
�

�

�

�

�

�

�

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

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

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

�

�

�

�

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

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

�

�

�

�

���
��������������������

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


�)��&� �(!��%#&�!�����*&����#�!#&�#%�	��$#�#+���

�

�

�

�

�

�

�

�

�

�

���'�!�&��(�,�&��!��-��#+�&�*�!����
#��(��'$$�!!��.�(��/01/�



���

�

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

	��� �!�"�������!��#�!�$���������

�
��%&���
'(�(%'%�%)��%��
�'�*'*��
�����(�
�%�*'��
�%'�
��

��%*��%'�������#�%*����*'�%���*�
%'���

*��	��&��!+����,�	�  ���"�#,��,�

���%�-
���&���,�.!$��*,�	����  �

'��#%������*(%�&�)-
"�����

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

�

����

�

���������

� #���/� !�� +������ ������� � ����� � ���� � /���� ���0�0 ���/� !���� �$��  ���� ������ �

/���/��� ��� ��� !+��!0�� �$��� ����/��/� +������ ������� �$���1�0����"� �0�$� ��� ���!2�3��� ��/�

���!�!2����$��!�$���1�"��2���/��0����� ����+�������������1�������,� �	!4����"����$���� �!�

+��!���!+��!0�� �$��� !� �� �����!�����!3�1��������4��$��� �$���� ���� �� /������+���3��� 3�!��

���������,� � 
����1!10 ���!��!3�+������ �������1�������� ������/�4��$��/50����� �$���1���3����

�0�6���"� ����� 1�������� ���� !���7������/"� ��� �$��� 4!0 /� ������ �21�������� �� �1��� �����

4��$!0�� ��������6� �/50����� �$���1���,� � *�!�6� �$�� ��������6� 1�������"� �!��� ��$�����

/0��+ ���������!��3�!���$���1�"�4$������!�$������ �1���/��1�����$���1�,��	����"��$�������

���!+��!0�����/��!�/��� !1�+�!���8�����$��������������!��/����3���$�����$����1!10 ���!���

!3�1�������"��0�$��$���!� ��1��������4$!����� �8� ���!�+���3���3�!������ �+ ���$���1��������

������/� 4��$� �$���� �$���1���"� ��� 4�  � ��� �!� /��� !1� ��4� �$���1���� 3!�� �$�� ���������� !3�

1��������4$!�����9���33!�/�/�/0��+ ���������!��+���11�!��/�����������,��
���$����$�����4��

1��������$���/����3�����!��!3�+�!���8�����$�������+��0��/��!��/����3�� !4����8�+�������������

1�������� 4$!� �21�������� �2��  ����  !�67����� �0����� � ����� 4��$!0�� �/50����� �$���1�,��

�!������ �"�1���������/����3��/����$�6$����8���1��������$!���1���������!��� �8� ���!�+���3���

3�!�� ����������!�� 4��$� �66�������� ���������� ��6�����,� � :�� � �!� ��1!��� !�� �$��

�/����3�����!�� !3� +�!���8���� 4$��$� ���� 1��/���� �$��  �8� �$!!/� !3� ���1!���� �!� �11�!��/�

���!�!2����$��!�$���1����6�����"�4$��$��!0 /�+��0��/��!�30��$�����3����������3�����!��!3�

$�6$� ���8�1�������� ���!� �$!���4$!��� �0�!���4!0 /�  �8� �� ���1!�/� �!��11�!��/� �$���1���,�

����  �"� 3!�� $�6$� ���8� 1�������� 0� �8� �� �!� +�� �33!�/�/� /0��+ �� �������!�� 3�!�� ���� �+ ��



�

�

���

�

�$���1���"�4����1!���!���$���/����3�����!��!3��6������$������6���+�������0�!�7���������6���  �"�

��/�����+���33�������3!���$������������!3��$����1�������,���

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

�

��

�

���	
����	���

� �����"� 
� 4!0 /�  �8�� �!� ��8�!4 �/6�� ��/� �$��8� ��� �$,�,� �01�����!�� ��,� .!$��

	����  � 3!��$�������!��$�1�/0���6"� ��/� �!����+0��!�� �!���� ;�������3������0����!�9,� � � 
�9��

$��/� �!� ���6���� ��� �����!������ �$��� 4!0 /� $���� +���� �!��� �0���+ �� 3!�� �������3���

/��� !1�����/0���6���� ��0/���,� ��$���4��� ��������!������ �$����  !4�/���� �!� 3�� "�+0��

� �!��!�3 !0���$��$!1�30  ���!����$���3�� ����/�4$����
�4����  !4�/��!�4!�8�!���0���!0��

1�!5������$������!�1����/��������1�����!3�+��������������������$,�
�� �!�$�/��� !��!3�30�,�


�4!0 /�� �!� �8���!���8�!4 �/6����/��$��8���,�#��/��!+ �"������+���!3�����01�����!���

�!�������� 3!�� $� 130 � 3��/+��8� ��/���8��6� ����� �!� �� 8�4��$����4$������� ��<0���/,� 
�

� �!� �$��8� ��� *����� #���"� �$�� !�$��� ���+��� !3� ��� �01�����!��� �!�������� ��/�

�!  �+!���!�� 3!�� ����� $� 130 � /���0���!��"� ��/� 3!�� 1�!��/��6� /!!�4��� �!� 10��0��

����� ���!���������$�1�!5�����4��$����0� �+�������������1����������1 ��,��

� 
�4!0 /�� �!� �8���!���8�!4 �/6����/��$��8����,�.!$���$���#����!����/��$�� ��

���6$� 3!��  �����6� ��� 4!�8� 4��$� �$��� !�� �!�7+������ ������� 1�!5����"� 4$��$� 4��� �����

����������6,���

� 
� 4!0 /�  �8�� �!� ��8�!4 �/6�� ��/� �$��8� �  � 1���� ��/� 1������� ���+���� !3� �$��

	����  � �+"���1����  �������"�*�/��4"�*  ��!�"�����6"�*/� ����/�#!����"�4$!��  ���/��

/�33������+0����1!�������!����+0��!����!��$������������
9���+��!��,���

� ����  �"� 
� 4!0 /�  �8�� �!� �$��8� ���0��"� 3!�� ��8��6� �0�$� ��� ����������6� ��/�

�!�1 �����/�4!� /,� � 
�/!�9��8�!4�4$��� 
9/��1��/���������/!��6��3� �$��4!� /�4���9���!�

$��/��!�0�/������/,��

�



�

�

���

�

�����
���
	�	���

�

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,


�

���	
�����	���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�-�

�����
���
	�	���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�-
�

�����
��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�
)�

�����
���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�)�

�������	�������
����������������	��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�)

�

�����
�����������
	��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�)


�

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��


���!/0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��

#�������������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��

(�����21�����!����6���0�������+�������������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��

�! ��0 ���� ����3�����!��!3�+�������������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,=�

(�����21�����!����6���0������/�1�������1�!6�!����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>�

(�����21�����!����6���0������/�1����������1!�����!��$��!�$���1��,,,,,,,,,,,,,,,,,,,,,,,,?�

'!�� ��$���1���&����6����6���������������  ��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,���

�0�!�7���������6���  ��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,���

� ����� ���1 �����!���!3���������������  ��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�=�

#�������0�!�7���������6���  ��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�@�

�!0����!/� ��!3�+��������������������  ��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�A�

����!�� ���/�!+5��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�B�

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C�


���!/0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,���

*0�$!���!����+0��!���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,���

*+�������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�=�

���0 ���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�@�



�

�

����

�

����0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,=��

���$!/���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,=>�

��3��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,=C�

��+ ����/�3�60��� �6��/��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,@@�

��+ �����/�3�60����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,@A�

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>>�


���!/0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>>�

*0�$!���!����+0��!���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>C�

*+�������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,A��

���0 ���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,A��

����0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,AC�

���$!/���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,B=�

��3��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,B>�

��+ ����/�3�60��� �6��/��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,BB�

��+ �����/�3�60����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,BC�

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?A�


���!/0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?A�

*0�$!���!����+0��!���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?C�

*+�������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,C��

���0 ���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,C��

����0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,CC�

���$!/���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,����

��3��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��>�

��+ ����/�3�60��� �6��/��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��?�

��+ �����/�3�60����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,����

�



�

�

�����

�

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��A�


���!/0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��A�

*0�$!���!����+0��!���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��C�

*+�������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�=��

���0 ���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�=��

����0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�=?�

���$!/���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�@��

��3��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�@>�

��+ ����/�3�60��� �6��/��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�@C�

��+ �����/�3�60����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>��

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>?�


���!/0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>?�

*0�$!���!����+0��!���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�A��

*+�������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�A��

���0 ���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�A@�

����0���!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�B@�

���$!/���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�BC�

��3��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�?=�

��+ ����/�3�60��� �6��/��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�??�

��+ �����/�3�60����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C��

���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C?�

����0����!��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C?�

���	���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��C�

�

�

�

�



�

�

���

�

�����
��������
�

��� !"#$%&�'��

��()*��+������0�����!�1�����6��$��!1���� ��@�6������6���0���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,@A�

��()*��+��0����� ��$��������������!3��$��@C�1��������� �/���!���!$!����,,,,,,,,,,,,,,,,,,,@B�

��()*��&��0����� ��$��������������!3��$���A�1��������� �/���!���!$!���,,,,,,,,,,,,,,,,,,,,@?�

��� !"#$%&�'��

��()*� �,� %����$����� !3� �0+6�!01� 6����� ��� 4��$��� �$�� '�
7'��0��� �0����/�

1��$4���/���+�����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,BC�

��� !"#$%&�'��

� ��()*��+���0������!3����1 ���0��/��!��/����3����/��� �/�������6�����/�����,,,,,,,����

��()*��+��$��������������!3��$���� �/���!���!$!����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,����

��()*��+��!6������ ��6�����!����� �����!3� �$��(�%�>�>>�D�(�%�>�A>��� �/���!��

�����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��=�

� %%)*-*�&�#.�&�()*��+����!+�������!�1�����6��������21�����!����/�2�,,,,,,,,,��C�

� %%)*-*�&�#.�&�()*��+����!+�������!�1�����6���	
�
����21�����!����/�2�,,,,,,��=�

��� !"#$%&�'��

� ��()*��+���$��!7�������E���!����1��������!3��*�$����/��*�$����$�+��!���,,,,,�>��

�

��� !"#$%&�'��

��()*��+�:��FG7��������1��$4���6������!�1�����6��$��6������6���0���!3�

/�33�������  ���21�����/�6�����+��4�����0�!��1$�������/�����!�1$�������/0��/�

�!�/�33�����������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C��

��()*��+�
�>���� 0����H���3!���I���?7=��"��I���>7>?@"���/��(��@C�C������

� � �1$����3!����6��������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C��

�

�

�

�

�



�

�

��

�

�

�����
���������
�

��� !"#$%&�'��

�$/ #*��+�	0����+�������0�!���� 0��������!�A�/���������! ��0 ����0+��1���!3�

+�������������4��$�/�33�����������1��������0����� �,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,@C�

�$/ #*��+��@�1�!+�������!1����  ����1������1�����������!�6!!/���/�1!!���0����� �

6�!01���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>��

�$/ #*� �+� �$�� #��� � �@� ��6���0��� ���0���� �� 1��/����� !0��!��� ��� ��/�1��/����

1��������4��$�#�#���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>��

�$/ #*��+���$�����1!���/�1�!6�!�������6���0����3�� � �!�1��/����1�������!0��!������

�$���!���2��!3�#�#���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>��

�$/ #*� �+�#��� � �@� ��6���0��� ��� 1�!6�!����� ��� �$�� +��� � ��/� %�##�� �! ��0 ���

�0�+�1���!3�+��������������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>=�

� %%)*-*�&�#.�0$/ #*��+������0�����3!���0 ��1 ��1�!6�!�������6���0������1!���/�

����$�� ������0����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,>@�

��� !"#$%&�'��

�$/ #*��+������!�����!3�����!6�����/�1��/����6������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?��

�$/ #*��+�?��0+6�!01������+����1�!/0��+ ���/����3��/�������?�>�%�J�+�������0�!��

1��������� �/���!���!$!����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?=�

�$/ #*� �+� %�J� �0+6!0�1�� ���+ �� 1��/������� �!/� ��6� !3� ����7������� /�06�

�������������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?@�

�$/ #*��+��0+6�!01��1���3������1!�����!�����7��������!�1!0�/���,,,,,,,,,,,,,,,,,,,,,,,,?>�

� %%)*-*�&�#.��$/ #*��+��!�1����!��!3��������7�0����� �+��4������ �/���!��

��/��������6��!$!����,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,?A�

��� !"#$%&�'��

�$/ #*��+����������/���	
�
�����������1�� ��� ��1��/�������1!�����!����$����� ����

!����2�����!�������6��$��!�$���1�"����1������ ���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��@�

�$/ #*� �+� ������ ��/�2� 1��/����� ���1!���� �!� ���$����� ���� �!�������6�

�$��!�$���1���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,����



�

�

���

�

�$/ #*��+���	
�
�����/�2�1��/��������1!�����!�/!����2� ��$��!�$���1���,,,,,,,,,,,��>�

�$/ #*� �+������� ��/� ��	
�
��� �!�+�����!�� ��/�2� 1��/����� ���1!���� �!� �0 ��7

�6�������$����� ���F��2�����$��!�$���1���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��A�

�$/ #*� �+� � ������ ���� ��	
�
��� ��/����� ���� �!��� ���0����� �$��� �� ���� �� ��

/�����/�1�! �3�����!����/�2��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��B�

� %%)*-*�&�#.� �$/ #*� �+� �$�� ����� ��/�2� ��� 1��/������� !3� �$��!�$���1��

���1!��������0 ��1 ��/���������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,��?�

��� !"#$%&�'��

�$/ #*� �+� � 
/����3�����!�� ��/� �� �/���!�� !3� �� 6���� ��6���0��� 1��/�����6� +������

�������1����������1!�����!���!�/50������$��!�$���1���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>=�

�$/ #*� �+� � 
/����3�����!�� ��/� �� �/���!�� !3� �� 6���� ��6���0��� �$��� 1��/����� +������

�0�!����  � �������1!�����!��$��!�$���1��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>@�

�$/ #*� �+� � 
/����3�����!�� ��/� �21�������� � �� �/���!�� !3� ���/�/���� �������E��6�

�! ��0 ����!��$��!�$���1���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>>�

�$/ #*��+� �*/�1$���������������� ������!�����/�4��$���/0��/��21�����!��!3�+������

�
��6��������4�  ������$�+�����1$����3!�����!���,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>A�

�$/ #*��+����!�/�3������6����30����!�� �+�������
�������$��	���C>@�$0����+������

�0�!����  � ������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�>B�

��� !"#$%&�'��

�$/ #*��,��%21�����!��!3�:���1��$4���6���������0�!��1$����������"�

����!�1$�������������/�����!�1$�������/0��/��!�/�33�����������/�33����

�,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C=�

�$/ #*��,��*6!��������/�����6!�����!3�:��FG7����������6�� ��6���60 �����1$������/�

�! !���3!�����!��+��1��������0�!����  ����/�1����������������1��$� �� ���  �����

4�  ����+���0�!��1$���7���/�����!�1$���7/�����/���  ��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�C@�

�$/ #*��+���I���?7=����� ������ �����6����+�������
����������!��,,,,,,,,,,,,,,,,,,,,,,,,,�C>�

�$/ #*��+���I���?7=�������������$� ����0�!��6�!4�$��,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�CA�

�$/ #*��+��0�!����  ��3�!���I���?7=���������/��0�!�7+�����6��������6��3����/�

� ������$��6�!4�$�!3����!�/�����0�!��� �����33������ ���$����$������$�� �7������/�

�!0����1������,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,�CB�

�

�



�

�

����

�

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

�

� �$��3!  !4��6��$������!�1������>����0����1���1��1���/���������/4��$��$����,���$��

3����� ����,� ��1,"� �����"� �$��/� �#��� ��/��� � (��!������ ��/� 3�3�$� ���!�� �'%"� ������

���0����1�������10+ ��$�/�4$�������$�����!�/����!��(��,����/�3!0��$��'��,��$��,�#�! ,��

���0����1��������������!0��1��710+ �����!�����6��,��$������!/0���!��3�!�����$����0����1��

$���+�������!��/��!���!�/�!��� �11��6��!������4��$��$������!/0��!����$�1���,��	!4����"�

���$��$�1���� ���1����/�/�+�����$!��� ����!/0���!���!�/���0����$��1��������� ��1 �����!���!3�

�$�� 4!�8� ��� 4�  � ��� 1�!��/�� �� ����� +���3� +0�� 017�!7/���� ���!1���� !3� �$�� 3�� /,� �$��

���0����1���$�1������3�������������� 37�!������/�4��$������$�!3��$�����0����1���$�1����"�

��/���3��������3!���$��������/���!3��$���$������������ 0/�/�����$����/�!3��$��3��� ��$�1���,�

�$��3��� ��$�1��������������!�/��4��������!���!��$���$�  ��6���3����6�+�������������1�������

������������/�$!4��$���!�������!3��$����$����������1���!��//������$�����$�  ��6��,�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�



�

�

�����

�

�����
�����������
	��

�

*��&�*�������1! ���������!������!��

*��&�*�0������1$!+ ��������08�����

*��&�*�0������ !�/���08�����

*'�-*&�*�� �����!3�-��������

*��&�*������/����0����

#�#�&�#��� 7 �8��#�������������

#�
�&�#�������0�!�7
��������6���  �

��*�&���������������3!��*���� ��!���! �

�I&����!8�������

���&���������������0����� �

����&��������������������������0����� �

����&������$� ��0 3!2�/��

�'*&���!2���+!�0� ����*��/�

%(�&�%1�/���� �(�!4�$�����!��

%(��&�%1�/���� �(�!4�$�����!������1�!��



�

�

����

�

%��&�%1��$� �� �������$��� ���������!��

%�&�%���!6�������1�!��

�*��&�� 0!��������*�������/���  ��!����6�

�#�&����� �#!��������0��

��*&��!!/���/���06�*/����������!��

�(�&���+!+ ����(�!4�$�����!��

3��*&���!E����!+0����0 ���$�1�* 6!���$��

�-#&������/�-��0��#���!1����

(%�&�(����%21�����!������+0��

	D%&�	����!2� �����/�%!����

	%��&�	0����%1�/���� �(�!4�$�����!������1�!����

	%�=&�	0����%1�/���� �(�!4�$�����!������1�!��=�

	�&�	�E��/�����!�


�>�&�
�$�+��!���!���������!��>��


(��&�
��0 ��7 �8��(�!4�$�����!��������1�!��

��:%��&��!��  ��:��6$��/���������� !����!!�$��6�



�

�

���

�

�*�$�&���0���������*���� �$! ��������1�!��

�
'�*��&�����!������
��'!/��'�6��������/��7=�1!������� ��1$��!/��������������

*�!�/��$��!�$���1��

���-&��!0������������0�!��-��0���

�*�$�&�'��!������*���� �$! ��������1�!��

'�
&��'���!�� ��������
�����0���

'��&�'�6�����������2�����!��E���!��

'�*#�&�'���!�� ��0�6��� �*/50�����#��������/�#!4� ���!5����

�*�&����/����!��*�� ���������!�������

�*��&��! �7*�����+!����! ��������

1��&����$! !6��� ��!�1 �������1�!����

��&���!6�����!�������1�!��

��%'&��$!�1$��������/��������	!�! !6�

��#&�����/0� ��������#0�/���

��&�����/0� ���������

��*&��!+0����0 ���$�1�* 6!���$��

�'*&���+!�0� ����*��/�



�

�

����

�

���&�����������1����!���$��������������0����

��&����0���������!���

��7���&�����������������1�����K��! ���������$����������!��

��*�&���� ���2� F�!����2� "�>73 0!�!0���� "�*/�����������/���� !1$!�1$���/��

�
�&��0�!�7���������6���  �

�

�

�

�

�

�



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

��	������
�

�

��

�

��������	�������


�����������

������������� �

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

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

��� 	������"� ������ ������� ���� ������ ��������� 	���� 	�(������ ���������� ���� ������

������ (�	������'	��� ���� �)��(�	��� ��� �����*����!�����(�	�
��
&� ��� ����� (�	�����+	���

�,�#� ��� ,���#� �����)(����	��� ������� !������ ��� ���"� %-.-/� 0����� ��� ���"� #$$#&"�

������	��� ����(�� ��� ������)	�� ���������(�� ���	�� �����	������ ���� ������ ������

����������1�����"� 	���������������������(	����������(���	��������	�	��������	�� ���

(�	����� !2	����� ��� ���"� %-.-/� 2	����� ��� ���"� %--3/� 2	����� ��� ���"� #$$4&�� � ��������"�

��	�	����	��� ��� ���������(�"� (��	������� ������)	�� �����"� �������� 	�� (�	�����

�)(��	���	�����������	��5�������������	��	�	������������	�����	��6��	�������	���!�������

��� ���"� #$$7&�� �  ������ ������ 	�� � �	��	�	���� ����� ���� ������ ������ �������"�+����� ����

�	��	������� ���� �������������� �(	���� ���������	���� 	�(��������	�	���������������

�	�����6��	�������	�������������������(�	��������

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

���� ������ ��� ����� �)(����	��� (���	�	��� ���������	��� ������� �	��5�������(���

����	�� ��� ������	(�� �������� ���� ��������� ��� ������	(��� 	�� (������� � ����"� ����	���

���� 	����	�	��� 8	���	��	�9� ��������� �����(��� ��� ������ �����"� ����	��	��� ���� ������

������ 	�� ���� � �	����� �	����"� ���� ������ ��(�������� � �������	��� ��� ���(���	�� �	��������



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

��	������
�

�

��

�

�������������������	�	��	���������(	����	���!:�*�������"�#$%$/���;���������"�#$$-/�

������������"�#$$$/�����	��������"�#$$%/�����	��������"�#$$</����	�	���������*�	"�#$$-&��=��	��

(���	���� ��� �	��	��� ���� ����� �)(����	��� (���	���� ��� ����������� ������� ��� ������ ������

������	���"�	��������	�����������������	���"����������;��+����������	�������"�+�	������

������ �� �	���;���� ���� (��	����� �	����	��� (��������� ��� ��	�	��� ���	������� � :����

�	�����������������������	����	�	���+	��������(�	������(���	������������������������

������(�	����� ��� ��� 	����	��� ������	�	��������	�����������	�� �	���	���(��+��"���

+���� �� ��� 	��	���� ���(����� ��� ��������� ����� ��	������ ������ !�	��� ��� ���"� #$$7/�

��������������"�#$$7/�������������"�#$$7/� ����������"�#$$>/��	�������"�#$$>/������������

���"� #$$./�������� ��� ���"� #$%$/������� ��� ���/� =���	�� ��� ���"� #$$7/� ?��� ��� ���"� #$$7/�

��	�52	����������"�#$$7/���������������"�#$$%/�0���6���)�������"�#$$3/�@��������"�#$%$&����

=�������"�������)(����	����	������������������(���	������	��������������������	������

�������������	����������������������������(���������	����������(�����	�����������

�����������������������	��	��������	��	�	���9���������������

���	�����"� ����� �)(����	��� ��� ��� ��� ��������� ��� (���	��� ����� ������	���

��������� ��� ��������� ��� ������ ������ (�	����� ��� ���� �������� � 2��� �)�(��"�

(�������	���	�������������������������	���;�������	����	�����+5�	�;�(�	���������(���

�����������������������������������(�"���+������ ��� 	����	����	����� �	�;�(�	�����

+��� +����� ��6�	��� ����� ������	��� ����(��� � '	��	�� �	��� �	�;� (�	����"� (���	��	���

�	�������������������������	���;������������+������	�����	�����������������	�	�����

����(��	�����(�	��������������"�����(�	�����	����	�	�������	������	;������������	�������



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

��	������
�

�

��

�

�	���������(	��"��������+��������������(	��������6�	���"�������)(����	�������	��

���	�����	����	��	���������)��������	�������)(��	����������(	������

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

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

�����������)(����	���(���	�	�������	������(���������	���	����������������!������������"�

#$$$&�� � =�� ������"� 4� ��������� �����(��� ���� ����� ��(�����	���� 	����	�	��"� 	�����	���

���	���A�������"�+�	��������������������������(����!,�&5(��	�	�����������+�����"��

(������	������������������	�������	�	��� ���(���	����	��/� ���	����� ������"�+�	���

��� ���� ������� ,�5(��	�	��� ���� ������ ��� �	��� ����/� ���5�	;�� ������ ������� +�	���

�������� ������(���� ��� ,�5����	��"� (������������ ����(���� !��&5� ����	��"� ��� �,�#5

����	����������!�������������������8��	(�������	��9&/�����,�#B������������������

�����(�	�	��	�����C��������)(����	������������	
������!���������"�#$$7/�������������"�

#$$$/� ����	�"� #$$4/� ����	�� ��� ���"� #$$%/� ����	�� ��� ���"� #$$</� ���	�	��� ��� ���"� #$$<&�� � A�

�����������5�	;���������(�������������	����	�	��������)(��������������������	��	�����

�	(�����	������������	���������	���������(�������������	�����	����������	����������+�

������ �������	���� =�(�������"� ������ �����(��� �������� ��	��	��� +	��� �������

�	���(������	�������	�	��	������������	�����,�"���"�����,�#"���+������������

� ���5�	;�� ������ ������� ��� ���� ��������� �)(����� ���� ,�"� ��� ��� �,�#"� ����
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�������������"�#$%#/�D��	;��������"�#$$3/������������"�#$$-/����	���������/�����������������
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����������	������	����	�	���(���	�����

� ���(�	��G� 	�� � 3$5����� ���� ������(��� ����� � ������(���	��� ���	��� ��� 3.�
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������(�	�����!���	�	���������*�	"�#$$-&�� � =�(�������"� ��	����������������	�����

������(���	����� 	�� � <$3� (�	���� ������� +��� �	�� ���� ����	��� �E����� ���������(��

!������ ��� ���"� #$$7&�� � ���(�	��G� �	�;� ��	������� +�� ���� ���(���� +	��� �	�;�

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

��	��� ���� A�E����J� H��	��� (������ !���(KCC+++��E�������	������C	���)�E�(&�� � =��
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�����������	����������������(�	��G��	�;���	�������((������������������������
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������������(�	�����!�O77.&����������	������1�A����5%4���	�"�+�	������+�����������
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H�����(�� �IG� ��� ���� 	����	��� ������"� +�	��� ��� ����� �	;���� ���(���� ���

���������(��� =�� � ������� ��� 7>%� (�	����� ��������� 	�� ���� 1�A��� �5#$� ��	�	��� ��	�"�

�	��������+��������	����+	��������	��������E��������������(�"�+��������+������
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�������+���� ����	���� +	��� ����	�	���� �����	�� !�	;� ��� ���"� #$$7&��H�����(���IG� ���

����� ��������� ��� ���� A���	��� ���	���� ���  �	�	��� H������	���� !A� H&� �� ������� ���

	������(������	��	��(�	�����+	���,�B�������������	����������!���	��������"�#$$3&���

��������������������������������������������������� ������!�

� '������ ���� 	�(�������	��� ��� ����� �	�������� ���� ��	��� (�	����

(������	�� 	���� ���� ��	�	�� ��� ����� ����	����� ����������"� �	�	��� �	�������� ���� ���;� ���

(���	��� ���(����� ��� �	�������� ���������(�� ���	����� ���� ���� ��� �	���� ��	�	����� �������

������������������������(���	��	����	��������	���������������������((��(�	������	��������

��	����(�	���"������	����������������(������	������(����������(������������)�(������

����(�������(�	����������	���	��	������������������)�(�����������*���"�+�����	������

����������(�	����������	��"������*����	����	�	����������	�	��	����	���������������%$L�

��� ������ ������ (�	��������+����"�+����(�	����� ��� ��������� ���� �����*���� ����(��

����������	#��(�	�	��	��"� ���� ���(��������� �	��������	����� ���<>5>$L�!0����� ���

���"�#$$#&���

�����	��� ���� ���	���� ��� ���������(�� 	�� � ������ ��� ��� ����(�	����� ���

����������������(����������+	�������E��������������+	�����	����������������	����

!�������������"�#$$3&�� � =����	�����	��"�(�	�����+	����	�����������	���	������������	��

�	����� ��������� �����+	��� ��������� ��� ����	�	��� �� ��	��� �	�	��� ���	���� ������

������� !� �$C� �=&"� +������ (�	���9�� +����� ������� ���+� ����� ���(����� ��� ���

����	�	��� �� ��	��� ������� ���	���� ������ ������� !� �==C� �===&�� =�(�������"�

����E��������������(���������������������������	��	���������������(���	����	��
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���� �E����� ����	��"� ��� (�	����� +��� ��	���� ���(����� (������	��� ���(����� �����

����E����� 	��������	��� ��������� ���� �� �)�������� (����	�	��� ��� �)(��	���	��� ����5

����� ����	��� !���� ��� ���"� #$$7/� ?	���;�� ��� ���"� #$$./� '����;� ��� ���"� #$$%&�� �;���

��������"�������������������������(������������E��������������(��!� �$C=C==C===&�	��

�����������	�	������������������(������	����������	������������(���	���������������

���������(�����������������(���A���	�����(���"�+�	�������������������(	�	��������

��	�� ��� ��	���� ����� �	�������� ���� (���	��� ���	���� �(��	�	�� ���(������ ��� ���"�

��6�	�	��� ���� ����� �(��	�������� ���������� 	�� �(���(���	������������+����"� 	�� �����

���������������������;������������(	�	���((�����+	�������	�������+���(��������

������	��������	�������������	��	���!A�����������"�#$$4/������������"�#$$7&"���������	��

	�� ������� +������� ������ �	�������� ��� 	���(��������� (���	��	��� ��� ���(����� ���

���������(��+��������	����+	������������	�	�����	�����!?���������/����*	���������"�

#$$>�&��A������	����������� ���� �������� ��� ��	��� ���� ���(������ ��� �)(��	������ �����

�	���������� ��� ����(	����������� ��� 	����	���������+������)(����	��� 	��(���	��	������

����5�(��	�	�� ���(������� A�������� ���� 	�	�	�� �������� (�������� ��	��� ��	��������������

������� 6�	��� (���	�	��� !����	� ��� ���"� #$$7/� ����	� ��� 1��	��"� #$$.&"� ���� ��� ������

���	��� ����	��� ������ ���� ��� ��(�������� ��� ���� �	���� ����� ��������� !������ ���

'������"� #$%$/� ?	���;�� ��� ���"� #$%$/� ����	� ��� ���"� #$$7/� ����	� ��� 1��	��"� #$$.&��

�	���������� 	�� ���(����� ����� ��� ���������(�� ���� ���� ����� ��������� ����� ����

�	�������� ��������� �����(��� ��� ������ �����"� +����� ����� ����	��� �������� ����� ���

((��)	������ M3L� ���� ���	���A"� %3L� ���� ���	����"�<7L� �����,�#B"� ��� 4<L� ����
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���5�	;�� ������� !��;��� ��� ���"� #$$-&�� �����"� ���� ����	�	��	��� ��� ������� 	���� ������

�����(�����������������������(���	������(�����������������(����

,�(	�	��� ((������"� ����� �� ���� ����� �����	���� ����"� ����(�� ��� 	����	���

(���	��	��� ����� �	�������� ��� ���(�	��� ���� ����� �)(����	��� (���	���� ��� ���(���	���

������� ��� ���5���(���	��� �������� � ��	�� ������������ ������� ���� �����	���� ���

���	������ ��� ����	�	�	��� ��� ����	������ ���+���� �	�������� (�	���� ������"� ��� ���� ��	��

������� �	��������� +	��� ��� ���������� ��	��� ����� �)(����	��� (���	�	���� � ������ 	��

	�����	����)(��	��������	������ ������������	��������������	����� ������������	(���

�	��	���������	�����2����)�(��"�����	(�������	������������������	��������������*����

��� ��� ��	����� �������� ��+������� ����	��� ��� ���� �����5��((������� �����

��,1!1��� ��� ���"� #$$4&"� �)(����	��� ��� � ��������� �,�#� (����	�� !�����	�	� ��� ���"�

#$$3&"���������)(����	�������	����� =:2��!?�� ������"�#$$4/�?�� ������"�#$$%&"��,�<!?��5

�����	��� ��� ���"� #$$.&"� ��� �� 4! ��+�� ��� ���"� #$$%&�� � =�����"� ������ �������	����

�������� ���� ���� 	����	�	��	��� ��� ������(����� ��� (���	��	��� ����� �	�������� ��� ��	���

������	���������������(�����	���������������������(�	�����+	������������	��	�������

"�#�����������$�������������������� �������

� ���� ��� ���� ����	��� �	�������� ����� 	�� ��� �(�	�	*�� ���� ���� ��� ((������

����(	��� 	�� ������ ������ (�	������ ��+����"� �����+	��� �)�������� (�	������������"�

����������((����������(	�������	�� ���(���	������������������������(�	��������(���

��� �������� ��� ���	�� �	������ � ���� ����	��� ���� 	����	�	��� ���(�(���	���� ��� ������

+	��	�� ������"� ������� ������ ����� ������ ��� �����5	�	�	�	��� ������ !�= &"� +�	��� ��� ����
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���(������ ���(�	��� ���(���	���� ���� ��	�	��� ������ ���(��� !A�5�EE� ��� ���"� #$$</� ������/�

 ���	���������"�#$$>/�2���������"�#$$>/�?(	����������"�%--4/�?����������"�#$$3/�HF��	������

���"�#$$3/���	����������"�#$$3/�����������"�#$$%/��	����������"�#$$<&��A�����	����"�����

����	���������������������������	����	��	�����	�	�����	���;��������������= ����+����

������������(���	��������������������������

����������������������(�����	��(��	�����������������(�	�������������	������"�

+�	���	�����	��������� ���	���������	������������(��"�����������������+���	����	����

��������= �������	��������(�)��������������������	�������!?����������"�#$$3/��(	�����

������������"� #$$3&�� � ������� 	�(������ �������	���� ���� ��� ���� ������(����� ��� ��	��

��(�����	��� �H������������	���������������������������	������������������	���������"�

�����������	��������������������������(�(���	����� �����������+	��	������������(�	����

�	����	��� ��� ���(�����	��"� 	�����(������(��"� ��� (���	����	��� (�����	��� !��((���"�

%-.4&�� �A������� �������	���+�� ���� � ����� ������� ��� ������ ������+���� ��6�	���� ����

����(�������������������+����������������������!���������0������:�"�%-7<&�������

�)(���	��� ���� ������ �������	���"� (���	���� ��� ���� ������ ����� ����� ��(�����	�� 	�� ����

����� ���� ���� �= �� ��� 	�	�	��� ������ ���+���� ���� ��� ���� ����	��� ��� ������ �����"� �����

����(����� ��� � ����	�	���� ������� ��� ������ ������ +����� ������� ���� � ��6�	�	��� �= "�

��������� ��� ��	��� ������ �����	��� ��� ���+��"� +�� 	�������� 	�� ���� ����� ����(����

(�(���	���� ���������= �������	�������	��"� ���	�� ��������"� ��	�������� ����� ����	���

�	��� ��� ����	(��� ����� ��(��"� +�	��� ��� ���	�	������ ��� ���	�� ������ �	����� �������(���"�

������	������������	����	�������������(������������+	��	���������!?����������"�#$$3&�������

�)	�����������= ��+��(�������������	���	���������������	�����	������������(����������
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���	�� �)(����	��� ��� ����� ���������;���"� ��� ����(���	��� ������ ��	���� ����	���� 	����

�	���� � H���� ����� ��� ���� ������ ����� ����	���� +���� �(���� ��� ������	��� ��� ��	�	�	���

���������+���	���	��"�+����������������������"������+��������������������������+����

����(���������������)(��	������(���	��������������	������+�	�����������������������

����������"�����= �"�+�������������������

�� �%�����������������

�A���������������	�������= ������)	����������������������������!���������0������

:�"� %-7</� ��������� ��� �����"� %-33/� �	����� ��� Q������"� %-3%&� 	�� +��9�� ���	��

%--4�����Q�����	�;9������(�(���	�������������	���������������)	�����������= ��!?(	����

��� ���"� %--4&�� � ���	�� �)(��	������ ���	��� ��� ���� ���� ��� ���� ������� ����	����

	��������	�	����� �	����� !� =�&� 	��������	�	���� ������ ������ �� �� �)(��	������

������� 	�� +�	��� ����� ������ ������� ���� ���+��� ��� ����(������ ����� �����

�������������� ���;��	�� !A�?&� ������� ��� ��	��� ������������ ��	����� ����� ����	���

!2A �&��������������������������	���	��"�+�	���������	*��"�������������(����	��"������

+���� ���� ��� ��(���� ���� A�?� ������ 	���� �����	���	�� ��� ���5�����	���	�� �����

(�(���	�������(��	�	����"���������� �<4BC �<.5�(�(���	��"�	��	��	������������������

��� �������������)(������� �<4��������� �<."�+�������� ����	��� �	��� ��� ���;��	� 	�� ����

� =�� �	��"� ���������	��� ���� ����  �<4BC �<.5� ����� ����	��� ����	���� ���� �= ��

!?(	���� ��� ���"� %--4&�� � ��	�� �������� 	�� ��+� ��������� ����� ��� 	������ ��� 	����	���

�����	�����= "� ������ ���������� ��� �	����= �� 	������������� ������ ��(���� �������"�

�= ���������������	����	�	���	����������������������!A�5�EE�������"�#$$<&"���	��!�	����
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��� ���"� #$$<&"� �;	�� !2��� ��� ���"� #$$>&� "� �����5	�����	��� ����� !������	� ��� ���"� #$$7/�

HF��	��� ��� ���"� #$$3&"� (������� ! ���	��� ��� ���"� #$$>&"� ��� ���� ��� ���;� !��	���� ��� ���"�

#$$3&���=�(�������"��������	������	����������������= ��������	��������(��(���	��"�	������

�����	����	��"�������������	�	���������������;��	�����

���������
 ��������������������&�� �������

������ �	�������� ��� �= �� ��� 	�(������ 	�(�	��	���� ���� ������ ����(��� 1����"� ����

������ ��������������� �����	�	���� �����= �� ����� ������� 	�������� �����������������	���

������������������������������ ����(���	���+�����	����������������� ���	���	�	��� ���

;	�������� ����������� �	������� ��� ���	�;�)��������� 	���	��� ����+���� ���������� ������

���� �	���� !�����;��"� #$$7&�� � ������ ����� �	���� ��� ���	�� )�������� �������(����

���(�	��� �(	���� (���	����	��� ������ ������ ��� �� � ������� ����� ���������(	��� ���

������)	����	5�	���	������(	�����= �"��	;�����������������������"��������������������

����	�	�������	�����	����6������"�������������������	������;	��	���������������������	5

�	���	�� ������ ������� � 2����������"� �= �� ���� ���� ����� ������ ��� ���� ����� �	�����

���	�	���� ����� �)(���� �����	���� !,���� ��� ���"� #$$7/� :����� ��� ���"� #$$3/� D��� ���

D��"�#$$3/��� ������"�#$$./�'���� ������"�#$$%&"� �����	�������� ���	������ ��� ��	�	���

����(��!���������"�#$$7/�������������"�#$$.&"�(��(���	���+�	������+�������������	���

���� ;	��	��� �������� ��� ������ ��	5������ ����(	��/� ������ �= �� ��� �	;���� ���� ;	����� ���

�������������������������(���	��"��������������������������������	��������(�	�������

����;������(���	�	������������������������	������	����������������������������������

�����	���	�	�������= �"��������	�	��	�������(���	�	�	��������������������������
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CHAPTER 2 

Introduction 

Traditionally a number of tumor characteristics have been used to determine the 

prognosis of breast cancer patients. Such factors include tumor size, grade, hormone 

receptor status, HER2 status, lympho-vascular space invasion and lymph node 

involvement (1998; Hayes et al., 1998). More recently whole genome analysis 

technology (gene expression profiling) has been added to the armamentarium of 

experimental techniques, thus providing a new molecular classification for breast cancer 

and contributing to the development of a number of prognostic multi-gene assays as well 

as the identification of the molecular subtypes of breast cancer.  Although initial 

experiments suggested that basal-like breast cancers (BLBC) were associated with a 

particularly poor prognosis (Sorlie et al., 2001; Sorlie et al., 2003), however on closer 

examination these studies demonstrated that the prognosis of patients with BLBCs is 

highly time dependent. Some patients with BLBCs experience particularly poor survival 

in the first 3-5 years following diagnosis, but for others their mortality wanes such that at 

10 years post diagnosis these patients have a better survival than those with luminal-type 

(ER+) tumors (Blows et al.; Cheang et al., 2008; Dent et al., 2007; Mulligan et al., 2008). 

