5 years for patients with pulmonary metastases at

diagnosis. This warrants exploration of new therapeutic

options. The anti-bone resorption molecule receptor

activator of NF-KB (RANK) is very promising, as it may

block the vicious cycle between bone resorption and

tumor proliferation that takes place during tumor develop-

ment in bone site. The cDNA encoding murine RANK-Fc

(mRANK-Fc) was administered by gene transfer using

an amphiphilic polymer in a mouse model of osteolytic

osteosarcoma. Clinical and bone microarchitecture

variables were assessed by radiography and micro-CT

analyses. In vitro experiments were designed to deter-

mine the mechanism of action of RANK-Fc on tumor cell

proliferation (XTT assays), apoptosis (caspase activation),

cell cycle distribution (fluorescence-activated cell sorting

analysis), or gene expression (reverse transcription-PCR).

RANK-Fc was effective in preventing the formation of

osteolytic lesions associated with osteosarcoma develop-

ment and in reducing the tumor incidence, the local tumor

growth, and the lung metastases dissemination leading to

a 3.9-fold augmentation of mice survival 28 days after

implantation. On the contrary, mRANK-Fc did not prevent

the development of nonosseous tumor nodules, suggest-

ing that bone environment is necessary for mRANK-Fc

therapeutic efficacy. Furthermore, mRANK-Fc has no

direct activity on osteosarcoma cells in vitro. mRANK-Fc

exerts an indirect inhibitory effect on osteosarcoma

progression through inhibition of bone resorption. [Mol

Cancer Ther 2008;7(10):3389–98]

Introduction

With an estimated incidence of 2 cases per million people
per year, osteosarcoma is the most frequent primary bone
malignant tumor excluding hematopoietic intraosseous
tumors. Osteosarcoma generally affects young patients
with a peak incidence at age 18 years. The unifying
histologic feature found in all types and subtypes of
osteosarcomas is the presence of osteoid tissue produced
by the neoplastic cells (1). As these tumors frequently
penetrate and destroy the cortical substance of the bone
and extend into the surrounding tissues, a strong osteolytic
activity is often associated with osteosarcoma develop-
ment. In spite of newly devised chemotherapy regimens
combined with wide-margin, limb-sparing surgery, osteo-
sarcoma continues to confer a generally poor prognosis in
patients with lung metastasis (<30%; ref. 2). As this survival
rate has not evolved since two decades, there is an urgent
need for new therapeutic strategies, adjuvant to surgery
and chemotherapy.
The final effector molecules that ultimately control

osteolysis associated with tumor development in bone site
are receptor activator of NF-nB ligand (RANKL) and
osteoprotegerin (OPG; ref. 3). RANKL directly stimulates
osteoclastic differentiation and osteoclast activation and
survival by signaling through its membrane receptor
RANK, expressed on the osteoclast precursor surface.
Physiologically, RANKL signaling is negatively regulated
by the soluble antagonist receptor protein OPG, which
induces osteoclast apoptosis. Targeting RANKL signaling
with OPG inhibits tumor-associated osteolysis in several
experimental bone tumor models including mouse colon
adenocarcinoma, myeloma, breast, lung, prostate cancer,
and osteosarcoma (4–9). However, OPG has been shown to
bind the tumor necrosis factor receptor [TRAIL (tumor
necrosis factor-related apoptosis-inducing ligand)] and to
block TRAIL-mediated apoptosis in cancer cells (10–13).
Thus, alternative agents, such as soluble RANK-Fc that
block RANKL-mediated bone resorption but that do not
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interact with TRAIL, may provide useful therapies to
prevent tumor development in bone. RANK-Fc is a
chimeric protein formed by fusing the four cysteine-rich
pseudorepeats of RANK that are responsible for RANK-L
binding with the Fc portion of human IgG1. Moreover,
RANK-Fc has the potential advantage over OPG of greater
specificity for RANKL. Fusion of the four cysteine-rich
domains of RANK to the constant region of hIgG1 dictates
homodimerization, which probably increases its avidity for
RANKL. The sRANK differs from OPG because, in
addition to containing four cysteine-rich domains, OPG
also contains two death domains and a heparin-binding
domain (14). Accordingly, RANK-Fc has been recently
shown to cause a marked reduction in tumor burden in two
SCID-hu multiple myeloma models (15) and also an
inhibition of prostate cancer progression in bone (16).
However, no study was done on RANK-Fc effects in
primary bone tumors.
Previous data showed that it is feasible to provide

long-lasting expression of RANK-Fc at bone-protective
levels using a retroviral gene therapy approach (17).
However, the toxicity associated with the use of viral
vectors is extremely complex involving both innate and
adaptative immune responses. Recently, a new class of
synthetic vectors has been reported for in vivo gene transfer
in various organs including skeletal and cardiac muscles
(18, 19) and in lungs (20). These new synthetic vectors
result from the association of plasmid DNA with amphi-
philic polymers consisting in blocks of poly(ethylene oxide)
and poly(propylene oxide). Intramuscular injections of
these synthetic vectors lead to the synthesis of proteins
for local benefit such as dystrophin or for systemic use such
as erythropoietin (21).
The aim of this study was to determine the therapeutic

relevance of RANK-Fc in a murine osteolytic osteosarcoma
model by using a nonviral gene transfer approach.

Materials andMethods

Cell Lines

The osteosarcoma cell line POS-1, derived from mouse
spontaneous osteosarcoma (22), was cultured in RPMI 1640
(Bio Whittaker) supplemented with 10% fetal bovine serum
(Hyclone) and 2 mmol/L L-glutamine.
The osteoclast precursor RAW 264.7 cells from the

monocyte macrophage lineage were obtained from the
American Tissue and Cell Collection and grown in aMEM
(Invitrogen) supplemented with 10% fetal bovine serum
(Hyclone) and 1% nonessential amino acids (Invitrogen).
The human osteosarcoma MG63 cell line was purchased

from the American Tissue and Cell Collection and used for
in vitro assay of TRAIL biological activity and cultured in
DMEM (BioWhittaker) supplemented by 10% fetal bovine
serum (Hyclone) and 2 mmol/L L-glutamine.

In vitro Experimentations

Plasmid Constructions. The pcDNA3.1-RANK-Fc con-
struction (kindly provided by Dr. Y. Choi) contains a DNA
sequence encoding the extracellular domain of murine

RANK (mRANK; 0.7 kb) fused to the coding sequences of
the constant portion of human IgG1 (0.5 kb; ref. 23). The
soluble RANK-Fc cDNA is inserted in the pcDNA3.1
plasmid between XbaI and XhoI under the control of the
cytomegalovirus promoter. For the in vivo and in vitro

studies, the empty pcDNA3.1 was used as a control.
Cell Transfection. To assess the cellular expression of

RANK-Fc, 2 Ag pcDNA3.1 and pcDNA3.1-RANK-Fc were
transfected by nucleofection into RAW 264.7 cells using the
Cell Line Nucleofector Kit V program D-032 (AMAXA
Biosystems) following the manufacturer’s recommenda-
tions. The transfection efficacy is controlled by quantifica-
tion of 2 Ag pmaxGFP-transfected cells by fluorescence
microscopy (AMAXA Biosystems).
Osteoclast Differentiation. The biological activity of

the transgene was compared between pcDNA3.1-RANK-
Fc- and pcDNA3.1-nucleofected RAW 264.7 cells plated in
96-well plates (3,000 per well) during 5 days. Medium was
replaced twice (after 2 and 48 h) with aMEM 10% fetal
bovine serum, 1% nonessential amino acids, and increasing
concentrations of recombinant human soluble RANKL
(50, 75, and 100 ng/mL; kindly provided by Amgen). After
5 days of culture, multinucleated cells (>3 nuclei) were
counted after a May-Grünwald Giemsa staining.
Cell Proliferation. Replicate subconfluent cell cultures of