This suggests that patients with BLBCs can be separated into two clinically distinct 

groups: those likely to experience a recurrence and to succumb to their disease in the first 

3-5 years after diagnosis, and those expected to show excellent long term survival. 

Whereas several multi-gene signatures exist to predict breast cancer patient 

prognosis, their prognostic values appears to be mostly derived from their capacity to 
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measure expression of genes associated with proliferation (Desmedt et al., 2008; Wirapati 

et al., 2008). Because BLBCs are generally highly proliferative, the existing prognostic 

signatures fail to identify a subset of BLBC with good prognosis (Yau et al.). Some 

recent work has focused on identifying multi-gene predictors of outcome in triple 

negative (ER-, PR-, HER2-) and hormone-receptor negative breast cancer (Desmedt et 

al., 2008; Karn et al.; Kreike et al., 2007; Rody et al., 2009; Rody et al.; Sabatier et al.; 

Teschendorff et al., 2007; Yau et al.). However, a robust method of distinguishing 

between BLBCs with good and poor outcome has yet to be developed.  

In this manuscript we report the identification and validation of a 14-probe set 

signature that can stratify BLBCs into high and low risk groups.  Whereas the data 

described here comprises experimental data derived using microarrays, we have extended 

these findings in ~90 clinical samples obtained from Hamilton Health Sciences using 

Nanostring’s nCounter Analysis System
TM

, and are currently trying to ‘accrue’ more 

samples for additional validation.  Ultimately, we’d like to complete a prospective 

clinical trial to justify the use of our signature to guide the use of chemotherapy in BLBC 

patients. 
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Abstract: 

Basal-like breast cancer is a molecular subtype of breast cancer with a poor 

prognosis. Follow-up studies of long-term outcome in these patients, demonstrates they 

can be separated into two clinical groups: those who succumb to their disease within the 

first 5 years and those expected to show excellent long term survival. Currently available 

clinical/histopathological variables as well as molecular signatures show little capacity to 

identify basal breast cancer patients with either a high or low risk of disease relapse. 

Using data derived from 85 basal-like breast cancer patients, we identified a 14-gene 

signature, which we subsequently validated on an additional 49 basal breast cancer 

patient set. The ability to distinguish between these two sub-groups of basal breast cancer 

patients at the time of initial diagnosis would permit tailoring aggressive therapeutic 

regimens to those patients with a poor prognosis and conversely avoid such therapy in 

low risk patients. 
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Results 

Compiling multiple gene expression profiles of basal breast tumors 

 To identify genes whose expression might be associated with the clinical outcome 

of BLBC patients, we compiled a large collection of human breast tumor gene expression 

data for which clinical data was also available (n=995). Hierarchical clustering using the 

‘intrinsic’ gene set revealed that many of these tumors (n=547) clustered into the 

previously described molecular subtypes (Perou et al., 2000; Sorlie et al., 2001; Sorlie et 

al., 2003) (Fig. 1a). Importantly, survival analysis using Kaplan-Meier survival curves 

revealed distinct differences in clinical outcome among the patients with tumors of 

different molecular subtypes. As observed previously patients with tumors of the basal-

like, ERBB2, claudin-low and luminal B subtypes experienced the poorest 10-year 

survival, whereas patients with luminal A or normal-like tumors experienced the best 10-

year survival (Sorlie et al., 2001) (Fig. 1b). Interestingly, the 10-year survival rate of 

patients with basal-like tumors was approximately 60% and very few BLBC patient 

mortalities occurred after this time (Fig. 1b). The latter findings are consistent with 

previous observations that the prognosis of BLBC patients is time dependent, where these 

patients are at highest risk for relapse during the first 5 years post diagnosis and 

experience a very low risk for relapse 10-years post diagnosis (Cheang et al., 2008; Dent 

et al., 2007; Mulligan et al., 2008).  
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 Importantly, the BLBC tumor cohort comprised 134 patients with clinical follow-

up data, thus providing a fairly large number of basal tumors to identify a genomic 

predictor that could be used to guide prognosis for patients with basal-like breast tumors.    

Training signature 

 To develop a genomic predictor that could be used to identify BLBC patients who 

were likely to have either good or poor survival outcomes, we first divided the 134 

patient BLBC cohort into a 85 patient training set and a 49 patient validation set.  We 

used binary regression probabilistic models for feature selection to identify genes that had 

the best prognostic performance among the gene expression profiles derived from the 85 

BLBCs of the training set (West et al., 2001).  For these analysis, <5 year DFS was taken 

to indicate poor outcome, whereas >5 year DFS was taken to indicate good outcome. 

Previous studies have shown that the vast majority of disease recurrence among BLBC 

patients occurs within the first 5 years (Cheang et al., 2008; Dent et al., 2007; Mulligan et 

al., 2008). Starting with a single probe set signature, we iteratively generated signatures 

by gradually adding probe sets and tested the resulting signature using leave-one-out 

cross-validation. In this fashion we generated multiple signatures comprising n probe 

sets, where n = 1,2,3…,50 (Fig2. A). For each discrete value of n, this technique assigned 

a probability to every patient within the training set that indicated the likelihood of a 

patient experiencing disease relapse. To establish a probability cut-point, where patients 

with higher probability are assigned into the poor prognosis category and patients with 

lower probability are assigned into the good prognosis category, we used a previously 
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described tertile method (Haibe-Kains et al., 2008). In this fashion, good prognosis was 

assigned to patients whose probability score fell in the lowest 1/3 of all probability 

scores, whereas poor prognosis was assigned to patients whose score fell into the higher 

2/3 of probability scores. Indeed, these approximate proportions have been observed in 

several gene expression based breast cancer prognostication studies(Buyse et al., 2006; 

Desmedt et al., 2007; van 't Veer et al., 2002; Wang et al., 2005).  We therefore took this 

approach as a relatively non-biased and simple means to divide patients into predicted 

good and poor outcome groups. To determine which n-element signature had optimal 

performance we compared the relative risk of relapse for each signature (Fig. 2B, red 

line: relative risk, black line: LOWESS (LOcally WEighted Scatterplot Smoothing) curve 

fitted to relative risk data, n=14 identifies optimal signature length). In this fashion we 

identified a 14-probe-set (each gene represented by 1 probe set, henceforth called Basal 

14 signature) signature, which optimally separated patients into good and poor outcome 

groups (Table 1).   

Assessment of Signature Performance 

 Validation of a gene signature using an independent data set is a more accurate 

measurement of its prognostic value than using cross-validation on a training data set. 

Therefore, we tested our Basal-14 signature on an independent cohort of patients with 

BLBC (n=49). To learn whether the probability of disease relapse predicted by the Basal-

14 signature could be used as a continuous predictor of disease relapse, we calculated the 

proportion of patients who had experienced disease relapse while increasing the cut-off 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 
 

 

27 

 

(decreasing stringency) for assigning a patient into the good outcome group. Indeed, the 

proportion of patients experiencing disease relapse increased in an approximate linear 

fashion as the probability assigned for disease relapse by the Basal-14 signature increased 

(Fig. 3A). To assess the predictive accuracy of the Basal-14 signature, we completed 

receiver-operator characteristic (ROC) curve analysis. In this fashion, an AUC (Area 

Under Curve) value of 0.5 indicates predictive performance which is no better than 

chance, whereas values greater than 0.5 indicate true predictive capacity. The Basal-14 

signature produced an AUC that was statistically significantly higher than 0.5 (AUC: 

0.76, p=0.003, Fig. 3B). Taken together, these data demonstrate the capacity for the 

Basal-14 signature to identify BLBC patients at high risk for disease relapse. To visualize 

survival differences between groups of patients that were predicted to have either high or 

low risk for disease relapse, we stratified patients from the validation cohort into good 

and poor outcome groups using tertiles, and completed Kaplan-Meier survival analysis. 

Patients whose predicted probability for disease relapse fell within the lowest tertile of 

predicted probabilities were stratified into the good outcome group, whereas those whose 

predicted probabilities fell within the upper two tertiles were stratified into the poor 

outcome group. The Kaplan-Meier estimate for the proportion of patients in the low-risk 

group who did not experience a disease relapse at 5 years (94%) was significantly greater 

than the proportion in the poor outcome category (48%) (Table 2, Fig. 3C, HR: 4.7 [CI95: 

1.8-12.3], p = 0.0017). Because our overarching objective was to identify patients who 

could be spared aggressive chemotherapy, we also tested the capacity of our signature to 

predict the outcome of patients who had not received adjuvant chemotherapy. In this 
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fashion, we were able to test the relationship between the Basal-14 signature and the 

natural progression of BLBCs without having adjuvant chemotherapy as a potentially 

confounding variable. 26 patients within the 49 patient validation cohort met this criterion 

(patients from GSE7390 & GSE2034). We re-tested the predictive capacity of the Basal-

14 signature on these 26 chemotherapy naïve patients and observed a statistically 

significant difference in the survival of patients who were predicted to have either good 

or poor outcome (Fig. 3D, HR: 4.4 [CI95: 1.1-16.7], p = 0.03, Table 3). The proportion of 

patients in the chemotherapy naïve validation cohort who were predicted to have good 

survival and were free of disease at 5 years was 100%, whereas among those patients 

who were predicted to have poor survival, only 50% were disease free after 5 years. 

Taken together, these findings demonstrate the capacity of our gene signature to identify 

patients who have excellent long-term survival even when patients did not receive 

aggressive adjuvant chemotherapy.   

Comparison of the Basal-14 signature with other multigene predictors 

Previous studies have reported that many published multigene predictors fail to 

accurately identify high and low risk patients among patients with ER-negative breast 

cancer (Teschendorff et al., 2007; Yau et al.). As the majority of BLBCs are ER-

negative, we sought to test whether multiple previously described multigene predictors 

were prognostic in the context of BLBC. To this end, we measured the association of the 

Genomic Grade Index (Sotiriou et al., 2006), NKI-70 signature (van de Vijver et al., 

2002), Recurrence score (Paik et al., 2004), CSR/Wound response signature (Chang et 
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al., 2005), Triple-negative signature (Yau et al.), MS-14 signature (Tutt et al., 2008), as 

well as the Basal-14 signature in the 49 patient validation cohort by calculating a 

signature index and completing either Kaplan-Meier survival analysis using tertiles to 

dichotomize the validation cohort into good and poor outcome groups, or generating 

ROC curves.  Interestingly, other than the Basal-14 signature (Fig. 4A, HR: 4.3 [CI95: 

1.6-11.4], p = 0.0032) none of the other signatures identified patient groups with 

statistically significant differences in survival (Kaplan-Meier: Fig. 4A-F. ROC: 

supplementary figure 1A-F). These data suggest that the prognostic capacity of 

previously reported multigene outcome predictors may be diminished in patients with 

BLBC. However, it should be noted that the tertile method used to separate patients into 

good and poor outcome groups may be non-optimal for these signatures.  Interestingly, 

the triple negative signature trended towards significance in the Kaplan-Meier analysis 

(Fig. 4F, HR: 2.0 [CI95: 0.8-5.4], p = 0.15) and was statistically significant in the ROC 

curve analysis (Supplementary fig. 1G, AUC: 0.7, p = 0.02).  This is likely because the 

triple negative signature was developed with triple negative breast tumors, which 

comprises a sub-group that overlaps with the basal-like molecular subtype. Together, 

these findings underscore the need for prognostic multigene signatures, such as the Basal 

14 signature, for guiding therapy choice for breast cancer patients.  

Performance of Basal-14 signature in other molecular subtypes of breast cancer 

 Previous studies have demonstrated that biological processes that can be linked to 

breast cancer patient outcome vary among the different molecular subtypes of breast 
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cancer (Desmedt et al., 2008). In this regard, we sought to test whether the Basal-14 

signature could be used to identify high and low risk patients among the other molecular 

subtypes of breast cancer, or whether its capacity to stratify patients into high and low 

risks groups was limited to patients with BLBCs. The Basal-14 signature showed no 

capacity to identify patients at high and low risk for disease relapse among the luminal A 

(HR: 1.3, p=n.s.), luminal B (HR: 1.2, p=n.s.), claudin low (HR: 1.0, p=n.s.) and normal 

(HR: 0.4, p=n.s.) molecular subtypes of breast cancer (Fig. 5A-D).  Unexpectedly, the 

Basal-14 signature was also prognostic in the ERBB2 molecular subtype (HR: 2.8 [CI95: 

1.3-6.5], p = 0.01). Interestingly, a previously reported prognostic gene signature 

developed using Her2-positive tumors was also found to be prognostic in BLBCs (Staaf 

et al.).  These data suggest that similar biological processes may govern patient outcome 

in both the basal-like and ERBB2 molecular subtypes of breast cancer. Taken with our 

previous findings, it appears that transcripts whose expression may be informative for 

patient prognosis vary between the different molecular subtypes of breast cancer. For 

example, it appears that signatures that are prognostic in ER-positive breast tumors, such 

as the Reccurrence score (OncotypeDX®) and the Genomic Grade Index, fail to stratify 

BLBCs into good and poor outcome groups, whereas the Basal-14 signature is prognostic 

in basal-like and ERBB2-overexpressing breast cancer, but fails to identify patients in the 

ER-positive luminal subtypes of breast cancer.   
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Discussion   

  Few, if any, clinical variables show prognostic capacity in the context of BLBC. 

Therefore, we sought to identify a genomic predictor of patient outcome for patients with 

BLBC. In the present study, we identified a 14 probe set signature, which we named the 

Basal 14 signature. We tested the Basal 14 signature on an independent validation cohort 

of BLBC patients and were able to accurately stratify patients into good and poor 

outcome groups. Importantly, the difference in risk for disease relapse for patients who 

were predicted to have either good or poor outcome was both relatively large and 

statistically significant. Because it was unclear whether the Basal 14 signature was related 

to the natural progression of BLBCs, tumor response to therapy, or both, we also tested 

the Basal 14 signature on a smaller group of patients who did not received treatment with 

adjuvant chemotherapy. In this fashion, we were able to confirm a relationship, albeit in a 

small number of patients, between the Basal 14 signature and patient survival in 

chemotherapy naïve patients. Notably, previous reports suggest that immune-based 

signatures predict response to chemotherapy in triple negative breast cancer patients, 

suggesting that the Basal 14 signature might also measure treatment response (Desmedt 

et al., 2008; Hess et al., 2006).  The relationship between the Basal 14 signature and 

response to chemotherapy was not examined in this study.  Another possibility is that the 

Basal 14 signature is associated with histological subtypes of BLBC with known good 

prognosis, such as the medullary subtype(Ridolfi et al., 1977; Vincent-Salomon et al., 

2007).  However, the frequency of medullary breast tumors is exceptionally low (2%), 

suggesting that the Basal 14 signature would also need to identify good prognosis non-



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 
 

 

32 

 

medullary BLBCs to achieve the level of accuracy described here.  In total, the capacity 

of the Basal 14 signature to identify BLBC patients with good prognosis is likely multi-

factorial, and many additional possibilities remain unexplored.   

 Interestingly, the Basal 14 signature comprised multiple genes with known roles 

in cancer. For example, destrin (DSTN) is one of three mammalian actin 

depolymerisation factors (ADFs). These proteins are fundamental for multiple cellular 

processes such as cell survival, cytokinesis, as well as cell migration and chemotaxis 

(Van Troys et al., 2008), and have been linked as a major determinant of metastasis in 

cancer patients (Wang et al., 2007; Wang et al., 2004). Tudor domain containing protein 

3 (TDRD3) has previously been linked to outcome in patients with ER-negative breast 

tumors (Nagahata et al., 2004), and while being relatively poorly characterized, is 

thought to play a role in the regulation of cytoplasmic stress granules (Goulet et al., 

2008).  Regulator of G-protein signaling (RGS4) has also been linked to patient outcome 

in patients with triple negative tumors (Yau et al.). Notably, RGS4 appears to be a key 

negative regulator of breast cancer cell migration and invasion (Xie et al., 2009). It is 

therefore somewhat surprising that high levels of RGS4 transcripts are associated with 

poor outcome.  However, it appears that RGS4 function is heavily regulated post-

translationally by proteosomal degradtaion, suggesting that a negative feedback loop 

occurs where high levels of RGS4 transcripts indicate low levels of RGS4 protein (Xie et 

al., 2009).   Interestingly, proteasome inhibitors are being explored as possible means 

for cancer therapy (Orlowski and Kuhn, 2008; Voorhees and Orlowski, 2006). In this 

regard, BLBC patients may represent a cancer sub-group that might benefit from such a 
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therapeutic approach. Three of the probe sets comprising the Basal 14 signature bind to 

transcripts that encode ribosomal protein L3 (RPL3). While it seems likely that this gene 

is involved in mRNA translation, implying that BLBCs with high levels of protein 

synthesis are associated with poor patient outcome, the role of RPL3 in cancer is 

uncharacterized. The genes representing transcripts whose expression was related to good 

survival are largely uncharacterized in regards to roles in tumor cell biology. Lymphocyte 

cytosolic protein 1 (LCP1), which is likely expressed by tumor infiltrating lymphocytes, 

might represent a readout of the extent of tumor lymphocyte infiltrate. This suggests that 

patient outcome may be influenced by host immune response, where infiltrating immune 

cells, such as lymphocytes, within a tumor indicate a good prognosis. Indeed, similar 

observations have been made by multiple other groups in the context of ER negative 

breast tumors (Teschendorff et al., 2007; Yau et al.). Taken together, these data highlight 

the diverse biology of the genes comprising the Basal 14 signature and provide a 

scientific rationale for new lines of research aimed at developing BLBC specific 

therapies.  

  Several issues remain to be addressed for the Basal 14 signature to be a useful 

clinical tool. Our conclusions are based on the analysis of retrospective data, which limits 

its clinical value.  Moreover, the validation cohort we used to test the predictive accuracy 

of the Basal 14 signature was relatively small. Finally, many of the patients in our data-

set had incomplete clinical data, making it impossible to learn whether the Basal 14 

signature was independently prognostic in the context of other additional factors such as 

patient age, tumor size, tumor grade, etc. However, it is important to note that previous 
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reports suggest that factors such as tumor size, tumor grade, extent of vascular invasion, 

and patient age show little relationship to patient outcome in the context of BLBC 

especially in lymph-node negative patients(Hudis and Gianni; Rakha et al., 2007).  

Indeed, the only standard clinical variable that is consistently prognostic in BLBC 

appears to be nodal status(Hernandez-Aya et al.; Rakha et al., 2007). Interestingly, we 

found that the Genomic Grade Index, a genomic based measurement of tumor grade 

showed no capacity to stratify BLBC patients into good and poor outcome groups.  

Subsequent validation of the Basal 14 signature will need to be completed in larger 

cohorts of patients that include such multivariate analyses. In this regard, a major focus of 

our research is the optimization of the Basal 14 signature for use on breast tumor tissue 

that is routinely available after surgery, such as formalin fixed paraffin embedded tumor 

blocks.  

 No rigorously validated assay exists to guide prognosis of patients specifically 

with BLBC.  Indeed, the data we present here suggests that the possibility of developing 

such a test exists. Future experiments will aim to extend these findings in additional 

retrospective cohorts of patients with BLBCs and ultimately in a prospective based 

clinical trial aimed at sparing low risk BLBCs patients from detrimental and unnecessary 

adjuvant chemotherapy.   
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Methods 

 We used a four-step approach to complete proof-of-principle experiments to show 

that gene-expression signatures can be identified and used to classify patients with 

BLBCs into good and poor outcome groups.   

1. We assembled a large cohort of 995 breast tumor gene expression profiles for 

which clinical follow-up data was available.   

2. We classified each tumor on the basis of its 'intrinsic' molecular subtype from 

which we generated a new dataset consisting of only BLBCs. 