POS-1 cells in 96-well plates were treated for 24 to 72 h with
increasing concentrations of mRANK-Fc (R&D Systems;
0, 25, 50, and 100 ng/mL). Cell viability was determined
by the XTT cell proliferation reagent assay kit (Roche
Molecular Biomedicals).
Caspase Activity. POS-1 cells (2 � 104 per well) cultured

in 24-well plates were treated with 100 ng/mL RANK-Fc
for 24 to 72 h, washed and lysed with 50 AL radio-
immunoprecipitation buffer for 30 min in the presence of
protease inhibitors. The cells were then scraped off and the
protein amount was quantified using the BCA (bicinchonic
acid + copper II sulfate) test (Pierce Chemical). Caspase-3
activity was assessed on 10 AL cell lysate with the CaspACE
assay kit (Promega) following the manufacturer’s recom-
mendations. Cells treated with 1 Amol/L staurosporin 6
h before harvesting were used as a positive control for
caspase activity.
Cell Cycle Analysis. Confluent POS-1 cells treated

with increasing concentrations of RANK-Fc (0, 50, and
100 ng/mL) for 24, 48, and 72 h were removed from
culture dishes by trypsinization, washed twice in PBS,
and incubated in PBS containing 0.12% Triton X-100,
0.12 mmol/L EDTA, and 1 Ag/mL DNase-free RNase A
(Sigma). Each sample was incubated 20 min at 4jC in the
dark with 50 Ag/mL propidium iodide (Sigma). The
stained nuclei were analyzed by flow cytometry (FACScan;
BD Biosciences) using the CellQuest software. Cell cycle
distribution was based on 2N and 4N DNA content.
TRAIL Biological Activity. Replicate subconfluent cell

cultures of human osteosarcoma MG63 cells in 96-well
plates were treated for 72 h with increasing concentrations
of human TRAIL (R&D Systems; 0, 50, and 100 ng/mL)
in the presence or absence of 100 ng/mL RANK-Fc.
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Cell viability was determined by the XTT cell proliferation
reagent assay kit as described above.

In vivo Experimentations

Mouse Osteosarcoma Models. Male C3H/He mice
(4 weeks old; Elevages Janvier) were housed under
pathogen-free conditions at the Experimental Therapy
Unit (Faculty of Medicine) in accordance with the
institutional guidelines of the French Ethical Committee
and under the supervision of authorized investigators.
The mice were anesthetized by inhalation of a combina-
tion isofluorane/air (1.5%, 1 L/min) associated with an
intramuscular injection of buprenorphine (0.05 mg/kg;
Temgesic, Schering-Plough) before s.c. inoculation of POS-
1 cell suspension containing 2 � 106 cells in 50 AL PBS in
the hind footpad of the mice. Under these conditions,
mice develop a primary tumor at the site of injection in 3
weeks that can be transplanted to mice of the same strain
as a small fragment (2 � 2 � 2 mm3) in close contact with
the tibia. For this purpose, the periostum of the diaphysis
was opened and resected along a length of 5 mm;
underlying bone was intact. The osteosarcoma fragment
was placed contiguous to the exposed bone surface
without periostum, and the cutaneous and muscular
wounds were sutured. Tumors appeared at the graft site
approximately 8 days later associated with the develop-
ment of pulmonary metastases in a 3-week period. The
tumor that develops in contact to the tibia induces
osteolytic lesions that reproduce the osteolytic form of
human osteosarcoma (22). The tumor volume (V) was
calculated from the measurement of two perpendicular
diameters using a caliper according to the following
formula: V = 0.5 � L � S

2, where L and S are the largest
and smallest perpendicular tumor diameters, respectively.
A model of pulmonary metastases was developed to
study RANK-Fc effect independent of bone environment,
where mice were anesthetized by inhalation of a mixture
of isofluorane/air combined with an intramuscular injec-
tion of buprenorphine as described above before i.v.
injection of 50 AL POS-1 cell suspension containing 1.5 �

105 cells. In these conditions, pulmonary metastases
developed rapidly, leading to the death of the animals
in 3 weeks after POS-1 cell injection.
Formulation Preparations. For intramuscular injections,

mice were anesthetized with a combination isofluorane/
air. Fifty microliters of block copolymers/DNA formula-
tions were injected into shaved tibial anterior muscles
at one site using a microfine syringe (U100; Becton
Dickinson). Lutrol, a block copolymer consisting of poly(-
ethyleneoxide)75-poly(propyleneoxide)30-poly(ethyleneox-
ide)75, was generously provided by BASF. Stock solutions
were prepared at 6% (w/v) in water and stored at 4jC.
Formulations of DNA with block copolymers were
prepared by equivolumetric mixing block copolymers in
water and DNA solution at the desired concentration
(50 Ag/muscle) as already reported (21).
Experimental Protocols. To determine the effect of

RANK-Fc delivered by synthetic vectors on osteosarcoma
development, the mice were transplanted with POS-1

osteosarcoma fragments as described above. Groups of
8 mice were assigned as controls (no injection), control
vectors (Lutrol/pcDNA3.1 alone), and RANK-Fc (Lutrol/
pcDNA3.1-RANK-Fc), respectively. Preliminary results
from the laboratory have already shown that the vector
Lutrol alone does not affect tumor development in the same
mouse osteosarcoma model (9). A preventive treatment
was applied, where the Lutrol/DNA formulations were
injected into both tibial anterior muscles once a week,
beginning 7 days before osteosarcoma implantation up to
21 days post-implantation. The tumor volume was calcu-
lated as described above. Treatment continued until each
animal showed signs of morbidity, which included
cachexia or respiratory distress, at which point they were
sacrificed by cervical dislocation. Lung tumor dissemina-
tion was assessed at necropsy.
Radiographs on animals anesthetized with 50 mg/kg

Nesdonal (Merial) were taken every week and at the time
of necropsy with a mammography PLANMED Sophie
apparatus (SN RAH 40710). Analysis of architectural
variables was done using the high-resolution X-ray
micro-CT system for small animal imaging SkyScan-1072
(SkyScan). Relative volume (BV/TV) of the tibia [total bone
(cortical + trabecular) or trabecular bone] was quantified at
necropsy in the osteosarcoma groups that received RANK-
Fc compared with that of control mice. The results of one of
three representative experiments are shown.

Gene and Protein Expression Analysis

To assess RANK-Fc transgene expression in vitro at the
mRNA and protein levels, pcDNA3.1- and pcDNA3.1-
RANK-Fc-nucleofected RAW 264.7 cells were cultured in
six-well plates (2 � 106 per well) under standard conditions
during 48 h.
In vivo , blood was drawn intermittently from the retro-

orbital vein to monitor serum RANK-Fc level (days 7, 10,
or 15 post-injection). At necropsy, the tumor and muscle
tissues were lysed in 1� reporter lysis buffer (Promega)
supplemented with protease inhibitor cocktail (Roche
Molecular Biomedicals), buoyed during 30 s using Ultra-
turax, centrifuged at 10,000 rpm during 5 min at 4jC, and
processed for RANK-Fc detection using the ELISA test
described below.
RNA Extraction and Semiquantitative Reverse

Transcription-PCR Analysis. RANK-Fc mRNA expression
was determined by reverse transcription-PCR (RT-PCR)
after total RNA extraction using Trizol reagent (Invitrogen).
First, RNA was reverse transcribed using 400 units
MMLV-RT (Invitrogen). Then, 2 AL RT reaction mixture
was subjected to PCR using upstream (5¶-GCTGGCTAC-
CACTGGAACTC-3¶) and downstream (5¶-GTGGGCATG-
TGTGAGTTTTG-3¶) primers (30 pmol each) of sRANK-Fc
and Taq polymerase (1.25 units; Eurobio). The effect
of RANK-Fc was assessed on tumor cell phenotype
by studying the expression of several bone markers by
RT-PCR.
RANK-Fc ELISA. RANK-Fc protein levels were

determined by ELISA test: 96-well plates were coated
with goat polyclonal anti-mouse RANK extracellular
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domain (Jackson ImmunoResearch Laboratories;
0.2 Ag/well) overnight at room temperature and then
washed and incubated for 1 h with a blocking solution
(1% bovine serum albumin, 5% sucrose PBS). After
washing, wells were incubated at room temperature with
dilute serum or medium from nucleofected RAW 264.7
cells for 2 h followed by a 2 h incubation with a biotin-
SP-conjugate donkey anti-human IgG (1:20,000; R&D
Systems). Detection was done with conjugate streptavidin
horseradish peroxidase (1:200; R&D Systems) incubation
for 30 min. Reaction was stopped by 50 AL of 1 mol/L
H2SO4, and 410 nm absorbance was determined (VICTOR2

Multilabel counter; Perkin-Elmer). The ELISA detection
limit was 0.02 ng/mL.

Histology

After sacrifice, tibia were conserved and fixed in
10% neutral-buffered formalin at 4jC and embedded in

glycol methyl methacrylate for TRAP staining, and 5 Am
sections were cut. The sections were stained for TRAP to
identify osteoclasts by 1 h incubation in a 2 mg/mL
naphthyl phosphate (Sigma) and 5 mg/mL fast violet
salt (Sigma) solution. The counterstain was done with
toluidine blue after a 1 h inactivation of the first solution in
sodium fluorure. The number of osteoclasts was evaluated
on the cortical bone by manually counting by light
microscopy.

Data Analyses

For in vivo experimentations, the Tukey/Bonferroni
test was used for microscanner and nonparametrical
test by Kruskal-Wallis analysis for the tumoral progression
evaluation. The differences of actuarial survival
were determined by the log-rank test on a Kaplan-Meier
survival curve. Statistical evaluation of the in vitro

proliferation data was done by Student’s t test. Results

Figure 1. In vitro and in vivo validation of RANK-Fc transgene overexpression and biological activity. mRANK-Fc transgene expression was assessed
48 h after transfection in murine RAW 264.7 cells using a AMAXA nucleofector /pcDNA3-mRANK-Fc formulation at the transcript level by RT-PCR (A) and
at the protein level by ELISA in the culture medium (B). In vivo, formulations of pcDNA3-mRANK-Fc with Lutrol block copolymers were assessed. The
formulations were prepared by equivolumetric mixing block copolymers in water and DNA solution at the desired concentration (50 Ag/muscle). The DNA-
Lutrol formulation was administered in the tibial anterior muscle of both legs at weekly intervals. mRANK-Fc expression was analyzed 7 d post-injection by
ELISA test in the muscle and in the serum (C). The biological activity of the mRANK-Fc transgene was assessed by its ability to block the RANKL-induced
multinucleated cell formation in RAW 264.7 cells (D). RAW 264.7 cells transfected by nucleofection with pcDNA3.1 or pcDNA3.1-mRANK-Fc (RANK-Fc)
were cultured in the presence of 50, 75, and 100 ng/mL RANKL during 5 d to assess multinucleated cell formation. *, P = 0.048, pcDNA3.1/RANK-Fc-
versus pcDNA3.1-transfected RAW cells cultured with 75 ng/mL RANKL; **, P =0.003, pcDNA3.1-mRANK-Fc- versus pcDNA3.1-transfected RAW cells
cultured with 100 ng/mL RANKL. Viability assay using XTT test of MG63 cells cultured in the presence of 50 or 100 ng/mL human TRAIL were realized
with recombinant human RANK-Fc (100 ng/mL), which exhibits the same sequence than the RANK-Fc transgene produced in vivo (E).
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are given as mean F SD and results with P < 0.05 were
considered significant.

Results

In vitro Analysis of Transgene Expression

mRANK-Fc overexpression was investigated at the
mRNA and protein levels by RT-PCR and ELISA analyses
done on RAW 264.7 cells, which were transfected
with pcDNA3.1 or pcDNA3.1-RANK-Fc using the
AMAXA nucleofector system. RT-PCR analysis showed
a major expression of RANK-Fc mRNA in pcDNA3.1-
RANK-Fc-transfected cells, whereas no expression was
observed in the corresponding pcDNA3.1-transfected cells
(Fig. 1A). This result was confirmed at the protein level
by ELISA analysis, as supernatant from pcDNA3.1-RANK-
Fc-transfected cells showed a high level of mRANK-Fc
protein (101.6 F 15.88 ng/mL) after 48 h when compared
with pcDNA3.1-transfected cells, which showed no protein
expression (Fig. 1B).

In vivo Validation ofTransgene Expression

After injection of the DNA-Lutrol complexes into the
tibial anterior muscles, an overexpression of the RANK-Fc
transgene was measured at both systemic (serum) and local
(muscle) levels in mice treated with pcDNA3.1-RANK-Fc.
The production varied from 0.053 to 0.499 ng/mL in the
serum and from 0.09 to 22.57 ng/mL in the muscle, being
significantly higher to the pcDNA3.1 or control groups
where no RANK-Fc expression could be detected, either

in serum or in muscle (Fig. 1C). No correlation could
be established between RANK-Fc concentration (either
systemic or local) and its therapeutic efficacy. The
immunogenicity of the human Fc part of RANK-Fc was
checked previously in a immunocompetent rat model
of osteosarcoma, and no antibodies were detected up to
3 weeks (not shown).