3. We used a subset of BLBCs to iteratively identify several prognostic gene 

signatures, and used cross-validation to identify the optimal signature for patient 

outcome classification.  

4. We validated our optimized signature prospectively on an independent subset of 

basal breast tumors with accompanying gene expression profiles and clinical 

follow-up data. 

Collecting Microarray Data  

 We analyzed the gene expression profiles of 5 independent external datasets, 

obtained using Affymetrix HG-U133A GeneChips arrays, which have been deposited in 

the Gene Expression Omnibus (GEO); accession numbers GSE1456, GSE2034, 

GSE3494, GSE6532, and GSE7390. Together these datasets provided expression profiles 

of 1,077 human breast tumor samples. All gene expression profiles were normalized with 

frozen Robust Multi-Array Analysis (fRMA), a procedure that allows one to pre-process 
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microarrays individually or in small batches and to then combine the data into a single 

comparable dataset for further analyses (McCall et al.). To remove batch effect from the 

combined dataset, we used the ComBat method, which uses an Empirical Bayes method 

to adjust for potential batch effects in the dataset (Johnson et al., 

2007)(http://genepattern.broadinstitute.org), and computed Pearson correlation 

coefficients for pair-wise comparisons of samples using 68 house-keeping probe sets; 

only samples exhibiting correlations higher than 0.95 with at least half of the dataset were 

selected for further classification. The latter filtering method yielded a dataset comprising 

995 human breast tumor samples. 

Tumor Classification  

 Each of the selected 995 samples described above, were classified as basal-like, 

HER2+, Luminal A, Luminal B, claudin-low or normal-like by assigning it to a cluster 

representing the subtype to which it had the highest Pearson correlation (Herschkowitz et 

al., 2007; Perou et al., 2000; Sorlie et al., 2001). The correlation was computed using the 

subset of 1,500 averaged and median-centered ‘intrinsic’ genes (Parker et al., 

2009)common to both our dataset (Affymetrix Human Genome U133A Array) and the 

dataset used by Parker et al. (Stanford Microarray). For robustness, only tumors 

exhibiting a correlation higher than 0.3 with any of the molecular subtypes were used for 

further analysis. This led to the classification of 137 breast tumors into the basal-like 

molecular subtype yielding a group of 134 tumors with useable clinical follow-up data. 

We randomly separated the 134 patients with basal breast tumors; approximately 2/3 
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(n=85) were taken for signature training purposes (training set), whereas and the 

remaining 1/3 (n=49) was used as an independent validation set.   

Binary regression 

Identification of the prognostic signature was completed using the Bayesian 

binary regression algorithm BinReg ver2.0. The binary regression software (BinReg2.0) 

was downloaded from http://web.duke.edu/~dinbarry/BINREG/ and was used as a 

MATLAB plug-in (West et al., 2001). In most cases, we used disease free survival (DFS) 

as the relevant clinical variable, however, in some cases only distant metastasis free 

survival (DMFS) was available within a patient’s clinical annotation. In these cases we 

counted DMFS as DFS.  We used 5 years DFS as the clinical endpoint for these studies.   

Assessing signature performance 

 Survival differences between predicted good and poor outcome groups were 

evaluated with Kaplan-Meier survival curves and a log-rank test for significance.  Many 

standard prognostic clinical variables (node, grad, size, age…, etc) were unavailable in 

the GEO files associated with the patients used in this study, thus a limitation of this 

study is that we were not able to test the capacity of the Basal 14 signature to remain 

prognostic in the context of standard prognostic factors.   

Comparison of the Basal 14 signature with other genomic based predictors 

 We tested multiple additional prognostic signatures on the 49 patient validation 

cohort: Genomic Grade(Sotiriou et al., 2006), NKI-70(van de Vijver et al., 2002), 
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Recurrence score(Paik et al., 2004), Wound response(Chang et al., 2005), Triple 

negative(Yau et al.) and MS-14 (Tutt et al., 2008). For cross platform comparisons with 

other gene signatures, signature elements were mapped by Unigene IDs to Affymetrix 

HG-U133A GeneChip arrays for testing in the 49 patient validation set. The expression 

values for each gene were transformed such that the mean was 0 and the standard 

deviation was 1. A signature index was calculated for each patient as follows:  

N

Ni

P

Pi

n

j

n

i
xx ∑∑ ∈∈

−  

Where x is the transformed expression, n is the number of genes that could be mapped to 

the Affymetrix HG-U133 arrays, P is the set of probes with reported positive correlation 

to poor outcome, and N is the set of probes with reported positive correlation to good 

outcome. For each signature, patients were divided into high and low signature index 

groups using  tertiles (Haibe-Kains et al., 2008). 
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Table and Figure legends 

Table 1: Features comprising the optimal 14-gene signature 

Table 2: Survival characteristics of the 49 patient validation cohort. 

Table 3: Survival characteristics of the 26 patient chemo-naïve validation cohort 

Figure 1. Human breast tumors cluster into 6 distinct molecular subtypes of breast 

cancer with differences in patient survival. A)  Hierarchical clustering of 547 breast 

tumors using the ‘intrinsic’ gene set separates tumors into the 6 molecular subtypes of 

human breast tumors. B) Kaplan-Meier survival analysis of patients comprising each of 

the molecular subtypes    

Figure 2. 14 probe sets optimally separate patients into good and poor survival 

groups.  A) Experimental strategy to identify an optimal signature to separate patients 

with BLBC into high and low risk groups.  B) Comparison of relative risk between leave-

one-out cross-validation predicted high and low risk groups for n length signatures 

(n=1,2,3…,50).  14 probe sets produces maximal risk separation between high and low 

risk groups (blue arrow). 

Figure 3. The Basal 14 signature accurately predicts outcome in independent 

patients with BLBC. A) Rug plot (distribution of predicted probabilities) of proportion 

of patients experiencing disease relapse increases linearly with probability of relapse 

predicted by Basal 14 signature.   B) ROC curve to assess the accuracy of the Basal 14 

signature in the validation cohort (AUC: 0.76, p = 0.003). C) Kaplan-Meier survival 
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analysis with the validation (HR: 4.7, [CI95: 1.8-12.3], p = 0.0017, Log-rank test). D) 

Kaplan-Meier survival analysis with chemotherapy naïve patients (HR: 4.4, [CI95: 1.1-

16.7], p = 0.03, Log-rank test).   

Figure 4. Other reported prognostic signatures fail to predict patient outcome in the 

context of BLBC. We calculated a signature index for the A) Basal 14, B) Genomic 

Grade Index, C) NKI-70, D) Recurrence Score, E) CSR/Wound response, F) Triple 

Negative and G) MS-14 signatures.  Only the Basal 14 signature was prognostic in the 

validation cohort of BLBC patients HR: 4.7 [CI95: 1.8-12.3], p = 0.0017, Log-rank test).  

Although, the Triple negative signature did trend to significance (HR: 2.0 [CI95: 0.8-5.4], 

p = 0.15, Log-rank test). 

Figure 5. Basal 14 signature is prognostic in the basal and ERBB2 molecular 

sutbypes of breast cancer. Prognostic capacity of the Basal 14 signature was evaluated 

in the A) luminal A, B) luminal B, C) claudin low, D) Normal, and F) ERBB2 molecular 

subtypes of breast cancer.  Notably, the Basal 14 signature was prognostic in patients 

with the ERBB2 molecular subtype of breast cancer (HR: 2.8 [CI95: 1.3-6.5], p = 0.01, 

Log-rank test). 

Supplementary figure 1. ROC curves for multiple prognostic signatures reported in 

the literature. ROC curves for A) Basal 14, B) Genomic Grade Index, C) NKI-70, D) 

Recurrence Score, E) CSR/Wound response, F) Triple Negative and G) MS-14 

signatures.  Only the Basal 14 (AUC: 0.77, p = 0.003) and Triple negative (AUC: 0.7, p = 

0.02) signatures produced an AUC that was statistically significantly greater than 0.5. 
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Table 1: Features comprising the optimal 14-gene signature 

Correlation 

Affymtetrix 

Probe Description 

+ 201022_s_at destrin (actin depolymerizing factor), DSTN 

+ 203072_at myosin IE, MYO1E 

+ 208089_s_at tudor domain containing 3, TDRD3 

+ 204338_s_at regulator of G-protein signaling 4, RGS4 

+ 220719_at hypothetical protein FLJ13769, FLJ13769 

+ 212039_x_at ribosomal protein L3, RPL3 

+ 211073_x_at ribosomal protein L3, RPL3 

+ 201217_x_at ribosomal protein L3, RPL3 

+ 208538_at 

acidic (leucine-rich) nuclear phosphoprotein 32 family, member C, 

ANP32C 

- 217434_at melanocortin 2 receptor (adrenocorticotropic hormone), MC2R 

- 216143_at MRNA; cDNA DKFZp434L092 (from clone DKFZp434L092), --- 

- 221306_at G protein-coupled receptor 27, GPR27 

- 204544_at Hermansky-Pudlak syndrome 5, HPS5 

- 208885_at lymphocyte cytosolic protein 1 (L-plastin), LCP1 
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Table 2: Survival characteristics of the 49 patient validation cohort. 

Validation cohort (n=49) 

Risk 

Category 

# 

Patients 

% 

Patients 

% Disease free 

survival (5 yr) 

Low 16 33 94 

High 33 67 48 
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Table 3: Survival characteristics of the 26 patient chemo-naïve validation cohort 

Chemo-naïve validation cohort (n=26) 

Risk 

Category 

# 

Patient

s 

% 

Patient

s 

% Disease free 

survival (5 yr) 

Low 6 23 100 

High 20 77 50 
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CHAPTER 3 

Introduction 

There is significant molecular and cellular diversity among human breast tumors.  

Indeed, this heterogeneity is evident from histopatholologic features and differences in 

ER/PR/HER2 status as well as more recent classification schemes based on the 

expression of large numbers of genes (Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 

2003; Sotiriou and Pusztai, 2009).  Importantly, these data indicate that breast cancer is 

an imprecise definition that embodies many molecularly distinct neoplastic disorders that 

share a common normal breast tissue origin. 

 The capacity to more accurately define breast cancers and identify tumor 

subgroups that represent more homogeneous disease entities, provides a framework to 

increase our understanding of these diseases and provides opportunities to focus 

treatment options for patients.  To this end, investigators have completed relatively large 

gene expression studies and identified patterns in gene expression that reproducibly 

stratify breast tumors into each of 5 molecular groups. These groups, known as the basal-

like, ERBB2+, normal-like, luminal A and luminal B molecular subtypes of breast 

cancer, were originally described by Perou et al.(Perou et al., 2000) in 2000, and define 

disease groups with distinct clinical behaviors, thus providing a basis for improved 

taxonomy of breast cancer (Blows et al.; Desmedt et al., 2008; Herschkowitz et al., 2007; 

Parker et al., 2009; Rouzier et al., 2005; Smid et al., 2008; Sorlie et al., 2001; Sorlie et 

al., 2003; Sotiriou and Pusztai, 2009; Wirapati et al., 2008).  It is possible that further 

refinement of the ‘intrinsic’ classification by Perou et al., would delineate additional 
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molecular classes of breast cancer, and provide additional clinical value beyond 

traditional techniques. For example, ER+ tumors generally fall into the luminal A and B 

molecular subtypes, characterized by expression of the ER as well as cytokeratins 

typically expressed by luminal epithelial cells (Perou et al., 2000; Sorlie et al., 2001). 

However, more recent studies suggest that as many 12 molecular subgroups of ER+ 

breast cancer exist, demonstrating that the luminal A and B stratification of ER+ breast 

tumors does not fully capture the biological complexity of these tumors {Gatza, 2010 

#284}. Indeed, further dissection of ER+ breast tumors into additional relevant disease 

subgroups would likely provide further insight into the mechanisms that underlie these 

tumors, as well as prevent carefully planned studies being confounded by the 

heterogeneity found among un-grouped or sub-optimally grouped populations of ER+ 

breast tumors. Hence, the identification and characterization of additional subgroups of 

ER+ breast tumors would focus treatment options for patients with ER+ breast tumors, 

because therapy could be rationally applied based on specific molecular characteristics of 

the patient’s tumor. 

 We hypothesized that the biology of ER+ tumors comprised both estrogen-

dependent and -independent components, and furthermore, that investigation and 

characterization of the estrogen independent component might provide a means to stratify 

ER+ tumors into different distinct disease subgroups. To this end, we used publicly 

available data to identify ‘estrogen independent’ genes in ER+ breast tumors and 

subsequently identified subgroups of ER+ tumors based on molecular differences 

between tumors identified by these genes. Importantly, we reproducibly identified 8 
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subgroups of ER+ breast tumors that exhibited distinct clinical behavior as well as 

biology.  Moreover, we show that these subgroups have specific responses to therapeutic 

compounds in vitro, as well as in human breast cancer patients. Taken together, these data 

support the existence of 8 distinct subgroups of ER+ breast cancer, and advance efforts to 

increase the precision of therapeutic intervention in human breast cancer patients. 
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Abstract 

 Human breast cancer represents a significantly heterogeneous disease.  Indeed, 

the latter is readily apparent based on the variable expression of the Estrogen Receptor 

(ER), Progesterone Receptor (PR) and expression of HER2 in patient tumors.  Moreover, 

global gene expression profiling measurements have been used to classify tumors into 

multiple molecular subtypes. The capacity to define subtypes of breast tumors provides a 

framework to enable improved understanding of the mechanisms of breast oncogenesis, 

as well as to provide opportunities for improved targeted therapeutic intervention in 

patients. We hypothesized that the biology of ER+ tumors comprised both estrogen-

dependent and -independent components, and that investigation of the estrogen-

independent component might provide a means to stratify ER+ tumors into additional 

distinct subgroups. We used publicly available gene expression profiling data to identify 

‘estrogen independent’ genes in ER+ breast tumors. Importantly, based on the expression 

of these genes, we identified 8 subgroups of ER+ breast tumors that exhibit distinct 

clinical behaviors and biology. Moreover, we show that breast tumor cell lines 

representative of these ER+ subgroups have subtype specific response to  therapeutic 

compounds in vitro, and that this also applies to breast cancer patients. Taken together, 

these data support the existence of 8 distinct subgroups of ER+ breast cancer and suggest 

that knowledge of the ER+ subgroup status of patient samples have the potential to guide 

therapy choice.  
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Results 

Identification of estrogen independent genes and distinct subgroups of ER+ breast 

cancer 

 The goal of this study was to enable classification of ER+ breast tumors on the 

basis of genes whose expression is related to the estrogen independent biology of ER+ 

tumors. To this end, we took advantage of the gene expression profiles of 58 ER+ breast 

tumors biopsied from post-menopausal women before and after treatment with letrozole 

(n=116, [20]).  Because letrozole treatment induces estrogen deprivation in tumors of 

post-menopausal women, genes whose expression showed minimal variation after 

letrozole treatment can be considered estrogen independent. To identify estrogen-

independent genes, we calculated between/within (b/w) scores for each probe set, which 

were measurements of probe set variation observed between different primary tumors 

relative to the variation observed within paired samples pre- and post-treatment. In this 

fashion, probe sets with high b/w scores showed greater variation between different 

tumors than between treatment paired tumor samples, whereas genes with low b/w scores 

showed greater variation within treatment paired tumors samples than between different 

tumors.  Therefore, probe sets with high b/w scores were likely not influenced by 

estrogen deprivation and also showed variable expression among the different tumors 

prior to treatments, suggesting that they are related to differences in the estrogen 

independent biologies of ER+ tumors (Fig. 1A).  We selected the top 5,000 estrogen 

independent probe (highest b/w scores) sets for further analysis (Fig.1B). 
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 To investigate whether the expression of the estrogen independent probe sets 

could capture the phenotypic complexity of ER+ breast tumors we completed 

unsupervised clustering using non-negative matrix factorization (NMF) [21]. NMF is an 

efficient method to identify molecular patterns that is readily applicable to gene 

expression data, and therefore can be used as a powerful means for class discovery.  In 

short, NMF identifies metagenes, or distinct gene expression patterns, which are used to 

determine the optimal value for k, where k represents the number of sample subgroup 

clusters by calculating a cophenetic co-efficient for each value of k. In short, we applied 

NMF (for k=2-10) to gene expression data representing 327 primary ER+ breast tumors 

(GSE6532, 133A arrays, [22] filtered such that only the 5000 estrogen independent probe 

sets were used for class identification.   This data set optimally fell into 8 clusters, 

designated groups 1–8 (Fig. 1C). To identify marker genes for each subgroup, we used 

prediction analysis of microarrays (PAM, [23]), to identify the top 50 marker genes for 

each group (Fig. 1D, Supplementary table 2).  To learn whether these groups might 

represent different disease classes, we compared distant metastasis free survival (DMFS) 

among the various groups.  Interestingly, some subgroups displayed excellent long term 

outcomes, whereas other groups did not (Fig. 1E, *p=0.03, Log-rank test).  For example, 

10 year DMFS in group 7 patients was 90%, whereas in group 4 patients it was only 

52%.  Importantly, these patients were uniformly chemotherapy naïve, suggesting that 

these differences in survival are likely related to the natural progression of their disease, 

rather than response to chemotherapy.  
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To learn whether different signaling pathways might be associated with each 

group we tested whether subgroup genes were over-represented within interaction 

partners that comprise distinct pathways in the NCI-Nature pathway interaction (Table 1) 

[24].  Interestingly, group 1&4 genes were both enriched in genes that comprise the 

EGFR signaling pathway, a known marker of poor outcome in breast tumors [25], 

providing a potential biological link to the poor DMFS observed in these groups.  By 

contrast, group 7 genes were enriched in immune-signaling pathways, such as CXCR4-

mediated signaling and downstream signaling in CD8 T-cells, suggesting that group 7 

tumors comprised a relatively high percentage of infiltrating immune cells, possibly 

accounting for their excellent survival characteristics. Interestingly, many additional 

therapeutically actionable signaling pathways were over-represented among other 

subgroups, suggesting that tumor subgroup membership could inform patient treatment.  

Taken together, these data suggest that ER+ breast tumors can be grouped into 8 distinct 

disease subgroups with significant differences in clinical outcome, as well as with unique 

biology and signalling. 

A framework for ER+ breast tumor classification 

To confirm that the previously observed subgroups were indeed representative of 

ER+ breast tumors, we investigated their prevalence in an independent validation dataset 

comprising 805 ER+ chemotherapy naïve, breast cancer patients.  We applied the 400 

probe set classifier (top 50 probe sets of each subgroup, described above) to the 

validation set, to separate these tumors into the 8 subgroups identified above (Fig 2A).    
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Based on the expression of the 400 probe sets, each sample was assigned into one of the 8 

groups, using PAM.  Notably, greater than 80% (n=653) of the tumors in the validation 

set were assigned with a probability higher than 80% of belonging to one of the 8 

subgroups, suggesting this classification framework is reasonably robust. The DMFS 

characteristics of patients comprising the various 8 groups were found to be highly 

coincident between the original (n=327) and validation (n=805) cohorts (Fig. 2B, 

supplementary figure 1).  For instance, 10 year DMFS was highest in group 7 and lowest 

in group 4 for both the original and validation datasets.  We also investigated DMFS in 

patients that comprised the validation groups who were also node negative (Fig. 2C), or 

were node negative as well as treated with tamoxifen (Fig. 2D).  In the latter analysis, it 

appeared that patients whose tumors belonged to groups 3, 6, and 7 experienced excellent 

DMFS (92%), whereas patients whose tumors belonged to groups 1, 2, 4, 5, and 8 

experienced much poorer DMFS (78%, Fig. 2D).  The latter patients (ER+, tamoxifen 

treated, node negative) represent an important patient population as they are eligible for 

gene expression based tests, such as Oncotype DX [4,26], which are designed to guide of 

the use of chemotherapy in these patients. These data suggest that the subgroups of ER+ 

tumors identified here could be used in a similar fashion to identify patients that are 

unlikely to require additional therapeutic intervention and those that require more 

aggressive treatment.   

 Importantly, the 400 probe set classifier robustly classified validation set patients 

into the subgroups identified in our original dataset.  Moreover, the survival 

characteristics between patients whose tumors were classified into the various subgroups 
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were highly coincident between the validation and original datasets.  Taken together, 

these data are highly suggestive that the identified subgroups are both clinically relevant 

and reproducible.    