In vitro Validation of Transgene Biological Activity

To confirm that RANK-Fc expressed by nonviral gene
transfer was biologically active, we investigated its ability
to block RANKL-induced multinucleated cell formation in
the osteoclast precursor RAW 264.7 cells. Inhibition of
osteoclast formation was analyzed by multinucleated cell
counting after May-Grünwald Giemsa staining of
pcDNA3.1- and pcDNA3.1-RANK-Fc-transfected RAW
264.7 cells cultured in the presence of soluble RANKL.
The results presented in Fig. 1D show that RAW 264.7 cells
transfected with pcDNA3.1-RANK-Fc induced a significant
inhibition of multinucleated cell formation in the presence
of RANKL compared with cells transfected with pcDNA3.1
[84.7 F 4 and 148.3 F 39.1 multinucleated cells (P = 0.048)
in the presence of 75 ng/mL RANKL and 62.7 F 7.4 and
272.7 F 30.3 (P = 0.003) for 100 ng/mL RANKL,
respectively].
To ensure that RANK-Fc does not block TRAIL-mediated

apoptosis, the effect of RANK-Fc was assessed on the
human osteosarcoma cell line MG63 treated with increas-
ing concentrations of TRAIL. To dispose of great amount of

Figure 2. mRANK-Fc transgene ex-
pression prevents osteosarcoma-associ-
ated osteolysis. Mice were transplanted
with POS-1 osteosarcoma fragments as
described in Materials and Methods.
Groups of six to eight mice were
assigned as CT (controls: no tumor),
POS-1/pcDNA3.1 (control vectors:
Lutrol/pcDNA3.1 alone in POS-1 osteo-
sarcoma-bearing mice), and POS-1/
RANK-Fc (Lutrol/pcDNA3.1-mRANK-Fc
in POS-1-bearing mice), respectively. A
preventive treatment was applied,
where the Lutrol/DNA formulations
were injected into both tibial anterior
muscles once a week, beginning at 7 d
before osteosarcoma implantation up to
21 d post-implantation (time of sacri-
fice). At that time, the tumor-associated
osteolysis was analyzed by radiography
(A) and the microarchitectural variables
by micro-CT (B and C). The trabecular
specific bone volume was quantified
in percentage by the following formula:
BV / TV (C), where BV is bone volume
and TV is total volume. Relative bone
loss was calculated as percentage of
control following the formula: [(BV /
TV)CT - (BV / TV)POS or mRANK-Fc] / (BV /
TV)CT. *, P < 0.05, POS-1/pcDNA3.1
versus CT.
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protein for dose and time-dependant analysis in vitro , a
recombinant RANK-Fc corresponding to the same se-
quence as the transgene used in the in vivo study was
chosen. No effect of RANK-Fc treatment could be shown on
TRAIL-induced apoptosis of MG63 cells (Fig. 1E). Similar
results were obtained with other TRAIL-sensitive cell lines,
such as the A673 human Ewing sarcoma cell line.
These results show that RANK-Fc protein is expressed

after nonviral gene transfer both in vitro and in vivo and
that it exerts an antiresorption activity in vivo (against
RANKL) and not a protumoral one (unable to block
TRAIL-induced apoptosis).

Protective Effect ofmRANK-FcTransgene Expression

on Bone Resorption Associated to Osteosarcoma

Development

The mouse osteosarcoma POS-1 model used in this study
has been associated previously with osteolytic lesions by
micro-CT analysis (22). To show the inhibitory effect of
RANK-Fc on the development of osteolytic lesions, mice
transplanted with osteosarcoma were treated with
pcDNA3.1-RANK-Fc or pcDNA3.1 alone (control vector)
using the amphiphile block copolymer Lutrol, which have
shown previously the best transfection efficiency in vivo

(20, 21). Because control tumors and pcDNA3.1 (control
vector)-treated mice exhibit similar bone alterations (9),
only pcDNA3.1-treated mice tibiae radiographs and micro-
CT analyses were shown. Important osteolytic lesions were

observed on the tibia of POS-1 osteosarcoma-bearing mice
treated with pcDNA3.1 alone compared with the
pcDNA3.1-RANK-Fc group that exhibit minor lesions
(Fig. 2A). These results were confirmed by the bone
microarchitecture analysis, as the quantification of the
specific bone volume revealed a reduced trabecular bone
loss in RANK-Fc-treated mice compared with the
pcDNA3.1 group: 24.01% versus 44.7%, respectively
(Fig. 2B and C). The anti-bone resorption activity of the
RANK-Fc transgene was thus confirmed in vivo , as RANK-
Fc treatment induces a decrease of osteolytic lesions in the
POS-1 model of osteosarcoma compared with the control
group (CT: without tumor).

mRANK-FcTransgene Expression Limits Osteosarco-

ma Progression and Increases Animal Survival

Mice received a preventive treatment with DNA-Lutrol
complexes, the first injections being realized 7 days before
osteosarcoma implantation. This strategy was chosen
because in vivo transgene production is optimal 7 days
after the construct injection, this time point corresponding
to the day of tumor transplantation. The tumor volume was
calculated twice a week following the measure of the two
perpendicular diameters. The results show that the tumor
volume of each animal was smaller in the RANK-Fc-treated
group compared with the pcDNA3.1 or the control groups
(Fig. 3A). As a result, the mean tumor volume 21 days after
tumor implantation was significantly lower in the group

Figure 3. mRANK-Fc decreases tumor volume, tumor progression, and increases mouse survival. The same protocol was applied as in Fig. 2. The tumor
volume (V ) was calculated from the measurement of two perpendicular diameters according to the following formula: V =0.5 � L � S

2, where L and S are
the largest and smallest perpendicular tumor diameters, respectively. The tumor volumes of individuals untreated or treated by pcDNA3.1/Lutrol
formulation (named pcDNA3.1) are compared with that of mice treated with pcDNA3.1-mRANK-Fc/Lutrol (RANK-Fc), 50 Ag in both tibial anterior muscles
(A). The mean tumor is indicated at day 21 in each group as m1-3. The incidence of animals bearing progressive tumors at day 21 is also indicated as i1-3.
The mean tumor progression volume between days 12 and 21 (B). *, P < 0.05, pcDNA3.1-mRANK-Fc-treated versus pcDNA3.1 mice; **, P < 0.01,
pcDNA3.1-mRANK-Fc-treated versus untreated mice (CT). The overall survival rate was compared between control mice and mice that received pcDNA3/
Lutrol formulation (pcDNA3) and pcDNA3.1-mRANK-Fc/Lutrol (RANK-Fc) over a 28-d period (C). *, P < 0.02.
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receiving RANK-Fc compared with the pcDNA3.1 group
or the control group (P < 0.05), reaching 1,652.7 F 1,055,
4,272.7 F 712.8, and 4,504.1 F 2,162.2 mm3, respectively
(Fig. 3A). In addition, the incidence of animals bearing
progressive tumors (tumor volume > 2,000 mm3) is
significantly lower at day 21 in the RANK-Fc-treated
animals (2/6) compared with controls or pcDNA3.1-treated
mice (6 of 6 for both; Fig. 3A). These results enabled us

to calculate the relative tumor progression between days
12 and 21, which was significantly decreased by 62.7%
(P < 0.05) and 64.3% (P < 0.01) in the RANK-Fc-treated
group compared with the pcDNA3.1-treated and untreated
groups, respectively (Fig. 3B). As a consequence, a
significant increase (P < 0.02) of animal survival was
observed with 57.1% of survival at day 28 in the RANK-
Fc-treated group versus 0% in the pcDNA3.1-treated group

Figure 4. mRANK-Fc gene transfer inhibits osteosarcoma progression by preventing bone resorption. TRAP staining was realized on 6 Am sections of
tibias and tumors from pcDNA3.1- and RANK-Fc-treated mice (A). Numerous TRAP-positive osteoclasts were observed in POS-1 osteosarcoma-bearing
mice treated by pcDNA3.1 (arrows ). Magnification, �320. Osteoclast numbers at the tumor-bone interface surface (OcS/TBIS ; B).