 

ER+ subgroups enable predictive modeling of anti-cancer drug sensitivity 

 As described above, the established framework allows classification of ER+ 

breast tumors into 1 of 8 various subgroups based on patterns in gene expression.  

Importantly, this framework can be extended to classify ER+ breast tumor cell lines into 

the same subgroups.  We accessed previously described breast tumor cell line gene 

expression datasets [18,27] and classified ER+ breast tumor cell lines into the 8 

subgroups.  Among 25 ER+ breast tumor cell lines, 6 of the 8 subgroups were 

represented by at least 2 cell lines, thus providing experimental models for these 

subgroups (Fig. 3A).  To learn whether the cell lines comprising the various subgroups 

could model important clinical characteristics, such as response to anti-cancer therapies, 

we compared the breast tumor cell line sensitivities [18] with that of breast cancer patient 

response to neoadjuvant chemotherapy data for anthracycline and taxane drugs, using 

publicly available data [28].  Interestingly, we observed that the cell lines comprising 

subgroups 1 and 3 displayed divergent sensitivities to anthracyclines and taxanes.  For 

example, the correlation between the –log10GI50s and probability of assignment into 

subgroup 1 were relatively high for doxorubicin and epirubicin, as well as paclitaxel and 

docetaxel (Fig. 3B).  In contrast, the same correlation was negative for these same agents 
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in subgroup 3 (Fig. 3B).  In fact, subgroup 1 cell lines were either significantly 

(paclitaxel, *p<0.05) or nominally more sensitive to these agents than subgroup 3 cell 

lines (docetaxel, doxorubicin, epirubicin) (Fig. 3C). We also compared the efficacy of 

anthracycline and taxane chemotherapy in subgroup 1 and subgroup 3 breast cancer 

patients.  Measuring the efficacy of chemotherapy in a tumor can be accomplished by 

assessment of response following neoadjuvant treatment with a given treatment regimen 

[29].  In this fashion, patients with little to no invasive or metastatic disease detected 

following treatment are classified as having minimal residual cancer burden (RCB0/I), 

whereas patient’s whose tumors show less response and care classified as having greater 

residual cancer burden (RCBII/III). Importantly, neoadjuvant chemotherapy has been 

found to be as efficacious as chemotherapy given in the adjuvant setting, and patients 

who achieve complete pathological response after neoadjuvant intervention generally 

have an excellent probability of experiencing long-term survival [30,31,32]. Taken 

together, these data suggest that response to neoadjuvant chemotherapy (pCR/RD) is a 

relevant clinical model to develop and validate gene signature based predictors of breast 

tumor response to chemotherapy.  To this end, we generated a dataset comprising 248 

patients with ER+ breast tumors that also received neoadjuvant anthracycline and taxane 

chemotherapy.  Patient’s with low residual cancer burden (RCB0/RCBI) were considered 

as responders, whereas patients with high residual cancer burden (RCBII/RCBIII) were 

classified as non-responders [28,29,33]. We observed that subgroup 1 tumors were 

generally more responsive than subgroup 3 tumors (Fig. 3D, RCB0/I:RCBII/III, 

Subgroup 1: 8:18,  Subgroup 3: 7:90, OR: 3.5, *p=0.031).   Taken together, these data 
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reveal that cell lines provide tractable experimental models to study subgroup response to 

anticancer agents.  Indeed, the observation that cell line subgroup sensitivity/resistance to 

anthracyclines/taxanes was phenocopied in patient subgroup response to neoadjuvant 

anthracycline/taxane therapy, provides proof-of-principle that cell lines can be used to 

model subgroup specific responses to both approved and experimental breast cancer 

therapeutics.   

 

Cell lines belonging to ER+ subgroups show heterogeneous response to clinical and 

experimental anti-cancer compounds 

 To extend the findings described above, we assessed the relationship between 

ER+ breast tumor cell lines comprising our described subgroups and response to 

additional clinical and experimental anti-cancer compounds. As reported above, 

subgroups 1-6 were represented by at least 2 cell lines, thus only these subgroups were 

included in these analyses.  Interestingly, many compounds showed subgroup specificity, 

suggesting that these efforts may inform effective clinical use of these compounds (Fig. 

4A).  For example, CPT-11, also commonly known as irinotecan, was most effective in 

cell lines belonging to subgroup 1 relative to cell lines belonging to other subgroups (Fig. 

4B, * p = 0.0091), and etoposide was most effective in subgroup 1 and 5 cell lines 

relative to the those comprising subgroups 2,3,4, and 6 (Fig. 4C, *p=0.0023).   

Importantly, these observed patterns could likely be implemented into clinical practice 

(Fig. 4D), were upon clinical presentation of ER+ breast cancer, a biopsy is used for gene 
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expression profiling analysis to make a subgroup assignment. Low risk patients, such as 

node negative subgroup 3, 6, and 7 disease would only receive endocrine therapy, 

whereas high risk patients, such as those with node positive disease, or those with tumors 

belonging to subgroups 1,2,4,5, and 8 would receive endocrine therapy as well as 

additional therapy informed by the subgroup of the tumor.  Importantly, many of the 

agents with subgroup specificity represent standard of care agents, suggesting that 

strategy described above could be easily applied and tested in clinical settings [34].  
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Discussion    

 The capacity to accurately classify heterogeneous populations of breast tumors 

into more homogeneous disease groups is important for multiple reasons.  First, different 

classes of breast tumors are likely initiated and propagated by distinct disease 

mechanisms, implying that the study of such mechanisms would be most tractable within 

the subgroups they underlie.  Second, effective treatment of breast cancer patients will 

hinge on the capacity to accurately define the characteristics of an individual’s tumor in 

order to tailor subsequent treatments to these characteristics.   Hence, the precise 

classification of breast tumors into therapeutically relevant subgroups provides a means 

to treat individuals with subgroup specific therapies comprising agents to which the 

tumor is most likely to respond.   

In breast cancer, tumors are typically classified based on clinical parameters such 

as size and grade, as well as the expression of a limited number of histochemical markers, 

such as the expression of ER, PR and HER2.  Albeit limited in number, these markers 

have important therapeutic implications; expression of the ER predicts benefit from 

endocrine therapies, whereas overexpression of HER2 predicts benefit from trastuzumab 

[35,36,37].  More recent experiments have identified 5 major molecular subtypes of 

breast tumors, which are based on the expression of large numbers of genes [1,2,3].  

Importantly, these subtypes have been linked to important clinical characteristics, such as 

overall survival and response to chemotherapy [3,8].  However, it is unclear the extent to 

which these molecular subtypes improves classification of breast cancer beyond 
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traditional methods [3,4,8,38,39]. Hence, additional classification schemes are required to 

gain additional understanding of the various biological programs that drive breast 

oncogenesis, as well as increase the efficacy of treatment.  Here we suggest that patterns 

in estrogen independent gene expression likely provides such a scheme, and link such 

patterns to unique subgroups of ER+ breast tumors with distinct clinical characteristics 

and sensitivities to anti-cancer therapeutics. 

Here, we used the gene expression profiles of 58 matched untreated/treated ER+ 

breast tumor pairs for estrogen independent gene discovery.  The expression of these 

genes were subsequently used to identify molecular classes of ER+ breast tumors in a 

discovery cohort of 327 breast tumors.  This analysis identified 8 molecular subgroups 

that comprised patients with distinct outcomes.  Importantly, in a validation cohort of 805 

ER+ breast tumors more than 80% tumors were classified into the 8 subgroups with high 

probability (>80%). Moreover, subgroup specific patient outcomes were highly 

coincident between the discovery and validation cohorts.  Taken together, these 

observations provide strong evidence for the existence of the 8 subgroups.  We also 

extended these findings by using cell line data to identify subgroups likely to respond to 

therapies.  As proof-of-principle, we linked cell line subgroup response to anthracycline 

and taxane drugs with patient subgroup response to neoadjuvant anthracycline and taxane 

therapy.  These data highlight the possibility of using cell line subgroup membership in 

conjunction with cell line response data to guide conventional chemotherapy in ER+ 

breast tumors.  Indeed, among other compounds analysed, many showed subgroup 

specificity suggesting that we uncovered additional subgroup specific responses to 
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therapeutic compounds.   Along these same lines, many therapeutically actionable 

pathways were over-represented within subgroup specific genes that were used to define 

the 8 subgroups.  These include PLK1 signaling in subgroup 2 tumors [40], FGF and IL6 

signaling in subgroup 3 tumors [41,42], telomerase in subgroup 5 tumors [43], and 

HDAC signaling in subgroup 8 tumors [44,45], among others.  From a clinical 

standpoint, our data suggests that patients with low risk subgroup tumors (subgroups 

3,6,7) experience excellent long term survival without adjuvant chemotherapy, and 

therefore should only require endocrine therapy. Conversely, high risk subgroup patients 

(subgroups 1,2,4,5,8) could be treated with additional therapy selected based on subgroup 

membership.  That said, significant additional work remains to be completed before these 

8 subgroups could be used to inform clinical decision making.   This work would include 

developing a robust and reliable clinical multi-gene assay to optimally assign subgroup 

membership.  Moreover, the predictive power of subgroup guided decision making would 

need to be validated in prospective clinical trials.  

Importantly, the subgroups reported here are defined based on the expression of 

genes that showed minimal variation in patient tumors that were treated with an 

aromatase inhibitor [20]. Aromatase inhibitors decrease patient estrogen levels in post-

menopausal women by inhibiting aromatase, thereby reducing the synthesis of estrogen 

from androgenic substrates [46].   In this fashion, treatment with aromatase inhibitors 

induces an estrogen deprived state within a patient’s tumor. Thus, the expression of genes 

that show minimal variation likely represents estrogen independent biology present 

within ER+ tumors. Arguably, since ER+ breast cancer patients are treated with 
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endocrine therapies that inhibit estrogen dependent gene expression, endocrine therapy 

resistance is driven at least in part, by the biology mediated by estrogen independent 

genes.  The study of endocrine therapy resistance is particularly important, given that 

approximately 30% of tamoxifen-treated ER+ breast cancer patients suffer relapse within 

15 years [35]. To this end, the pathway analysis of subgroup specific genes might lend 

insight into means of overcoming such resistance.  Notably, subgroup 1 and 4 classifier 

genes were found to be enriched in components of the EGFR signaling pathway.  

Moreoever, tamoxifen treated subgroup 1 and 4 patients experienced poor survival 

suggesting that tamoxifen fails to provide durable cure in these subgroups.  An 

interpretation of these data is that EGFR pathway activity provides an escape pathway for 

ER+ breast tumors from tamoxifen therapy, consistent with previous reports linking 

EGFR signaling to endocrine therapy resistance [47,48,49].   

Ultimately, we propose that the 8 subgroups described here provide a strategy for 

improved understanding and treatment of ER+ breast tumor biology. We anticipate these 

data will provide a framework to both guide optimal use of existing therapeutics, as well 

as gain insight into biological processes that represent relevant targets for development of 

the next generation of experimental therapies.  
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Methods 

Human breast tumor data sets.   

All tumor samples were downloaded from the gene expression omnibus (GEO, 

http://www.ncbi.nlm.nih.gov/geo/). This included Letrozole treated tumor samples 

(GSE5462) [20], the discovery cohort (GSE6532, 133A array samples, n=327 [50], the 

validation cohort (GSE6532 133 Plus 2.0 array samples n= 87 [50], GSE9195 n=77 [51], 

GSE17705 n=298 [52], GSE2034 n=209 [53], GSE7390 n=134 [54]). Cell line expression 

profiles were downloaded from ArrayExpress (E-TABM-157) [27]. Raw data files 

reprensenting the tumor samples were normalised using  using RMA 

(http://genepattern.broadinstitute.org) [55].  

Definition of estrogen independent genes 

We calculated within (w, treatment pairs) and between (b) variation (independent 

primary tumor samples) for all tumors. In this fashion, probe-sets with greater variation in 

expression between tumors than between treatment paired samples received high b/w 

scores, and vice versa.  

Class discovery 

 Non-negative matrix factorization was carried out as previously described on the 

gene pattern website [21].  Prediction analysis of microarrays (PAM) was carried out as 

described [23], to discover subgroup specific genes (discovery cohort) and to classify 

samples (validation cohort, cell lines).    
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Pathway analysis  

 Pathway analysis was carried out using NCI-Nature pathway interaction database 

tools (http://pid.nci.nih.gov/index.shtml).  The pathway interaction database is a curated 

database of biomolecular interactions and cellular processes assembled into signaling 

pathways [24].   

Compound data 

 Cell line sensitivity to compound data was downloaded from 

(http://www.pnas.org/content/early/2011/10/13/1018854108.abstract) [18].  To learn 

whether compounds had subgroup specific activity we calculated correlation (Pearson) 

between the probability of belonging to a given subgroup and the –log10 of the GI50 of 

chemotherapies and experimental compounds. 

Statistical Analysis 

Survival analysis and Log-rank tests were used to evaluate survival differences between 

patient subgroups.  Whenever possible, DMFS was used as the clinical endpoint, however in a 

minority of cases only disease free survival was available. Odds ratios and the Fisher’s exact test 

were used to compare the frequency of responders and non-responders to neoadjuvant 

chemotherapy.  T-tests were used to compare the GI50s of various compounds between cell lines 

representing the subgroups.  Tests were two-sided and a p-value of 0.05 or less was considered 

statistically significant.  
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Table and Figure legends 

Table 1: Enrichment of subgroup genes in within the NCI-Nature curated pathway 

database  

Figure 1.  Discovery of estrogen independent genes. A) Experimental strategy to 

identify estrogen independent genes. B) Between/within scores for all probes.  C) NMF 

consensus analysis of discovery cohort identifies 8 subgroups of ER+ breast tumors. D) 

Heatmap displaying the top 50 subgroup genes for each subgroup identified by PAM. E)  

DMFS of patients comprising the various subgroups (*p=0.03, Log-rank test).   

Figure 2. 8 subgroups can be reproducibly identified in an 805 ER+ breast tumor 

patient validation cohort. A) Subgroup assignment by PAM of each patient in the 

validation cohort B) Survival characteristics of patients comprising the various subgroups 

in the validation cohort (*p=0.01, Log-rank test, n=805).    C) Subgroup survival 

characteristics of node negative patients within the validation cohort patients (*p=0.02, 

Log-rank test, n=588).  D) Subgroup survival characteristics of tamoxifen treated and 

node negative patients within the validation cohort (*p=0.04, Log-rank test, n=245).  E)  

Pooled survival characteristics of patients representing either low risk or high risk disease 

(HR: 2.55, *p=0.0037, Log-rank test) 

Figure 3. ER+ subgourps enable predictive modeling of anti-cancer drug sensitivity. 

A) Subgroup assignment for 25 ER+ breast tumor cell lines. B) Relationship between 

probability of subgroup membership and sensitivity to anthracycline and taxane drugs for 

subgroups 1 and 3. C) Subgroup 1 cell lines are either statistically (paclitaxel: *p=0.036) 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 
 

 

78 

 

or nominally more sensitive to anthracyclines and taxane drugs (docetaxel: p=0.25, 

doxorubicin: p=0.071, epirubicin: p=0.1).  D) Subgroup 1 tumors are more responsive to 

anthracycline and taxane chemotherapy than subgroup 3 tumors in human breast cancer 

patients (Odds Ratio: 3.5 [1.2-10.2], *p=0.031, Fisher’s exact test).   

Figure 4. Subgroup specific response to anti-cancer compounds. A) Heatmap 

depicting cell line response to anti-cancer agents.  B) Subgroup 1 cell lines are markedly 

more sensitive to the agent CPT-11 than the cell lines belonging to the other subgroups 

(*p=0.0091).  C) Subgroup 1 and 5 cell lines are markedly more sensitive to etoposide 

than cell lines comprising the remaining subgroups (*p=0.0023).  D) Strategy for 

implementation of the 8 subgroups into management of patients with ER+ breast tumors. 

Supplementary Figure 1. Comparison of 10 year-survival between validation and 

training cohorts.  
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Table 1: Enrichment of subgroup genes in within the NCI-Nature curated pathway 

database  

NCI-Nature curated pathways P 

Subgroup #1 

 Signaling events mediated by Hepatocyte Growth Factor Receptor (c-Met)  1.40E-04 

 Signaling events mediated by TCPTP  2.82E-04 

 ErbB1 downstream signaling  4.50E-04 

 IL6-mediated signaling events  4.86E-04 

 N-cadherin signaling events  6.73E-04 

 IL2 signaling events mediated by PI3K  8.97E-04 

 FGF signaling pathway  1.50E-03 

Subroup #2 

 Neurotrophic factor-mediated Trk receptor signaling  1.29E-03 

 p75(NTR)-mediated signaling  2.17E-03 

 PLK1 signaling events  3.03E-03 

 Degradation of beta catenin  2.28E-02 

 Hedgehog signaling events mediated by Gli proteins  2.34E-02 

 TGF-beta receptor signaling  3.23E-02 

Subroup #3 

 ErbB4 signaling events  5.63E-07 

 FGF signaling pathway  9.30E-06 

 IL6-mediated signaling events  3.36E-05 

 Regulation of nuclear SMAD2/3 signaling  9.78E-05 

 IL4-mediated signaling events  2.05E-04 

 Signaling events mediated by TCPTP  2.44E-04 
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Subroup #4 

 Signaling events mediated by HDAC Class I  2.44E-06 

 Signaling events mediated by HDAC Class II  7.79E-05 

 p73 transcription factor network  1.82E-04 

 ErbB1 downstream signaling  2.51E-04 

 Posttranslational regulation of adherens junction stability and dissassembly  4.07E-04 

 PDGFR-beta signaling pathway  1.15E-03 

Subroup #5 

 Regulation of Telomerase  4.33E-10 

 Regulation of RhoA activity  1.70E-06 

 p53 pathway  2.00E-05 

 Hypoxic and oxygen homeostasis regulation of HIF-1-alpha  2.25E-05 

 Regulation of CDC42 activity  4.12E-04 

 Coregulation of Androgen receptor activity  8.49E-04 

Subroup #6 

 Regulation of RhoA activity  4.63E-04 

 Arf6 signaling events  1.61E-03 

 Arf1 pathway  3.13E-03 

 TRAIL signaling pathway  6.98E-03 

 Alpha6 beta4 integrin-ligand interactions  1.03E-02 

 mTOR signaling pathway  1.55E-02 

Subgroup #7 

 CXCR4-mediated signaling events  7.92E-12 

 IL12-mediated signaling events  1.63E-10 

 Downstream signaling in naïve CD8+ T cells  4.25E-09 

 TCR signaling in naïve CD4+ T cells  2.67E-08 
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 TCR signaling in naïve CD8+ T cells  3.28E-08 

 IFN-gamma pathway  3.48E-07 

Subgroup #8 

 Signaling events mediated by HDAC Class III  1.35E-13 

 mTOR signaling pathway  9.32E-07 

 Insulin-mediated glucose transport  1.85E-05 

 Regulation of nuclear beta catenin signaling and target gene transcription  2.58E-05 

 p38 signaling mediated by MAPKAP kinases  2.67E-05 

 Syndecan-4-mediated signaling events  3.65E-05 
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CHAPTER 4 

Introduction 

Oncologists are faced with the challenging task of selecting the most effective 

therapies for individual cancer patients to achieve the best possible outcome. Indeed, the 

latter is the central goal of personalized cancer medicine. Many current studies focus on 

identifying similar gene signatures to guide the selection of appropriate chemotherapy 

regimens (Hatzis et al.; Hess et al., 2006; Lee et al.; Rouzier et al., 2005).  However, 

gene signatures that predict tumor sensitivity or resistance to chemotherapy are not 

currently clinically available. The development and clinical implementation of gene 

signatures that predict response to commonly used chemotherapeutic agents could 

facilitate selecting the most efficacious therapeutic regimen given the molecular 

characteristics of an individual’s tumor. Furthermore, therapy-predictive gene signatures 

could ensure patients do not receive ineffective and potentially deleterious 

chemotherapeutic regimens.  

For this study we used complete pathological response (pCR) or residual disease 

(RD) as the clinical measurements to determine the sensitivity of a tumor to 

chemotherapy. In this fashion, patients in which no invasive or metastatic breast cancer 

can be detected following treatment are classified as having achieved complete 

pathological response (pCR), whereas patients that fail to achieve pCR are classified as 

having residual disease (RD). Importantly, neoadjuvant chemotherapy has been found to 

be as efficacious as chemotherapy given in the adjuvant setting, and patients who achieve 

complete pathological response after neoadjuvant intervention generally have an 
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excellent probability of experiencing long-term survival [13-15]. Taken together, these 

data suggest that response to neoadjuvant chemotherapy (pCR/RD) provides a relevant 

clinical model to develop and validate gene signature based predictors of breast tumor 

response to chemotherapy.  

We sought to test whether TOP2A and β-tubulin transcript expression indices 

could predict response to commonly used chemotherapeutic agents, as the protein 

products of these genes represent the respective molecular targets of commonly used 

anthracycline- and taxane-related drugs (Abal et al., 2003; Desmedt et al.; Mozzetti et al., 

2005).  We hypothesized that such target-based expression indices would provide a 

biologically comprehensive measurement of either TOP2A or β-tubulin activity in a 

patient’s tumor, and thus its likely dependence on either of these targets.  These analyses 

establish an effective method for identifying predictive drug response signatures, and 

highlight the use of predictive gene signatures to guide the selection of anthracycline and 

taxane based chemotherapy regimens for breast cancer patients. Importantly, the 

expression indices reported here are independently predictive of response to 

chemotherapy in a multivariate model that also included age, nodal status, tumor grade 

and estrogen receptor status in a group of 488 patients treated with anthracycline and 

taxane based chemotherapy.  
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Abstract 

Background: The efficacy of chemotherapy regimens in breast cancer patients is 

variable and unpredictable. Whether individual patients either achieve long-term 

remission or suffer recurrence after therapy may be dictated by intrinsic properties of 

their breast tumors including genetic lesions and consequent aberrant transcriptional 

programs. Global gene expression profiling provides a powerful tool to identify such 

tumor-intrinsic transcriptional programs, whose analyses provide insight into the 

underlying biology of individual patient tumors. For example, multi-gene expression 

signatures have been identified that can predict the likelihood of disease reccurrence, and 

thus guide patient prognosis. Whereas such prognostic signatures are being introduced in 

the clinical setting, similar signatures that predict sensitivity or resistance to 

chemotherapy are not currently clinically available.  

Results: Here, we present target based expression indices that predict breast tumor 

response to anthracycline and taxane based chemotherapy. Indeed, these signatures were 

independently predictive of chemotherapy response after adjusting for standard clinic-

pathological variables such as age, grade, and estrogen receptor status in a cohort of 488 

breast cancer patients treated with adriamycin and taxotere.   

Conclusions:  Importantly, our findings suggest the practicality of developing target 

based indices that predict response to therapeutics, as well as highlight the possibility of 

using gene signatures to guide the use of chemotherapy during treatment of breast cancer 

patients.    
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Results 

 TOP2A and β-tubulin expression are associated with complete pathological 

response in breast cancer patients treated with chemotherapy. 

As proof-of-principle that target expression could be linked to chemotherapy 

response, we tested whether transcripts of TOP2A were associated with pCR in a 

relatively large (GSE21094, n=278, n=56 pCR, n=222 RD) cohort of breast cancer 

patients treated with a neoadjuvant chemotherapy regimen that contained an 

anthracycline (TFAC; paclitaxel [T], 5-FU [F], adriamycin [A] and cyclophosphamide 

[C]). TOP2A transcript levels were associated with increased response to chemotherapy 

(Fig. 1A, AUC: 0.61, p = 0.008), and the mean expression of TOP2A transcripts was 

higher in patients who showed a complete pathological response than those who 

displayed residual disease after treatment (Fig. 1B, RD: 122.5, pCR: 167.7, p = 0.04, t-

test, Welch’s correction). Importantly, these data suggested that elevated expression 

levels of TOP2A transcripts are associated with response to anthracycline based 

chemotherapy regimens, and are consistent with previous studies that link TOP2A 

expression with response to anthracycline therapy [19-21]. To extend these findings, we 

also tested whether β-tubulin expression was associated with pCR in a cohort of breast 

cancer patients treated with docetaxel.  β-tubulin transcript levels were linked with 

increased response to docetaxel (Fig. 1C, AUC: 0.9, p= 0.001), and the mean expression 

of β-tubulin transcripts was higher in complete responders than those whose tumors did 

not achieve a complete response (Fig. 1D, RD: 2344, pCR: 1364, p < 0.0001, t-test). 
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Indeed, these findings are consistent with previous studies that link β-tubulin expression 

with sensitivity to taxane chemotherapy [22]. In total, these experiments suggest that 

target expression is associated with response to their chemotherapeutic agent 

counterparts.  

 The TOP2A index is associated with complete pathological response in breast 

cancer patients treated with anthracyclines 

Our previous observations suggested the expression of transcripts encoding the 

protein targets of therapeutic agents was associated with response to these same therapies. 

To extend these findings, we calculated a TOP2A transcript expression index by 

identifying genes whose expression displayed either positive or negative correlation to 

the expression of TOP2A transcripts in 3 independent publicly available data sets 

(GSE2034, GSE7390, GSE6532) (Fig. 2A). In short, we measured the correlation of all 

probe sets to TOP2A expression and selected those that ranked among the top and bottom 

1% of all probe sets in each data set. The latter approach identified 124 TOP2A 

associated probe sets, 86 that displayed positive association to TOP2A transcripts and 34 

that were negatively associated with TOP2A transcripts (Fig. 2B, Supplementary Table 

1). Using the same 278 patient cohort we employed previously, the TOP2A index was 

significantly associated with pCR (Fig. 2D, AUC: 0.73, p < 0.0001) and the TOP2A 

index scores were higher in patients who demonstrated a pCR than those who retained 

RD after treatment (Fig. 2E, RD: -0.15, pCR: 0.60, p < 0.0001, t-test,). Notably, the 

TOP2A index included genes linked to DNA repair, including EXO1[23], ERCC6L[24, 
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25], and RAD51[26], suggesting that the TOP2A index has a functional connection to the 

mechanisms of action of anthracycline drugs. To look for similarities between the TOP2A 

index and other predictors of chemotherapy response, we examined whether TOP2A 

index probes were also present within the DLDA30 predictor.  Importantly, the DLDA30 

is a validated gene expression based predictor of response to taxanes and anthracyclines, 

as well as to 5-fluorouracil and cyclophosphamide [9, 10, 12]. Interestingly, only one 

probe set from the TOP2A index also comprised an element in the DLDA30 predictor, 

suggesting minimal overlap between these two gene expression based predictors.  Taken 

together, these data provide proof-of-principle that a target based expression index can 

predict response to small molecules that inhibit the activity of the given target under 

investigation.  Importantly, we show here that the TOP2A index was associated with 

complete pathological response in breast cancer patients treated with an anthracycline-

containing chemotherapy regimen in the neoadjuvant setting.   

A β-tubulin index is associated with complete pathological response in breast cancer 

patients treated with taxanes 

 Given the development of the TOP2A index, we explored the possibility of 

identifying and developing a similar index to predict response to taxane drugs (Fig. 3A).  

In a similar fashion as reported above, we identified an expression index of β-tubulin 

associated transcripts.  β-tubulin is the molecular target of taxane drugs, a commonly 

used class of chemotherapeutic drugs that includes docetaxel and paclitaxel (Taxotere® 

and Taxol® respectively)[27-29].  In short, we identified 42 β-tubulin transcript-
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associated probe sets, 28 that displayed positive association with β-tubulin transcripts and 

14 that were negatively associated with β-tubulin transcript levels (Fig. 3B). We 

evaluated the association between the β-tubulin index and response to docetaxel using a 

14 patient (profiled in replicate, n=28, RD: 20, pCR: 8) cohort that was treated with 

neoadjuvant docetaxel (Fig. 3C). The β-tubulin index was associated with complete 

pathological response (Fig. 3D, AUC: 0.89, p = 0.002) and β-tubulin index scores were 

higher in patients who achieved complete pathological response than those who 

experienced residual disease after docetaxel therapy (Fig. 3E, RD: -0.5, pCR: 1.3, p < 

0.0001, t-test). Interestingly, the β-tubulin index included genes linked to cytoskeleton 

processes, including TPX2[30], and DBN1[31], suggesting a linkage between the β-

tubulin index and the mechanism of action of taxanes. As completed previously, we also 

looked for similarities between the β-tubulin index and the DLDA30 predictor.  Notably, 

no probe sets from the β-tubulin index comprised an element within the DLDA30 

predictor, suggesting minimal overlap between these two gene expression based 

predictors. In total, these data provide evidence that target based expression indices can 

predict response to neoadjuvant chemotherapy. In each case, the area under curve (AUC) 

was significantly greater than 0.5, confirming the predictive capacity of the indices, as 

well as the overall validity of the approach.   

Combining indices is predictive of response to multi-agent chemotherapy 

 Neoadjuvant chemotherapy generally comprises multiple different 

chemotherapeutic agents.  To determine whether we could combine our individual target 
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indices and predict response to multi-agent chemotherapy we tested the TOP2A and β-

tubulin indices as a combination index with the 278- patient cohort (TFAC), as well as 

with two different cohorts of patients treated with neoadjuvant therapy comprising an 

anthracycline and a taxane (AT) (GSE25055 [n=310] & GSE25065 [n=198]). The 

individual TOP2A and β-tubulin indices were associated with response among the TFAC-

treated patients, and patients who experienced pCR had significantly higher individual 

index scores than those who retained residual disease (Fig. 4A, p < 0.0001 both cases, t-

test). After combining the indices for the 278 TFAC-treated patient cohort, we observed a 

significant association between the combined indices and tumor response (Fig. 4B, AUC: 

0.76, p < 0.0001), and the combined index scores were significantly higher in responders 

(pCR) than non-responders (RD) (Fig. 4C, RD: -0.4, pCR: 1.7, p < 0.0001, t-test). 

Interestingly, the AUC value for the combined TOP2A and β-tublin index was nominally 

higher (AUC: 0.78) than that produced by the TOP2A index alone (Fig. 2D, AUC:0.73). 

We also tested the TOP2A and β-tubulin combination index on an additional two 

independent cohorts of patients treated with AT neoadjuvant chemotherapy (GSE25055 

[n=310] & GSE25065 [n=198]). In the 310-patient cohort the individual TOP2A and β-

tubulin index scores were significantly higher in responders than non-responders (Fig. 

4D, p < 0.0001 both cases, t-test), the combination of the TOP2A and β-tubulin indices 

were associated with increased response to treatment (Fig. 4E, AUC: 0.76, p < 0.0001), 

and the TOP2A/β-tubulin combination index scores were higher in responders than non-

responders (Fig. 4F, RD: -0.4, pCR: 1.6, p < 0.0001, t-test). We made similar 

observations in the 198-patient cohort, where individual TOP2A and β-tubulin index 
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scores were significantly higher in responders than in non-responders (Fig. 4G, p < 

0.0001 both cases, t-test), and the combination index score was associated with complete 

pathological response (Fig. 4H, AUC: 0.75, p < 0.0001). Again, combined index scores 

were higher in responders than in non-responders (Fig. 4I, RD: -0.3, pCR: 1.3, p < 

0.0001, t-test). Taken together these data reveal the feasibility of combining individual 

target indices to predict response to multi-agent chemotherapy regimens.    

TOP2A and β-tubulin indices are more accurate than a similarly derived 

proliferation index 

 Previous work suggests that the prognostic/predictive power of many breast 

cancer gene expression signatures is derived from their capacity to measure proliferation 

[2, 4, 7, 32-36]. Hence, it is possible that the TOP2A and β-tubulin indices 

described here predict response based on their capacity to measure proliferation rather 

than providing a biologically relevant measurement of target. This is particularly relevant 

to the TOP2A index, as the protein product of the TOP2A gene is directly involved in 

DNA synthesis. To address this issue we first tested the capacity of the TOP2A index to 

predict response in the docetaxel-only treated cohort.  In this fashion, the capacity of the 

TOP2A index to predict response to docetaxel would suggest that the predictive capacity 

of the TOP2A index is not target specific and may measure a more general phenomenom 

related to chemotherapy sensitivity, such as proliferation.  Within this patient cohort, the 

TOP2A index was not significantly associated with patient response to docetaxel therapy 

(Fig. 5A&B, AUC: 0.68, p=0.14, RD: -0.26, pCR: 0.65, p=0.12, t-test).  Indeed, these 
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results suggest that the predictive capacity of the TOP2A index is based on measurement 

of target rather than proliferation.  We also generated a ‘proliferation index’ built using 

the same methodology as the TOP2A and β-tubulin indices, around the well characterized 

proliferation gene E2F1 [8, 37-41].  As expected, the E2F1 index was related to 

chemotherapy response in the 3 large cohorts of breast cancer patients 3 tested previously 

(GSE21094, GSE25055, GSE25065) (Supplementary Fig 1).  Importantly, these results 

indicate the gene expression signatures that measure proliferation are associated with 

patient response to chemotherapy.  However, the performance of the E2F1 predictor was 

inferior to either the TOP2A and β-tubulin predictors (Fig. 5C, *p<0.05, ANOVA, 

Tukeys).  Taken together, these data suggest that the predictive capacity of the TOP2A 

index is specific to anthracycline drugs, and moreover, that the TOP2A and β-tubulin 

indices are superior to gene signatures that measure proliferation.   

Comparison of the TOP2A and β-tubulin indices with clinico-pathologic parameters 

 Reported genomic tests for response to chemotherapy have generally failed to 

outperform the predictive capacity of standard clinic-pathological measurements [10]. In 

this regard we tested whether the TOP2A/β-tubulin combination index was related to 

tumor response after adjusting for standard clinical pathological variables.  Combination 

of the two previously used data sets (GSE25055 & GSE25065, 20 patients discarded as 

pCR/RD data was unavailable) yielded a data set comprising 488 patients for the 

analysis. In a univariate analysis that included estrogen receptor status, tumor grade, 

nodal status, patient age, as well as the TOP2A/β-tubulin combination index score, only 
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estrogen receptor status (AUC: 0.68, p < 0.001), tumor grade (AUC: 0.69, p < 0.001) and 

the combination index score (Range [-5.829, 7.120], AUC: 0.76, p < 0.001) were found 

to be statistically significantly related to tumor response, whereas age and nodal status 

were not (Table 3). In a multivariate model (AUC: 0.78), the TOP2A/β-tubulin 

combination index score remained statistically significantly related to tumor response (p 

< 0.001) as well as estrogen receptor status (p = 0.014) and grade (p = 0.016) (Table 4). 

In the multivariate model the odds ratio for the TOP2A/β-tubulin index was 1.33, which 

indicated that for each unit increase (i.e. from -3 to -2, from 0 to 1, or from 4 to 5, etc) in 

the AT index, there was a 1.33 times increase in the odds of a patient experiencing 

complete pathological response. Importantly, these data suggest that the TOP2A/β-tubulin 

combination index score was related to patient response to chemotherapy even after 

adjusting for standard clinical-pathological variables.  
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Discussion 

 Here we describe the identification of TOP2A and β-tubulin transcript expression 

indices that predict complete pathological response to neoadjuvant chemotherapy 

regimens containing anthracycline and taxane drugs. Complete pathological response 

represents an appropriate clinical endpoint for these studies as patients who experience 

pCR also experience improved survival compared to those patients who retain RD [13-

15]. Notably, TOP2A or β-tubulin, the respective targets of anthracycline and taxane 

drugs, have been linked to anthracycline and taxane response in previous studies, 

respectively [17, 18, 21, 42-44]. However, the expression of either of these genes has 

failed to become a useful clinical predictor of anthracycline or taxane response. We 

hypothesized that measurement of target-associated transcripts in a tumor sample might 

provide a more comprehensive measure of molecular target activity, and thus the tumor’s 

likelihood of response to therapy. Indeed, based on the datasets explored for the studies 

presented here, this appears to be the case. Moreover, a combination index derived from 

the TOP2A and β-tubulin expression indices was statistically significantly related to 

pathological response in a multivariate model that also included age, nodal status, tumor 

grade and estrogen receptor status in a group of 488 patients treated with anthracycline 

and taxane based chemotherapy.  

 From a clinical standpoint, predicting response to anthracycline and taxane based 

chemotherapy may be useful to identify breast cancer patients who have a high likelihood 

of benefiting from such regimens. Conversely, patients predicted to be resistant to 
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anthracycline- and taxane-based chemotherapy may benefit from enrollment in clinical 

trials investigating the efficacy of novel treatments [45]. Many issues remain to be 

addressed to confirm the clinical utility of the TOP2A and β-tubulin indices. In this study 

our conclusions are based on the analysis of retrospective data, which limits its clinical 

value. Moreover, we did not establish or optimize a threshold that would serve to separate 

patients predicted likely to respond to therapy from those likely to be resistant.  

Additionally, we did not test the capacity of the TOP2A index to predict response to 

neoadjuvant chemotherapy that consisted of only of an anthracycline, suggesting that the 

TOP2A index may be predictive of general chemotherapy response. Athough we did 

observe that the TOP2A index was not predictive of patient response ot docetaxel. Based 

on our multivariate analysis, our data suggests the TOP2A and β-tubulin indices remain 

predictive even after adjusting for clinical parameters such as tumor grade and estrogen-

receptor status, indicating that these indices likely have clinical value. Strictly speaking 

however, a true estimate of the usefulness of these indices would require a prospective 

clinical trial comparing randomly selected with index selected chemotherapy regimens.   

 An advantage of the approach taken here is our use of publicly available data, as 

well as the efficient use of patient samples for validation purposes.  For example, the 

traditional approach for gene signature identification [2, 6, 7, 9, 46], commonly called the 

top-down approach, multiple datasets are required that comprise both tumor gene 

expression profiles as well as knowledge of the clinical variables under investigation, for 

the purposes of signature identification and subsequent independent validation. Other 

approaches, such as large-scale functional based RNA interference screens, have also 
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yielded predictive signatures, although these experiments are relatively labour intensive 

and expensive [47]. Here, we calculated target indices using datasets for which response 

to chemotherapy is not known.  In this fashion, we maintained the independence of 

datasets for which response to neoadjuvant chemotherapy was measured as a clinical 

variable, thus maintaining the availability of multiple independent datasets for validation.  

 The identification of gene signatures that predict response to chemotherapy also 

have potential to offer new insights into the biology of breast tumors, particularly the 

transcriptional programs that govern therapy response.  In this regard, it may be possible 

to identify molecular signaling pathways that either augment chemotherapy resistance or 

enhance sensitivity. Indeed, the latter strategy provides a rational approach to identifying 

new drug regimens, where a signaling pathway inhibitor/activator is included with the 

original chemotherapy regimen. In this fashion, tumors predicted to be therapy resistant 

might be rendered sensitive to the original therapy and treatment efficacy could be 

increased.   Another important implication of this study is that it highlights the 

identification of target based expression indices as a means to predict response to 

therapeutics. For example, it might be possible to generate a target-based expression 

index for additional molecular targets, such as the HER2/Neu receptor tyrosine kinase, 

which is the molecular target of the humanized monoclonal antibody trastuzumab [1] as 

well as the small molecule Her2/Neu kinase inhibitor, lapatinib [48, 49]. Using such an 

approach, therapeutic response to the latter agents might then be predicted using 

transcriptional target based signatures. Indeed, this approach could be tested for multiple 

new experimental molecularly targeted therapies.     
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Methods 

Patients and Samples 

 All data was publicly available and downloaded from the gene expression 

omnibus (http://www.ncbi.nlm.nih.gov/geo/).  Multiple discovery cohorts (GSE2034, 

GSE7390, GSE6532) were independently evaluated to determine target indices for 

TOP2A, β-tubulin, and E2F1. Together these cohorts comprised 811 patient tumor gene 

expression profiles derived from the Affymetrix U133A microarray platform (Table 1).  

Multiple validation cohorts were independently studied to test whether target indices 

were related to pathological response to neoadjuvant chemotherapy (GSE21094 (T/FAC), 

GSE22513 (T), GSE25055 & GSE25065 (AT). These cohorts comprised 800 patient 

tumor gene expression profiles from the Affymetrix U133A and Affymterix U133 Plus 

2.0 microarray platforms (Table 1). The clinical characteristics of the validation cohorts 

are summarized in Table 2. 