Figure 5. mRANK-Fc exerts no direct effect on osteosarcoma cells in vitro. Effects were assessed on POS-1 cell proliferation using a XTT assay as
described in Materials and Methods. POS-1 cells were treated for 24 to 72 h with increasing concentrations of recombinant mRANK-Fc (50 and 100 ng/mL)
that exhibits the same sequence as the mRANK-Fc transgene used for in vivo experiments (A). To determine the RANK influence on tumor cell apoptosis,
the caspase-3 activity was analyzed in the cell lysate of POS-1 cells treated with 100 ng/mL mRANK-Fc for 24, 48, and 72 h (B). CT+, staurosporin
(1 Amol/L, 6 h) was used as positive control; CT -, POS-1 cells alone. Paralleled experiments were done on cell cycle distribution by fluorescence-activated
cell sorting analysis in the absence or the presence of 100 ng/mL mRANK-Fc during 24, 48, and 72 h (C). As no effect could be detected, only the results
obtained after 72 h of incubation are shown.
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and 14.3% in the untreated group (Fig. 3C). Animals died of
respiratory distress because of lung metastasis or were
sacrificed due to huge tumor development. Animals
treated with RANK-Fc showed no pulmonary metastases
at day 26.
All these results show that RANK-Fc not only exerts a

protective effect on osteosarcoma associated bone lesions
but also diminishes the tumor progression in bone,
increasing the animal survival in an osteolytic model of
osteosarcoma.

Expression of mRANK-Fc Inhibits Osteosarcoma

Progression by Preventing Bone Resorption

Complementary to radiographic and micro-CT analyses,
TRAP staining was done on osteosarcoma sections from
mice treated or not with RANK-Fc to determine whether
this cytokine could inhibit osteosarcoma-induced osteoclast
formation. The development of large osteosarcoma tumors
in this model is accompanied by increased osteoclastic bone
resorption and increased recruitment of osteoclasts to the
tumor-bone interface (Fig. 4A, arrows). The presence of
TRAP-positive osteoclasts was abrogated in the sRANK-Fc
group (Fig. 4A and B), confirming at the cellular level the
inhibitory effect of RANK-Fc on osteosarcoma associated
osteolysis.

In vitro , RANK-Fc Has No Effect on Tumor Cell

Proliferation, Apoptosis, Migration, and Gene

Expression

To determine whether in vivo RANK-Fc-inhibitory effect
on tumor progression is direct on tumor cells, several
in vitro experiments were done on osteosarcoma cell
proliferation, apoptosis, cell migration, gene expression,
and cell cycle using the POS-1 mouse osteosarcoma cell
line corresponding to the in vivo model.
The viability of POS-1 cells treated with increasing

concentrations of RANK-Fc was analyzed from 24 to
72 h using a XTT-based method. No significant effect
was noticed even after 72 h of treatment with 100 ng/mL
RANK-Fc (Fig. 5A) nor on POS-1 cell apoptosis as analyzed

by caspase activity assay (Fig. 5B). Similarly, RANK-Fc
treatment had no effect on POS-1 cells migration (data not
shown) and on the cell cycle phase distribution (Fig. 5C).
RT-PCR analysis shows that a 100 ng/mL treatment during
72 h with RANK-Fc does not induce gene expression
modulation of POS-1 cells (data not shown).
These data show that the inhibitory effects observed on

tumor progression in vivo for the RANK-Fc-treated group
are not due to a direct effect on POS-1 tumor cells.

RANK-FcTreatment Does Not Affect Tumor Nodule

Development in Lungs

As RANK-Fc exerts no direct effect on tumor cells,
we hypothesize that the inhibitory effect observed in
osteosarcoma development is the indirect consequence of
bone resorption inhibition, thus depending on bone
microenvironment. To show this hypothesis, another set
of experiments was done in mice developing tumor lesions
in lungs. This model was induced after POS-1 cell injection
in the retro-orbital vein. The results presented in Fig. 6
show no significant differences between the different
groups in the overall mouse survival rate, indicating that
RANK-Fc exerts no inhibitory effect on tumor development
outside the bone microenvironment.

Discussion

The mouse model of osteosarcoma used in this study is
characterized by the presence of osteolytic lesions (24). The
release of latent growth factors (such as insulin growth
factor, transforming growth factor-h, bone morphogenetic
protein, platelet-derived growth factor, and vascular
endothelial growth factor) stored in the bone matrix during
osteolysis stimulates the tumor growth in a vicious
cycle that leads to tumor cell proliferation and tumor
progression in bone sites (25, 26). Bone resorption inhibitors
thus appear as one of the most promising tools to manage
osteolytic lesions associated to primary or secondary bone
tumors. The OPG/RANKL/RANK pathway offers multi-
ple molecular checkpoints for therapeutic targeting in
osteolytic tumors. Inhibition of this axis has shown
therapeutic efficacy in restricting tumor-mediated osteol-
ysis in vitro as well as in animal models of both bone
metastasis (16, 27–29) and osteosarcoma (9). Indeed,
previous results obtained in our laboratory in the
same mouse osteosarcoma model with OPG gene transfer
showed the relevance of using such antiresorptive
factors as promising therapeutic approaches for primitive
osteolytic tumors. However, the ability of OPG to block
the TRAIL apoptosis pathway in cancer cells was noticed
and there were concerns that this could lead to a burst
in tumor growth (30). Denosumab is a fully human
monoclonal antibody directed against RANKL and is
currently under investigation in phase III clinical trials
(31, 32). Denosumab was generated by immunizing the
XenoMouse (33) with full-length human RANKL protein,
producing a fully human IgG1 monoclonal antibody,
which recognizes an epitope with a single amino acid
difference between the mouse and the human sequences.
Because human IgG1 can induce complement-dependent

Figure 6. mRANK-Fc exerts no therapeutic effect in a model of tumor
lesions that develop in lungs. A model of pulmonary tumor lesions was
induced in C3H/HeN mice by the i.v. injection of 200 000 POS-1 cells in
the retro-orbital vein. The Lutrol/DNA formulations were injected into both
tibial anterior muscles once a week, beginning at 7 d before POS-1 cells
injection up to 21 d post-implantation. The mice were separated into
three groups (n = 8) treated as follows: control mice received vehicle
(PBS) alone (CT), pcDNA3.1/Lutrol (pcDNA3.1), or pcDNA3.1-mRANK-Fc/
Lutrol (RANK-Fc). The overall survival rate was compared with the three
groups over a 56-d period.
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cytotoxicity or antibody-dependent cell cytotoxicity to
target cells (34), it was converted to a noncytotoxic IgG2
monoclonal antibody, known as Denosumab, which has an
extremely high affinity (Kd, f10 12 mol/L) for human
RANKL. The fact that Denosumab does not recognize
rodent RANKL has complicated preclinical development,
with only one relevant animal study conducted in
cynomolgus monkeys (35). Therefore, as these anti-RANKL
antibodies cannot be used in our mouse model of
osteosarcoma, RANK-Fc, another member of the tumor
necrosis factor receptor family was used in the present
study. Indeed, RANK-Fc, the fusion of the extracellular
domain of RANK (amino acids 22-209) with the constant
region of human IgG1 has the potential advantage over
OPG of greater specificity for RANKL (15). Delivery of
RANK-Fc as a recombinant protein has shown promising
results as a potential therapy through experiments in
animal models, in that RANK-Fc limits hypercalcemia
and osteolysis induced by myeloma or prostate cancer
and reduces bone tumor establishment in these models
(15, 16, 29, 36). Moreover, a recent study reported that
RANK-Fc inhibition of RANKL has an antiosteoclast
activity at doses that have no detectable immunoregulatory
activity (37). Even if long-lasting expression of RANK-Fc
could be provided at bone-protective levels using a
retrovirus-mediated gene transfer approach by the use of
genetically modified mesenchymal stem cells (17), the
toxicity associated with the use of such viral vectors is
extremely complex.
The results from the present study validate the nonviral