 The raw intensity files (.CEL) comprising each dataset were download and 

normalised using the Robust Multichip Algorithm (RMA)to generate probe set intensities 

[50]. 

Identification of Target Related Genes 

 Target index genes were identified by their co-expression with either TOP2A 

(TOP2A, 201292_at), β-tubulin (TUBB, 212320_at), or E2F1 (204947_at)  based on a 

Pearson distance function [51]. We filtered these results such that only probe sets 
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appearing in the most and least 1% of co-expressed probe sets within each identification 

cohort were included in the target index. The final TOP2A index comprised 86 probe sets 

with positive and 38 probe sets with negative correlation to TOP2A transcript levels 

(Supplementary Table 1).  The β-tubulin index comprised 28 probe sets with positive and 

14 probe sets with negative correlation to β-tubulin transcript levels (Supplementary 

Table 2).  

To evaluate the target index, the expression values for each probe set were 

transformed such that the mean and standard deviation were set to 0 and 1 in each dataset, 

respectively. A target index was calculated for each patient as follows:  

N

Ni

P

Pi

n

j

n

i
xx ∑∑ ∈∈

−  

Where x is the transformed expression, n is the number of probe sets, P is the set of 

probes with reported positive correlation to the target probe set, and N is the set of probes 

with reported negative correlation to the target probe set [46, 52].   

Statistical Analysis 

pCR or RD following treatment with neoadjuvant chemotherapy was used as the 

clinical endpoints for this study. The predictive capacities of the target indices were 

evaluated using receiver-operator characteristic curve (ROC) analysis and both univariate 

and multivariate logistic regression. T-tests were used to compare indices between 

responders and non-responders. Welch’s correction was used when the variance of the 
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index was unequal in these two patient groups. All tests were two-sided and a p-value of 

0.05 or less was considered statistically significant. ANOVA and Tukeys multitple 

comparison test was used to test for differences between multiple groups (n > 2), and p-

values of 0.05 or less were considered significant.  
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Table and Figure legends 

Table 1.  Summary of samples used to identify and validate target indices 

Table 2. Characteristics of the validation cohorts 

Table 3. Logistic regression analysis of the GSE25055 & GSE25065 validation set 

Supplementary table 1.  Probesets comprising TOP2A expression index 

Supplementary table 2.  Probesets comprising β-tubulin expression index 

Figure 1.  TOP2A and β-tubulin transcript levels predict response to anthracycline 

or taxane containing chemotherapy, respectively. A) ROC analysis of TOP2A 

transcript levels and response to TFAC neoadjuvant chemotherapy (AUC: 0.61, p = 

0.008). B) Expression levels of TOP2A transcripts in patients who experienced pCR or 

had RD after neoadjuvant chemotherapy (p=0.04, t-test). C) ROC analysis of β-tubulin 

transcript levels and response to neoadjuvant docetaxel  chemotherapy (AUC: 0.9, p = 

0.001). D) Expression levels of β-tubulin transcripts in patients who experienced pCR or 

had RD after neoadjuvant docetaxel chemotherapy (p < 0.0001, t-test). 

Figure 2. TOP2A index predicts response to anthracycline containing chemotherapy. 

A) Experimental strategy to identify the TOP2A index. B) TOP2A co-expressed probesets 

within the three discovery cohorts. C) Experimental strategy to validate the TOP2A 

index. D) ROC Analysis of TOP2A index scores and response to T/FAC neoadjuvant 

chemotherapy (AUC: 0.73, p < 0.0001). E) TOP2A index scores of patients who 

experienced pCR or had RD after neoadjuvant chemotherapy (p < 0.0001, t-test). 
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Figure 3. β-tubulin index predicts response to docetaxel chemotherapy. A) 

Experimental strategy to identify the β-tubulin index. B) β-tubulin co-expressed probesets 

within the three discovery cohorts. C) Experimental strategy to validate the β-tubulin 

index. D) ROC analysis of β-tubulin index scores and response to docetaxel neoadjuvant 

chemotherapy (AUC: 0.89, p = 0.002). E) β-tubulin index scores in patients that 

experienced pCR or had RD after neoadjuvant chemotherapy (p < 0.0001, t-test). 

Figure 4. TOP2A and β-tubulin combination index predicts response to multi-agent 

anthracycline/taxane chemotherapy. A) Individual target index scores (A: TOP2A 

index, T: β-tubulin index) in patients who experienced complete pathological response or 

had residual disease after TFAC neoadjuvant chemotherapy (GSE21094, p < 0.0001 both 

cases, t-test). B) ROC analysis of combination index scores and response to TFAC 

neoadjuvant chemotherapy (AUC: 0.78, p < 0.0001). C) Combination index scores in 

patients who experienced pCR or had RD after neoadjuvant chemotherapy (p < 0.0001, t-

test). D) Individual target index scores of patients who experienced pCR or had RD after 

AT neoadjuvant chemotherapy (GSE25055, p < 0.0001 both cases, t-test). E) ROC 

Analysis of combination index scores and response to AT neoadjuvant chemotherapy for 

GSE25055 (AUC: 0.78, p < 0.0001). F) Combination index scores of patients who 

experienced pCR or had RD after AT neoadjuvant chemotherapy (p < 0.0001, t-test). G) 

Individual target index scores of patients who experienced pCR or had RD after AT 

neoadjuvant chemotherapy (GSE25065, p < 0.0001 both cases, t-test). H) ROC analysis 

of combination index scores and response to AT neoadjuvant chemotherapy for 

GSE25065 (AUC: 0.75, p < 0.0001). I) Combination index scores of patients who 
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experienced complete pathological response or had residual disease after AT neoadjuvant 

chemotherapy (p < 0.0001, t-test). 

Figure 5.  TOP2A and β-tubulin indices are more accurate than a similarly derived 

proliferation index.  A) ROC analusis of TOP2A index and patient response to 

neoadjuvant docetaxel therapy (p=0.14). B) TOP2A index scores of patients who 

experienced pCR or had RD after neoadjuvant docetaxel chemotherapy (p =0.14, t-test). 

C) The TOP2A and β-tubulin indices outperform an E2F1-derived proliferation at 

predicting response to neoadjuvant chemotherapy in multiple patient datasets (*p < 0.05, 

ANOVA, Tukey’s test).    

Supplementary Figure 1. The E2F1 index is predictive of chemotherapy response in 

multiple datasets A) GSE21094 (n=278, TFAC). B) GSE25055 (n=310, AT). C) 

GSE25065(n=198,AT). 

 

 

 

 

 

 

 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 
 

 

111 

 

Table 1.  Summary of samples used to identify and validate target indices 

Characteristic 
Discovery cohorts Validation cohorts 

GSE2034 GSE7390 GSE6532 GSE21094 GSE25055 GSE25065 GSE22513 

Samples 286 198 327 278 310 198 14 

Regimen N/A N/A N/A TFAC AT AT T 

Array type  U133A U133A U133A U133A U133A U133A U133 Plus 2.0 

  Total arrays: 811 Total arrays: 800 

 

Abbreviations: TFAC: paclitaxel/docetaxel, 5-fluorouracil, doxorubicin, 

cyclophosphamide; AT: doxorubicin, paclitaxel/docetaxel; T: docetaxel 
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Table 2. Characteristics of the validation cohorts 

Characteristic 
GSE21094 GSE25055 GSE25065 GSE22513 

# % # % # % # % 

# patients 278   310 198 14   

Age, years         NA   

<=50 133 48 168 54 109 55     

>50 144 52 142 46 89 45     

NA 1 0         

Mean 52   50 49     

STD 11   10 11     

Nodal status NA       NA   

Positive      223 72 128 65     

Negative     87 28 71 35     

NA             

Grade NA       NA   

1     19 6 13 7     

2     117 38 63 32     

3     151 49 108 55     

NA     23 7 14 7     

Response             

pCR 56 20 58 19 42 21 4 29 

RD 222 80 248 80 140 71 10 71 

NA     4 1 16 8     

ER status         NA   

Positive  164 49 131 42 123 62     

Negative 114 41 174 56 74 37     

NA     5 2 1 1     

 

Abbreviations: STD: Standard deviation; pCR: complete pathological response; RD: 

Residual disease. ER: Estrogen receptor; NA: Not available 
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Table 3. Logistic regression analysis of the GSE25055 & GSE25065 validation set 

Characteristic Odds Ratio (95% CI) AUC p-value 

Univariate Analyses 

AT Index  1.57 (1.39, 1.77) 0.76 <0.001 

Age (/10 years) 0.84 (0.68, 1.04) 0.55 0.10 

ER Status Positive 0.23 (0.14, 0.37) 0.68 <0.001 

Grade 5.28 (2.95, 9.46) 0.69 <0.001 

Node Positive 1.16 (0.72, 1.88) 0.52 0.54 

Multivariate Analyses 

Age (/10 years) 

ER Status Positive 

Grade 

Node 

AT Index  

0.89 (0.70, 1.13) 

0.48 (0.27, 0.86) 

2.24 (1.16, 4.33) 

0.95 (0.54, 1.67) 

1.33 (1.14, 1.55) 

0.78 0.33 

0.014 

0.016 

0.86 

<0.001 
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Supplementary table 1.  Probesets comprising TOP2A expression index 

TOP2A index 

Correlation Name Description 

+ 201292_at topoisomerase (DNA) II alpha 170kDa, TOP2A 

+ 201291_s_at topoisomerase (DNA) II alpha 170kDa, TOP2A 

+ 209408_at kinesin family member 2C, KIF2C 

+ 211519_s_at kinesin family member 2C, KIF2C 

+ 206364_at kinesin family member 14, KIF14 

+ 204825_at maternal embryonic leucine zipper kinase, MELK 

+ 218542_at centrosomal protein 55kDa, CEP55 

+ 204444_at kinesin family member 11, KIF11 

+ 202870_s_at cell division cycle 20 homolog (S. cerevisiae), CDC20 

+ 219306_at kinesin family member 15, KIF15 

+ 207165_at hyaluronan-mediated motility receptor (RHAMM), HMMR 

+ 218355_at kinesin family member 4A, KIF4A 

+ 204641_at NIMA (never in mitosis gene a)-related kinase 2, NEK2 

+ 202954_at ubiquitin-conjugating enzyme E2C, UBE2C 

+ 203213_at cell division cycle 2, G1 to S and G2 to M, CDC2 

+ 218009_s_at protein regulator of cytokinesis 1, PRC1 

+ 204318_s_at G-2 and S-phase expressed 1, GTSE1 

+ 212949_at non-SMC condensin I complex, subunit H, NCAPH 

+ 210559_s_at cell division cycle 2, G1 to S and G2 to M, CDC2 

+ 218115_at ASF1 anti-silencing function 1 homolog B (S. cerevisiae), ASF1B 

+ 218755_at kinesin family member 20A, KIF20A 

+ 204267_x_at protein kinase, membrane associated tyrosine/threonine 1, PKMYT1 

+ 209709_s_at hyaluronan-mediated motility receptor (RHAMM), HMMR 

+ 212247_at nucleoporin 205kDa, NUP205 

+ 222077_s_at Rac GTPase activating protein 1, RACGAP1 

+ 210052_s_at TPX2, microtubule-associated, homolog (Xenopus laevis), TPX2 

+ 219918_s_at 

asp (abnormal spindle) homolog, microcephaly associated (Drosophila), 

ASPM 

+ 201088_at karyopherin alpha 2 (RAG cohort 1, importin alpha 1), LOC728860 

+ 204026_s_at ZW10 interactor, ZWINT 

+ 204092_s_at aurora kinase A, AURKA 

+ 209714_s_at cyclin-dependent kinase inhibitor 3, CDKN3 

+ 204603_at exonuclease 1, EXO1 

+ 203755_at 

BUB1 budding uninhibited by benzimidazoles 1 homolog beta (yeast), 

BUB1B 

+ 209642_at BUB1 budding uninhibited by benzimidazoles 1 homolog (yeast), BUB1 
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+ 203554_x_at pituitary tumor-transforming 1, PTTG1 

+ 219588_s_at non-SMC condensin II complex, subunit G2, NCAPG2 

+ 218726_at Holliday junction recognition protein, HJURP 

+ 218039_at nucleolar and spindle associated protein 1, NUSAP1 

+ 206316_s_at kinetochore associated 1, KNTC1 

+ 203214_x_at cell division cycle 2, G1 to S and G2 to M, CDC2 

+ 219650_at excision repair cross-complementing rodent repair deficiency, ERCC6L 

+ 207828_s_at centromere protein F, 350/400ka (mitosin), CENPF 

+ 208511_at pituitary tumor-transforming 3, PTTG3 

+ 38158_at extra spindle pole bodies homolog 1 (S. cerevisiae), ESPL1 

+ 202503_s_at KIAA0101, KIAA0101 

+ 204126_s_at CDC45 cell division cycle 45-like (S. cerevisiae), CDC45L 

+ 205046_at centromere protein E, 312kDa, CENPE 

+ 202705_at cyclin B2, CCNB2 

+ 219556_at chromosome 16 open reading frame 59, C16orf59 

+ 222039_at kinesin family member 18B, KIF18B 

+ 204170_s_at CDC28 protein kinase regulatory subunit 2, CKS2 

+ 214710_s_at cyclin B1, CCNB1 

+ 213226_at cyclin A2, CCNA2 

+ 208808_s_at high-mobility group box 2, HMGB2 

+ 221258_s_at kinesin family member 18A, KIF18A 

+ 203046_s_at timeless homolog (Drosophila), TIMELESS 

+ 208079_s_at aurora kinase A, AURKA 

+ 209464_at aurora kinase B, AURKB 

+ 204887_s_at polo-like kinase 4 (Drosophila), PLK4 

+ 202589_at thymidylate synthetase, TYMS 

+ 213008_at Fanconi anemia, complementation group I, FANCI 

+ 204817_at extra spindle pole bodies homolog 1 (S. cerevisiae), ESPL1 

+ 221520_s_at cell division cycle associated 8, CDCA8 

+ 205167_s_at cell division cycle 25 homolog C (S. pombe), CDC25C 

+ 203362_s_at MAD2 mitotic arrest deficient-like 1 (yeast), MAD2L1 

+ 204822_at TTK protein kinase, TTK 

+ 204649_at trophinin associated protein (tastin), TROAP 

+ 204886_at polo-like kinase 4 (Drosophila), PLK4 

+ 205339_at SCL/TAL1 interrupting locus, STIL 

+ 218883_s_at MLF1 interacting protein, MLF1IP 

+ 204962_s_at centromere protein A, CENPA 

+ 208795_s_at minichromosome maintenance complex component 7, MCM7 

+ 209891_at 

SPC25, NDC80 kinetochore complex component, homolog (S. 

cerevisiae), SPC25 

+ 218308_at transforming, acidic coiled-coil containing protein 3, TACC3 
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+ 201896_s_at proline/serine-rich coiled-coil 1, PSRC1 

+ 210821_x_at centromere protein A, CENPA 

+ 203432_at thymopoietin, TMPO 

+ 219000_s_at defective in sister chromatid cohesion 1 homolog (S. cerevisiae), DSCC1 

+ 219990_at E2F transcription factor 8, E2F8 

+ 212020_s_at antigen identified by monoclonal antibody Ki-67, MKI67 

+ 205733_at Bloom syndrome, BLM 

+ 205024_s_at RAD51 homolog (RecA homolog, E. coli) (S. cerevisiae), RAD51 

+ 211762_s_at karyopherin alpha 2 (RAG cohort 1, importin alpha 1), LOC728860 

+ 201930_at minichromosome maintenance complex component 6, MCM6 

+ 221591_s_at family with sequence similarity 64, member A, FAM64A 

+ 201202_at proliferating cell nuclear antigen, PCNA 

- 205116_at laminin, alpha 2 (merosin, congenital muscular dystrophy), LAMA2 

- 214927_at integrin, beta-like 1 (with EGF-like repeat domains), ITGBL1 

- 214761_at zinc finger protein 423, ZNF423 

- 216264_s_at laminin, beta 2 (laminin S), LAMB2 

- 218418_s_at KN motif and ankyrin repeat domains 2, KANK2 

- 202177_at 

growth arrest-specific 6 /// similar to growth arrest-specific 6, GAS6 /// 

LOC100133684 

- 219304_s_at platelet derived growth factor D, PDGFD 

- 202994_s_at fibulin 1, FBLN1 

- 218483_s_at chromosome 11 open reading frame 60, C11orf60 

- 209550_at necdin homolog (mouse), NDN 

- 208451_s_at complement component 4A (Rodgers blood group), C4B 

- 212494_at tensin like C1 domain containing phosphatase (tensin 2), TENC1 

- 213519_s_at laminin, alpha 2 (merosin, congenital muscular dystrophy), LAMA2 

- 212695_at cryptochrome 2 (photolyase-like), CRY2 

- 200811_at cold inducible RNA binding protein, CIRBP 

- 219993_at SRY (sex determining region Y)-box 17, SOX17 

- 212869_x_at tumor protein, translationally-controlled 1, TPT1 

- 214428_x_at complement component 4A (Rodgers blood group), C4B 

- 201591_s_at nischarin, NISCH 

- 206580_s_at EGF-containing fibulin-like extracellular matrix protein 2, EFEMP2 

- 206481_s_at LIM domain binding 2, LDB2 

- 214724_at DIX domain containing 1, DIXDC1 

- 201185_at HtrA serine peptidase 1, HTRA1 

- 209335_at decorin, DCN 

- 216520_s_at tumor protein, translationally-controlled 1, TPT1 

- 211896_s_at decorin, DCN 

- 213675_at CDNA FLJ25106 fis, clone CBR01467, --- 

- 219213_at junctional adhesion molecule 2, JAM2 
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- 209687_at 

chemokine (C-X-C motif) ligand 12 (stromal cell-derived factor 1), 

CXCL12 

- 216840_s_at laminin, alpha 2 (merosin, congenital muscular dystrophy), LAMA2 

- 217807_s_at glioma tumor suppressor candidate region gene 2, GLTSCR2 

- 219315_s_at transmembrane protein 204, TMEM204 

- 202192_s_at growth arrest-specific 7, GAS7 

- 201893_x_at decorin, DCN 

- 212419_at chromosome 10 open reading frame 56, C10orf56 

- 202808_at chromosome 10 open reading frame 26, C10orf26 

- 212423_at chromosome 10 open reading frame 56, C10orf56 

- 200795_at SPARC-like 1 (mast9, hevin), SPARCL1 
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Supplementary table 2.  Probesets comprising β-tubulin expression index 

B-tubulin index 

Correlation Name Description 

+ 212320_at tubulin, beta, TUBB 

+ 209026_x_at tubulin, beta, TUBB 

+ 200045_at ATP-binding cassette, sub-family F (GCN20), member 1, ABCF1 

+ 210983_s_at minichromosome maintenance complex component 7, MCM7 

+ 211714_x_at tubulin, beta, TUBB 

+ 200934_at DEK oncogene (DNA binding), DEK 

+ 208628_s_at Y box binding protein 1, YBX1 

+ 209449_at LSM2 homolog, U6 small nuclear RNA associated (S. cerevisiae), LSM2 

+ 208627_s_at Y box binding protein 1, YBX1 

+ 200693_at 

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 

protein, YWHAQ 

+ 201231_s_at enolase 1, (alpha), ENO1 

+ 211519_s_at kinesin family member 2C, KIF2C 

+ 200783_s_at stathmin 1/oncoprotein 18, STMN1 

+ 210052_s_at TPX2, microtubule-associated, homolog (Xenopus laevis), TPX2 

+ 203061_s_at mediator of DNA damage checkpoint 1, MDC1 

+ 212021_s_at antigen identified by monoclonal antibody Ki-67, MKI67 

+ 201797_s_at valyl-tRNA synthetase, VARS 

+ 202589_at thymidylate synthetase, TYMS 

+ 206074_s_at high mobility group AT-hook 1, HMGA1 

+ 217025_s_at drebrin 1, DBN1 

+ 209464_at aurora kinase B, AURKB 

+ 201755_at minichromosome maintenance complex component 5, MCM5 

+ 202326_at euchromatic histone-lysine N-methyltransferase 2, EHMT2 

+ 201342_at small nuclear ribonucleoprotein polypeptide C, SNRPC 

+ 221520_s_at cell division cycle associated 8, CDCA8 

+ 204768_s_at flap structure-specific endonuclease 1, FEN1 

+ 37425_g_at coiled-coil alpha-helical rod protein 1, CCHCR1 

+ 214383_x_at kelch domain containing 3, KLHDC3 

- 201978_s_at KIAA0141, KIAA0141 

- 200711_s_at S-phase kinase-associated protein 1, SKP1 

- 218146_at glycosyltransferase 8 domain containing 1, GLT8D1 

- 218437_s_at leucine zipper transcription factor-like 1, LZTFL1 

- 201924_at AF4/FMR2 family, member 1, AFF1 

- 203538_at calcium modulating ligand, CAMLG 

- 205074_at solute carrier family 22 (organic cation/carnitine transporter), member 
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5, SLC22A5 

- 200810_s_at cold inducible RNA binding protein, CIRBP 

- 214151_s_at cell cycle progression 1, CCPG1 

- 212510_at glycerol-3-phosphate dehydrogenase 1-like, GPD1L 

- 214164_x_at carbonic anhydrase XII, CA12 

- 218211_s_at melanophilin, MLPH 

- 213063_at zinc finger CCCH-type containing 14, ZC3H14 

- 209604_s_at GATA binding protein 3, GATA3 
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CHAPTER 5 

Introduction 

 Modern chemotherapy began with the treatment of non-Hodgkin’s lymphoma 

with nitrogen mustard, providing the first evidence that the systemic administration of 

drugs to cancer patients could induce tumor regression and prolong survival (Gilman, 

1963).  Later, the development of combination chemotherapy led to curative therapy for 

childhood acute lymphoblastic leukemia (ALL), as well as various types of lymphoma 

(Chabner and Roberts, 2005; Devita et al., 1970). Numerous other advances have also 

been achieved in the development and application of chemotherapeutic agents, such as 

the discovery of cisplatin, which was later used to cure testicular tumors (Bosl et al., 

1986), and the development of anthracyclines that inhibit topoisomerase II (Minocha and 

Long, 1984). Despite these advances, chemotherapy generally fails to provide long-term 

cure, especially in the context of advanced disease (Breathnach et al., 2001; Chabner and 

Roberts, 2005; Herbst et al., 2006).  