gene transfer method and the therapeutic interest of
RANK-Fc in osteosarcoma. This methodology has proven
previously its efficacy to deliver and express therapeutic
gene in the same mouse model of osteosarcoma (9). In
the present study, we show that when injected every
week, the DNA-Lutrol complexes can induce RANK-Fc
overexpression at both local (muscle) and systemic levels
in sufficient quantities to induce anti-bone resorption
activity. The overproduction reached its maximum 7 days
after injection and lasted for 15 days at the systemic level.
The intramuscular injection of the RANK-Fc/Lutrol
complexes induces a local RANK-Fc transgene production
that blocks bone resorption as confirmed by radiography
and histology and quantified by micro-CT analysis in an
osteolytic model of osteosarcoma. Moreover, the same
inhibitory effect on bone osteolytic lesions has been
obtained by adenoviral delivery of RANK-Fc in a rat
osteocondensant osteosarcoma (data already published;
refs. 3, 27).
Given its role in osteoclastogenesis, it is likely that

inhibition of osteosarcoma progression by RANK-Fc
reflects, at least in part, its ability to inhibit bone
resorption. Indeed, RANK-Fc has no direct activity on
osteosarcoma cells as shown by in vitro studies on
proliferation, migration, apoptosis, cell cycle, or pheno-
type analysis. Furthermore, the observation that RANK-Fc
did not diminish development of nonosseous tumors
(pulmonary tumor lesions induced by the same osteosar-

coma POS-1 cells injected i.v.) suggests that the ability
of RANK-Fc to inhibit osteosarcoma development was
not caused by a direct effect on tumor but rather specific
to factors in the bone microenvironment. Given that
RANKL expression has been shown previously in the
POS-1 tumor by immunohistochemical analyses (9), the
present data suggest that inhibition of RANKL activity
diminishes the osteosarcoma progression. Moreover,
other experiments done in our laboratory have shown
that osteosarcoma cells express RANK and that RANKL
is able to induce modulation of gene expression in these
cells (24, 38, 39). Targeting RANKL is therefore a
promising approach in bone tumor therapy. It has been
shown that RANKL is implicated in the pathogenesis of
bone metastasis at several levels: increased bone resorp-
tion as a result of excess RANKL results in the release of
growth factors that facilitate tumor cell division and
survival, and a recent study suggested a role for RANKL
as a chemoattractant for certain cancer cells metastatic to
bone (40). Furthermore, RANKL can stimulate both
angiogenesis (41) and endothelial cell survival (42),
suggesting a role for RANKL in supporting vasculariza-
tion of bone metastases. This role could also be extended
to osteosarcoma, which is a naturally highly vascularized
tumor. As RANKL participates to the regulation of Treg
function, it could also interfere in tumor response at this
level (43, 44).
To inhibit RANKL activity, three candidates are poten-

tially promising: the decoy receptor OPG, the soluble
receptor RANK-Fc constructed as the fusion of RANK
extracellular domain with the constant region of the human
IgG1, and antibodies directed against human RANKL. The
advantage of using anti-RANKL antibodies is that they do
not inhibit the TRAIL apoptosis pathway. In a recent
randomized, double-blind, double-dummy, active-
controlled multicenter phase I clinical study, Body et al.
(45) showed the efficacy of denosumab. A single s.c. dose of
denosumab given to patients with multiple myeloma or
bone metastasis from breast cancer yielded a dose-
dependent and sustained reduction in bone resorption.
However, as this therapeutic agent cannot be used in
immunocompetent models of bone tumors in rodents,
RANK-Fc, which is more specific of RANKL binding than
OPG, seems therefore a better therapeutic tool for these
pathologies.
In conclusion, these data show that RANK-Fc delivered

by nonviral gene transfer is a promising therapeutic
approach for osteolytic bone tumors such as osteosarcoma
by targeting RANKL in the bone microenvironment.
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�&�2��� ��";!��4���������=4�:���!' �+4�<��������	4���C��;� �F��'/:����4�����0���#�"������*�
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�&�&��� >��#� H4� + ��� >4� ?��#� >4� ���� �4� )�!*��#I�� G4� ��"��!;�� 1�4� ��� �"�� �;�/���������
�������� �6%��!!���� �*� '/:���� ���� �'"/�� '��*��!� �'J������ ��!�!���'�� ��� )����/
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���3�2���7�8�77/��-��+)/2�/&���
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##���� �4� ?�I�;� )(4� (��!!� �(4� ���0� �� 14� >��0����� ��4� ��� �"��
��!�!���'�����)����/����'����%�%��!�!� ���%������C��������'�������"������� ������
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�*��G+F��F��������&222,-37&$/77�����3�2��2�8�722��

�&����� ��""�#��� �4� ���#"��� =�4� �'
0��� �4� >�"!��� )�4� �'���# "��� <4� (� �!���� ����
+ ���� ���%������ )����/���������'�"���'��'��� '�""� ���� 3� � �� ��"�!� �*� %74�
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�&�$��� ��!���';� �4� =��0���;� +4� 	�%�� �4� 	��!� )�4� =��!!����' ��� �4� 1%��';� ��4� ��� �"��
1�%%��!!�����*�':�����!�!�**�'��������!��!���I�� �������"������'�""!����)����/�����
+=$7�/��������� �%�%��!�!�� ��'�#���� &22�,&�3&��/&&2��
���3�2��2�8!9���'��&�2$�7�

�&&2��� >�"!���)�4��'���# "���<�4��'
0����4�1�;���	4���#��!�<��4���������<�4�����"��

'/:���3���;�����#�"������*�'�"���'��"�'��'���'�""����� ��+��'�����!�&22�,-�37�7./
7�-&�����3�2���7�8222�/7.�&�+�F/2-/7�7�

�&&���� ���#"���=�4�>�"!���)�4��'
0����4��""���>�4��'=�������54���""�#����4�����"��'/:����
�� ����!� ' ���� ���%�/����'��� '�"���'��"� '��'��� '�""� ���� �� ��'�#����
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�&&&��� 1 ��"��� 14� ��' ���� ��� )��#����#� '/:���� ��� '��'���� +��'��� ����� &2�2��
���3�2��2�-89�'��"���&2�2��2�22$�

�&&��� =�C����6�@�4�)�;� �! ���4�1�"C�!����14������(+��H/"��;��������!�������'���� �������
�*�'�""/���� �%�����!�!��F�������$$�,��322/2.�����3�2��2�8.2$2��

�&&.��� 1' �������=4�>�"! �<4�����""��+4�>��#�?4�<��9�0!;���4����������/(4�����"��1��""/
��"�'�"�� ����#���!�!� �*� �%�%��!�!� !�%%��!!��� H���� �6 ����� ������ ����������
�'��C�����+��'���+�""�&22.,73&7/7��

�&&7��� :�"��� 14� ������ 
4� =������� </��� �� �������� �*� )����/����'��� �%�%��!�!� ��� �'"/&�
�C���6%��!!�������'�#����&22&,&�3&&�/&&$.�����3�2��2�8!9���'��&27&7��

�&&-��� )�������4������� "����4�	�#�' ��	4�>�������#�F4�����;�1:4�:����#���=(4�����"���'"/��

�������!� ������ ��'��!�!� *�'���/��"����� �%�%��!�!/����'��#� "�#���� ��!�!���'�� ���
 ����� ' �"��#��'��'������ '�""!�� +��'��� ��!� &22.,-.37��/7&.��
���3�2���7�8222�/7.�&�+�F/2/&��2�

�&&���� >��� �)4�<E ��"�:4�:"��!' ����/�������4�>�""���F4�=9�9�!��������4�����"% �<�4����
�"�� )�"�����!�/��%������� C���� ���%�� �C��'���!� ��!�!���'�� �*�  �%���'�""�"���
'��'�����!��#���!��' ���� ���%��������������'��!�!�*�'���/��"������%�%��!�!/

����'��#� "�#���� ��� �"���������� �*� �'"/��� +��'��� ��!� &227,-73�$/�.2&��
���3�2���7�8222�/7.�&�+�F/2./--.�

�&&���� <���(/G4�����(/G4�<���=/�4�<����/�4�G��(/>4�<���G/1��)��==��!�'����'�"�*�����!�!���'��
��� )����/����'��� '�""� ���� � � ���# � F:/W�� �'��C������� :
�1� ����� &2����
���3�2��2�-89�*��!"���&2���27�2.�

�&&$��� ����"# ����(4�
"/=�����>1��)�������'�%����!�#��"��#������ ���%����'!��
6%�����%����

) ����)��#��!�&2�2,�.3�2$�/��2������3�2��7��8�.�&�&&&�&2�2�7�$�2��

�&2��� >�!!������)�4�@��6�>(4����;��
��) ��'��*����������*�� ���6���'�""�"���������#�
������� �*� =��� � ��'�%���� 7� ��� � �� %��!��'�� ���� ��!��'�� �*� � �� �'��C����#�
"�#���� )����3� �� ��"�'�"��� ������'!� !������ �������!� &22�,�23/.��
���3�2��22&8%����&�7.��

�&���� ���#��� �4� @��!�� 1/�4� �"D�I� �4� 	���� �4� <��I� �4� ���#��� �4� ��� �"�� 1��!���I������ �*�

��"������'�""!� *������� � "�#���/����'����%�%��!�!������� ��������������C���C�//

� ��'������ �*� ��� � �6����!�'� ���� ������!�'� �%�%��!�!� %�� 0��!�� ���' ����
� ����'�"�&2��,��3��/�������3�2��2�-89��'%�&2�2�2$�2�2�

�&&��� 1 ����� <4� >�� G4� ���C��I� 1�� �G27��� �� ��'�!� )����� !��!���C���� �*� 1	
�/��
������"�!�����'�""!�C��� ����#���%���6���/�������������#��/�'��C�����%�������

;���!�� �'��C������ ���� �%/��#�"������ �*� ���� � ��'�%���!�� +��'��� ��!�
&22$,-$3�$.�/�$72�����3�2���7�8222�/7.�&�+�F/2�/�$$-�

�&��� ) ��������4��� ��; ��<4�:����	��)�������'�%���/���#������ ���%����'!3���!�!���'��
��' ���!�!� ���� !�����#��!� ��� �C���� � ���� =��#� ��!�!��� 5%���� &22�,��3��/&.��
���3�2��2�-89����%�&22��2&�22��

�&.��� 1I"�!I;��
4���I����4� ?���0�'I��4�+I����?�4� <�N"�>�� )����/����'����%�%��!�!�����

�6%��!!�����*����� ���'�%����)����/�������)����/�&�����"������'��'���'�""!��:�"���
	�!��' ����+������"�&22$,.�37�$/7�7�����3�2�&.��8C�22.&/22$/2���/&�

�&7��� 1 ��� G4� 	����� �4� =�6��� �>4� H�� +4� ����� �=4� <�0���� 1<�� � ����'�"�#�'�
��0���#�"������ �*� '/:���A�B� ��!����!� 9�6��'����� ���� � ��'�%���/���������
�%�%��!�!����'��'���'�""!������%��������"�'��'�������!�!�����"������(�+��'���&2����
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�&-��� �"�����;��4�<D "����4�����!���4����;!' ��4�<��������	4���/>����������'�#"������
����;!�)����� ��!�!���'�� ���	)�R/�/�!!�'���������"��)/'�""� "��;����8"��% �������
����!"������"� !�%%��!!���� �*� '/:���� �6%��!!����� +�""� =��� � =�**��� &2��,��3-&/�2��

���3�2��2�8'���&2�2�$$�

�&���� 1��#� (	4� 1��#� =<4� 	��"��� �4� �����;� <+4� 	��� +�� +�!%"����� ��0�/��#�"������ �*�
'�""�"��� :�!/�!!�'������ ���� � ������/"�;�� �����"��;��/�����/'��C�����#� ��I���/
"�;���� ��������%������!������!�������������'��!�!�*�'���/��"������%�%��!�!/����'��#�
"�#���/����'��� �%�%��!�!� ���  ����� ��"������ '�""!�� +"���� +��'��� ��!�
&22,$3.&77/.&--��

�&���� ���;� 1/(4� <��� �/(4� <��� 	/�4� 1� �� 	/G4� ���� (/	4� <��#� +/=4� ��� �"�� )��' �!������ ��
!��!���I�!�  ����� �C������ '��'��� '�""!� ��� )����/����'��� �%�%��!�!� ��� ��0�/
��#�"������ �*� '/:����� C��� �� �������� �*� 
�:�� %�� 0���� ���' ���� � ����'�"�
&22$,��3�&�/�-�����3�2��2�-89��'%�&22���&�2&��

�&$��� G����<4�	�����;���4�G�! ����)4�G�!����)4�)���#�' ��	4�������
4�����"��+ �������
����'�!���#����������*�H���������� ��'�!�)�����!��!���C����������#�����"�'��'���

'�""!�������(����'�"�&2��,�3-7/�.�����3�2��$&8�9��&2�2���.�

�&.2��� (���#� (/<4� ����� �/	4� 1��� (/14� 1��"� (/>4� ���;� 1/G4� ���� G/(�� 	�%�6��� ����'��#�
*�'���/��"% �� ��#�"���!� ������ ��'��!�!� *�'���/��"������%�%��!�!/����'��#� "�#����
!��!���C���� ��� ������ '�""!� �6%�!��� ���  �%�6���� ���' ���� ���% �!�� ��!�� +������
&2�2,$$3�$/������3�2��2�-89����'�&2�2�2��2�&�

�&.���� 1������� >14� ��'��� =�4� =��!���� +�4� <�""��� �4� + ��#� �14� �E� �� �4� ��� �"��

�!���%����#����3� �� ��C�"� !�'������ %������� ��C�"C��� ��� � �� ��#�"������ �*� �����
���!�����+�""��$$�,�$32$/�$��

�&.&��� ���"�� >(4� 1������� >14� ��'��� =��� �!���'"�!�� ��**������������ ���� �'��C�������
F������&22,.&3�/.&�����3�2��2�8������2�-7��

�&.��� G�!���� 	4� 1 ����F4� F�;�#�0��F4� G���#�' �� <4� <���!�;���4� ������4� ��� �"�� ��
��C�"���"�'�"�����' ���!������"����#��!���'"�!����**���������������� *��'������

������$$$,&73�2$/����

�&..��� ��'��� =�4� )���!� 
4� )��� 	�4� <�""��� �(4� =��!���� +�4� ���#�!!� )4� ��� �"��
�!���%����#�����"�#�����!���'���;����� �����#�"���!��!���'"�!����**����������������
�'��C�������+�""��$$�,$3�-7/��-��

�&.7��� 	�*������ �+4� < �!"�� 14� =��!����+�4� ��'��� =�4� ���"��>(4� ��##!� ���� ) �� ��"�!� �*�

�!���%����#����������!���%����#����� "�#�������� ��%���'�������#�"�������*������
��!��%������(����������������!�&222,�73&/�&�����3�2��7$89����&222��7���&�

�&.-��� >��#���4�� ��(4�������(4������!���
4���"���';�(4�+ ����4�����"��)��F+
��!�����C�"�
"�#�����*�� ����������'��!�!�*�'������'�%����*���"��� ����'��C���!�'/(���F/�������"�
;���!�����)�'�""!��(�����"��+ ����$$�,&�&3&7�$2/&7�$.��

�&.���� �;����)4�<�!����4�5�!�������4�	���;�0��<��=��������������*�� �����!�*���!��*�� ��

��'�%���� �'��C����� �*� ��'"���� *�'���/;�%%��� "�#���� ���� � ���� ��**�������"�
�6%��!!����������������� ���!��
���'����"�#��&22�,�.&3�.�$/�.&-��

�&.���� 1�I�;��(4� �;����)4�<��������	4�1�;��14�<�!����4�5�!�������4�����"����#�"�������*�
�!���'"�!��#���!�!� ��� � ����  ����� ��F<�� �!�*���!� �6%��!!��� ��� F�	)� '�""!��
���' �������% �!����!��+������&22.,�.3�2&�/�2&���
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�&.$��� ) ��"�����14�>��������G4�)���1<4�:������G4��������:4�	�������=��) ����"�'�"���������
���8��F<8��F<�3� ��C�"C������ ���� ����' �!���������*�%�� �% �!��"�#�'�"������
������"��#�� +���;���� ���0� � :�'���� ��C� &22.,�73.7�/.�7��
���3�2��2�-89�'���#*��&22.�2-�22.�

�&72��� 	�;���� �4� )���;�� 1�� 
'��������� ! �����#� �*� ��'�%���� �'��C����� �*� F:/;�%%���
"�#�������C��
6%����������"�&22�,-2&3�7/&���

�&7���� �����4�>��#���4�(�!�����4���' �����(=4�
��9�����/�����#��	4�1' "D����**�(4�����"��

C����'�� *��� �� ��"�� �*� �� ������ ��'��!�!� *�'���/�"% �� A)F:/�"% �B/'��C�����#�
��I���/"�;��%�����!�� ��� ! �����#��*� )��F+
4��� )F:� *���"��������� ��C�"C��� ���
�!���'"�!��#���!�!�������������'�'�""�!��C�C�"��(�����"��+ ����$$$,&�.3�-�/�-����

�&7&��� ����#�!�14����I�R�"�!'��+4�)��' ���R4�:������G4�	�������=4��������!����������!�!�
���� ����� ������""��#�� +���;���� ���0� � :�'���� ��C� &22$,&23&$/.���
���3�2��2�-89�'���#*��&22�����227�

�&7��� 1���������4�<���	/�+4�? ��H4�:��������4����*�"��=4�+ �������1 �����#��*���F<��
��� �����/�!!�'������ �)�/���� �'��C���!� 1�'/��%������� %��!����� '��'��� '�""�
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Développement de nouvelles stratégies thérapeutiques dans le sarcome 
d’Ewing par inhibition du cercle vicieux entre prolifération tumorale et 

résorption osseuse. 

Mots-clés : sarcome d’Ewing, cercle vicieux, TRAIL, OPG, TNF-�, microenvironnement tumoral osseux 

Le sarcome d’Ewing est la deuxième tumeur osseuse primitive la plus fréquente après l’ostéosarcome 
et touche préférentiellement une population jeune. Malgré les progrès réalisés dans sa prise en charge 
thérapeutique, les taux de survie à 5 ans pour les patients à hauts risques restent faibles et mettent en 
évidence la nécessité de développer de nouvelles stratégies thérapeutiques. Une voie de recherche 
prometteuse repose sur le ciblage du microenvironnement osseux et notamment du cercle vicieux qui 
s’établit entre le développement tumoral et la résorption osseuse au cours du développement tumoral 
en site osseux. L’objectif de cette thèse a été d’évaluer les effets de deux stratégies thérapeutiques pour 
briser ce cercle vicieux dans des modèles précliniques de xénogreffe de sarcome d’Ewing. Dans un 
premier temps, pour cibler directement le développement tumoral,  nous avons étudié l’activité 
thérapeutique du TNF Related Apoptosis Inducing Ligand (TRAIL), cytokine à forte activité 
antitumorale, administré par transfert de gène non viral. Dans un second temps, nous nous sommes 
intéressés aux potentiels effets thérapeutiques de l’inhibition de la résorption osseuse en ciblant 
spécifiquement les deux voies d’ostéoclastogenèse impliquées dans l’apparition des lésions osseuse 
associées au développement tumoral. Pour cela, nous avons choisi d’inhiber spécifiquement par 
transfert de gène non viral, les voies impliquant le Receptor Activator of NF�B Ligand (RANKL) et le 
Tumor Necrosis Factor � (TNF-�), respectivement par l’administration de l’ostéoprotégérine et de 
TNF-Receptor 1 (TNF-R1), deux antagonistes solubles de ces cytokines.  

Development of new therapeutic strategies in Ewing sarcoma by inhibiting 
the vicious cycle between tumor proliferation and bone resorption 

Key words : Ewing sarcoma, vicious cycle, TRAIL, OPG, TNF-�, bone tumor microenvironment 

Ewing sarcoma is the second most common malignant primary bone tumor after osteosarcoma and 
develops mainly in young patients. Despite advances in treatment, survival rate for high risks patients 
remains low which underlines the necessity to find new therapeutic strategies. A promising approach 
consists in targeting the bone microenvironment and particularly the vicious cycle that occurs between 
bone resoprtion and tumor proliferation during tumor development in the bone site. The aim of this 
thesis was to evaluate the effects of two therapeutic strategies to break this vicious cycle using 
preclinical xenograft models of Ewing sarcoma. First, we studied the therapeutic activity of TNF 
Related Apoptosis Inducing Ligand (TRAIL), a cytokine with a strong antitumoral activity, 
administered by non viral gene transfer in order to target directly the tumor development. Next, we 
studied the potential therapeutic effects of the inhibition of bone resorption by targeting specifically 
the two osteoclastogenesis pathways implicated in bone lesion occurrence during tumor development, 
the Receptor Activator of NF�B Ligand (RANKL) and Tumor Necrosis Factor � (TNF-�) pathways. 
To this aim, we chose to inhibit specifically, by non viral gene transfer RANKL and TNF-� by 
administering respectively osteoprotegerin and TNF-Receptor 1 (TNF-R1), two soluble antagonists of 
these cytokines. 
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