In attempt to improve response to treatment, recent work has focused on 

identifying molecular features of tumors that can be used to predict response to 

commonly used chemotherapeutic regimens (Ayers et al., 2004; Hatzis et al., 2011; Hess 

et al., 2006; Potti and Nevins, 2008; Staunton et al., 2001). In this fashion it is possible to 

select the most appropriate chemotherapeutic regimen to achieve maximal pathological 

response.  For example, in the absence of patient selection, trastuzumab is clinically 

beneficial in slightly less than 10% of breast cancer patients. However, when patients are 

selected for trastuzumab therapy based on ERBB2/HER2 amplification, the response rate 
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rises dramatically to 35-50% (Vogel et al., 2002). Another alternative for improving 

treatment response involves the use of sensitizing compounds to overcome 

chemotherapeutic resistance.  Indeed, this is the rationale underpinning the development 

of poly-ADP ribose polymerase (PARP) inhibitors to treat cancer(Comen and Robson, 

2010; Liang and Tan, 2010; Lord and Ashworth, 2008). More recent data suggests that 

treatment failure may be due to a minor population of tumor cells, termed cancer stem 

cells or tumor-initiating cells (TIC), which resist both radiation therapy and 

chemotherapy. Conventional therapies eradicate the proliferating descendants of TIC, 

which comprise the vast majority of cells populating tumors. Consequently tumors 

regress but often recur. Hence new therapies are needed that target TIC as well as the 

bulk tumor cells to provide durable breast cancer remission.   

In this manuscript our goal was to identify novel sensitizing compounds to 

commonly used chemotherapy agents.  To this end, we derived multiple transcriptional 

models of chemotherapy resistance.  Importantly, these models also showed 

transcriptional connectivity to the gene expression changes induced by the small 

molecule adiphenine.  Moreover, adiphenine sensitized multiple breast tumor cell lines to 

the cytotoxic effects of doxorubicin, a commonly used chemotherapeutic agent.  Finally, 

additional transcriptional and experimental analyses suggested the chemotherapy-

sensitizing effects of adiphenine may be linked to its capacity to target breast TIC.   
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Abstract 

 Despite advances in cancer detection and treatment, patients still generally fail to 

achieve long-term cure, especially in the context of advanced disease.  Recent findings 

suggest that the latter may be the result of the persistence of a minor population of tumor 

cells, termed cancer stem cells or tumor-initiating cells (TIC), which resist current 

conventional anti-cancer therapies. In attempt to overcome chemotherapy resistance in 

breast cancer we used publicly available gene expression data to derive breast cancer 

patient- and breast tumor cell line-transcriptional models of chemotherapy resistance. We 

next used these models to mine the Connectivity Mapping to identify candidate 

compounds that overcome chemotherapy resistance. Both the patient and cell line-derived 

gene signatures identified adiphenine as a candidate compound that may abrogate chemo-

resistance. Notably, adiphenine and analogs of adiphenine sensitized multiple breast 

tumor cell lines to the cytotoxic effects of doxorubicin, a commonly used 

chemotherapeutic agent. Additional transcriptional analysis of adiphenine regulated genes 

suggested that adiphenine targeted TIC, possibly accounting for its chemosensitizing 

properties. Indeed, adiphenine and select analogs blocked sphere formation, a surrogate 

test for TIC self-renewal, in several breast tumor cell lines.  Taken together, our data 

suggest that adiphenine targets TICs and increases the susceptibility of breast tumor cell 

populations to the cytotoxic effects of chemotherapy. Moreover, these results highlight 

the opportunity for rational drug regimen design, where a sensitizing/anti-TIC agent is 

included with standard agents to improve clinical responses anti-cancer therapies.  
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Results 

 A gene signature predictor of breast cancer patient response to chemotherapy. 

The observation that breast tumors show highly varied response to 

chemotherapy(Ayers et al., 2004; Desmedt et al., 2011; Hatzis et al., 2011; Lee et al.) 

prompted us to identify patterns in gene expression associated with this phenomenon and 

subsequently build a transcriptional model of breast tumor chemotherapy response. To 

this end, we downloaded the gene expression profiles of 310 breast tumors for which 

response to neoadjuvant anthracycline and taxane therapy was measured (GSE2055) 

(Hatzis et al., 2011). We separated this dataset into ER+ (n=172), and ER- (n=128) 

subgroups and used Bayesian probabilistic models (West et al., 2001) to identify probe 

sets whose expression was associated with either complete pathological response (pCR) 

or residual disease (RD) after chemotherapy, for both ER+/ER- subgroups (Fig 1A). We 

then selected probe sets, which were associated with response in both ER+ and ER- 

negative patients.  By first subdividing these patients into ER+/ER- subgroups, we 

avoided identifying probe sets that were simply associated with ER status, a potential 

confounding factor given the strong relationship between ER expression and response to 

chemotherapy.  Importantly, this analysis returned 54 probe sets whose expression was 

associated with pCR, and 13 whose expression was associated with RD, thus providing a 

67 probe set predictor of chemotherapy response (Fig. 1B&C).   Within the training 

corhort (GSE25055, n=310), and two additional validation cohorts (GSE25065, n=198, 

GSE21094, n=278), the 67 probe sets were significantly predictive of chemotherapy 

response (Fig. 1D, GSE25055 AUC: 0.83, *p<0.001, GSE25065 AUC: 0.74, *p<0.0001, 
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GSE21094 AUC: 0.81, *p<0.0001). Notably, using a prospectively defined cut-off 

(signature score yielding 80% sensitivity in training cohort) to separate patients into 

responder/non-responder groups, the odds of responding were significantly greater in the 

predicted response groups than the predicted non-response groups. (Fig. 1D, GSE25055 

Odds Ratio (OR): 12.3, GSE25065 OR: 4.8, GSE21094 OR: 9.5).  Taken together, these 

data suggest that the 67 probe set predictor provides a robust transcriptional model of 

breast tumor response to chemotherapy. 

Development of a gene signature predictor of breast tumor cell line response to 

chemotherapy.  

 To develop a gene signature predictor of breast tumor cell line response to 

chemotherapy, T) we used a methodology similar to that of previous studies(Staunton et 

al., 2001).  We assembled a panel of breast tumor cell lines and measured the response of 

each cell line to treatment with doxorubicin (Fig. 2A). In short, we seeded cells into 384 

plates and incubated them for 48 hours in the presence of increasing concentrations of 

doxorubicin.  To assess the cytotoxicity of doxorubicin, we completed alamarBlue 

reduction assays and measured alamarBlue reduction after 48 hours.  Interestingly, we 

observed that breast tumor cell line response to doxorubicin was highly variable, where 

some cell lines were completely killed at a 100nM dose after 48hours, whereas others 

were relatively unscathed after the same treatment (Fig. 2B).  Using the most (HCC1954, 

HCC1569, BT549, and SKBR3) and least (MCF7, MDA-MB-231, MDA-MB-453, and 

HS578T) resistant cell lines as well as their associated gene expression profiles, we 

identified probe sets whose expression was related to doxorubicin sensitivity/resistance 
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and used this data to build a model that could predict cell line sensitivity/resistance to 

doxorubicin.   In short, the gene expression profiles of multiple breast tumor cell lines 

were downloaded (E-TABM-157) (Neve et al., 2006) and we used Bayesian probalistic 

models to assess the association of each probe set with resistance/sensitivity to 

doxorubicin  in the cell lines (Hallett, 2010) (Fig. 2C). In this fashion, we identified the 

top 250 probe sets for classification of cell lines on the basis of their response to 

doxorubicin (Fig. 2D).   Importantly, leave-one-out cross-validation supports the capacity 

of these probe sets to accurately identify doxorubicin-resistant/sensitive cell lines (Fig. 

2E, Resistant lines: 0.73, Sensitive lines: 0.32, *p=0.01, t-test).   

Discovery of small molecules that induce sensitivity to chemotherapy 

 Patients whose tumors show resistance to front-line chemotherapy are generally 

given second- or third line therapy or recruited into clinical trials for experimental drugs 

(Broxterman and Georgopapadakou, 2005; Minna et al., 2004).  Furthermore, many 

patients who initially respond to front-line therapy suffer relapse, highlighting that 

additional therapeutic options are required.  To identify additional therapeutics that might 

increase response to chemotherapy, we sought to discover small molecule candidates that 

might perturb the gene expression of chemotherapy resistant cell populations to induce 

sensitivity to chemotherapy.  To this end we used the Connectivity Map (Lamb et al., 

2006) to search for compounds that reduce expression of resistance associated probe sets 

and increase the expression of sensitivity associated probe sets, using both our patient-

derived and cell line-derived predictors of chemotherapy response.  Notably, the latter 

analysis returned one compound that consistently showed high connectivity to 
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chemotherapy sensitivity, irrespective of the gene expression predictor that was used to 

probe the Connectivity Map (Fig. 3A).   

We hypothesized that small molecule sensitizers to chemotherapy would 

independently have little effect on cell viability, but rather induce sensitivity to 

chemotherapy, manifested as a significant decrease in cell viability when used in 

combination with chemotherapy over that seen from chemotherapy alone.  To learn 

whether any of the identified compounds had these characteristics, we measured the dose 

response of the HCC1954 breast tumor cell line to adiphenine using AlamarBlue 

proliferation assays (Fig. 3B).  This data suggested that adiphenine is a relatively non-

toxic small molecule that has little effect on cell viability at doses as high as 250µM.  To 

learn whether adiphenine sensitized breast tumor cells we measured its capacity to 

potentiate doxorubicin induced cytotoxicity in HCC1954 and BT549 breast tumor cells, 

both of which we previously found to be relatively resistant to doxorubicin. Notably, 

adiphenine (250µM) had a negligible effect on HCC1954/BT549 cell viability, but 

dramatically increased the cell killing effect of doxorubicin (100nM) in both cell lines 

tested (Fig. 3C, HCC1954: *p=0.0035, BT549: *p<0.0001, t-test).  Since, adiphenine is a 

reported inhibitor of nicotinic and muscarinic acetylcholine receptors (nAChR/mAChR), 

we tested the capacity of other structurally related and structurally distinct 

nAChR/mAChR antagonists to sensitize breast tumor cells to doxorubicin (Fig. 3 D). The 

IC50 of proadifen, a structural analog of adiphenine, was 45µM in HCC1954 cells, and 

we selected 25µM as the highest concentration of proadifen that had negligible effect on 

cell viability, to test for chemo-sensitizing capacity (Fig. 3E).  Notably, in sensitization 
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assays, 25µM proadifen had little effect on cell viability, but like adiphenine, potentiated 

doxorubicin (100nM) cytoxicity in HCC1954 and BT549 breast tumor cells (Fig. 3F, 

HCC1954: *p=0.0004, BT549: *p<0.0001, t-test). To learn whether adiphenine and 

proadifen functioned through either nAChRs or mAChRs, we tested the capacity of 

NDNI, a structurally unrelated and specific inhibitor of nAChRs(Sumithran et al., 2005), 

and we selected 6µM as the highest concentration of NDNI that had negligible effect on 

cell viability, to test for chemo-sensitizing capacity (Fig. 3G).  As seen with adiphenine 

and proadifen, 6µM NDNI potentiated doxorubicin (100nM) cytoxicity in HCC1954 and 

BT549 breast tumor cells (Fig. 3H, HCC1954: *p = 0.01, BT549: *p = 0.003, t-test). 

Taken together, these data suggest that adiphenine, proadifen and NDNI function as 

chemotherapy sensitizers in human breast tumor cells.  Furthermore, because NDNI is a 

reportedly specific inhibitor of nAChRs, chemosensitizing likely occurs through 

inhibition of nAChRs, rather than through mAChR inhibition.   

To further confirm that chemo-sensitization by these compounds was mediated by 

its interaction with nAChRs as opposed to mAChRs and to gain insight into the nature of 

the relevant receptor, we surveyed the capacity of a greater number of muscarinic 

(mAChRs) and nAChR antagonists to sensitize HCC1954 breast tumor cells to 

doxorubicin. Whereas only one of the mAChR antagonists functioned as a chemo-

sensitizer, many of the nAChR antagonists did (Table 1). Taken together with our 

previous data, these additional findings confirm that chemo-sensitization is mediated 

through specific inhibition of nAChRs.  
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Adiphenine and analogs target human breast tumor initiating cells 

 Given the role of breast TICs in mediating chemotherapy resistance, we sought to 

examine whether adiphenine might also target these cells.  To this end, we downloaded 

the gene expression profiles of multiple breast tumors (n=14) sorted into TIC 

(CD44
+
/CD24

-
) and non-TIC (non- CD44

+
/CD24

-
) cell fractions (GSE7513) (Creighton 

et al., 2009) (Fig. 4A).  We hypothesized that if adiphenine targets TICs, it would likely 

reduce the expression of TIC specific transcripts and increase the expression of non-TIC 

transcripts.  We identified differentially expressed genes between the TIC and non-TIC 

tumor fractions (Fig. 4B), and tested whether adiphenine showed transcriptional 

connectivity to these genes. Notably, adiphenine had a high positive connectivity score in 

the MCF7 breast tumor cell line (Mean: 0.82, *p = 0.0003), demonstrating that 

adiphenine treatment is associated with reduced TIC-specific gene expression, and 

increased non-TIC-specific gene expression, supporting the notion that adiphenine might 

target breast TICs.  To test this possibility further, we completed sphere forming assays 

with adiphenine, proadifen and NDNI in multiple human breast tumor cell lines.  

Whereas the identity of cells that form spheres is not known with certainty, 

mammosphere and tumorsphere forming cells co-fractionate with mammary epithelial 

stem/progenitor cells, as well as breast TIC, respectively.  Moreover, agents affecting the 

frequency of sphere-forming cells correspondingly alter the frequency of mammary 

epithelial stem/progenitor cells, as well as breast TIC, as measured by cell transplantation 

experiments, suggesting that sphere formation is a reasonable surrogate assay for 

measuring TICs.   
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 Adiphenine, proadifen and NDNI inhibited sphere formation by cells from all cell 

lines tested (Fig. 4 D-F).  Interestingly, the potency of these compounds for inhibition of 

sphere formation recapitulated that observed in the chemosentization assays.  In both 

cases the dose required for either chemosensitization to doxorubicin or inhibition of 

sphere formation by adiphenine was substantially higher than those required for proadifen 

or NDNI.  Moreover, HCC1954 spheres treated for 96 hours with proadifen did not form 

tumors when transplanted into mice, suggesting that proadifen targeted functional breast 

TICs in this cell line (Fig. 5A). Importantly, these data are consistent with the notion that 

adiphenine and adiphenine analogs target breast TICs, thereby accounting for their 

capacity to overcome chemotherapy resistance in human breast tumor cell lines. 
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Discussion 

 Cancer medicine faces the continual challenge of improving response rates to 

anti-cancer therapy.  The first efforts of systemic treatment development gave rise to 

single agent chemotherapeutics such as cyclophosphamide (and other akylating agents, ) 

as well as the anti-folates (aminopterin and methotrexate) which showed some efficacy in 

treating various tumor types (Chabner and Roberts, 2005; Farber and Diamond, 1948; 

Gilman, 1963). Whereas these agents generally caused temporary remission, many 

tumors subsequently  progressed suggesting that they were unable to provide durable cure 

when used as single agents.  This observation led to the development of combination 

chemotherapy. However, this strategy is still not always successful, especially in the 

context of advanced disease (Breathnach et al., 2001; Herbst et al., 2006). Some recent 

efforts have focused on profiling the molecular features of tumors, and identifying 

biomarkers that predict sensitivity to commonly used chemotherapeutic regimens (Ayers 

et al., 2004; Hess et al., 2006; Potti and Nevins, 2008; Staunton et al., 2001). Other 

efforts have sought to identify compounds that sensitize tumors to chemotherapy without 

damaging normal tissue (Comen and Robson, 2010; Liang and Tan, 2010; Lord and 

Ashworth, 2008; Thangasamy et al., 2008; Thangasamy et al., 2010).   Additional studies 

have focused on identifying agents that specifically target breast TICs (Gupta et al., 

2009), in order to provide durable cancer cure. The results presented here, focusing on 

improving treatment response to chemotherapy, combine the goals of all these efforts, 

and aimed to use predictive gene signatures and Connectivity Mapping as a way to 

identify compounds with that likely sensitize tumor cells to chemotherapy (Lamb et al., 
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2006; Lehar et al., 2007). Of note, this strategy resulted in the identification of 

adiphenine, which sensitized breast tumor cells to chemotherapy.  Moreover, additional 

transcriptional analyses revealed that adiphenine also affected the expression of breast 

TIC specific transcripts, and ultimately targeted breast TICs in vitro.   .    

 Importantly, adiphenine is reportedly an inhibitor of nAChR and mAChRs 

(Spitzmaul et al., 2009) and is an orally active smooth muscle relaxant used widely to 

treat urinary, biliary, and intestinal colic (Gaensler and McGowan, 1950).  Our data 

suggests that the use of adiphenine may improve patient response to the chemotherapy, 

possibly through the eradication of chemotherapy resistant breast TICs. In this regard it is 

useful to note that adiphenine is known to cross the blood-brain barrier(Michelot et al., 

1986), suggesting it will also be useful in targeting breast tumor metastases to the brain.  

While the molecular target of adiphenine is not known with certainty, we screened 

multiple additional nAChR/mAChRs antagonists, both related and unrelated structurally 

to adiphenine, and found that many nAChR antagonists similarly functioned as 

chemosensitizing agents, suggesting that chemosensitization is achieved through nAChR 

inhibition.  nAChRs, which comprise 16 genes in mammals whose protein products 

function as homo- or hetero-pentameric ligand-gated ion channels (Albuquerque et al., 

2009; Taly et al., 2009). The nAChR family has been broadly divided into neuronal-type 

and muscle-type subunits; with the exception of the muscle subtype, which comprises 

subunits encoded by 4 different genes, all the other subtypes are hetero-pentamers 

comprising pairs of subunits or homo-pentamers. The α-9 and α-10 subunits form the 

most disparate nAChR subfamily, and share sequence and pharmacological similarities to 
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mAChRs, gamma-aminobutyric acid-A, and serotonin type 3 receptors (Rothlin et al., 

1999; Verbitsky et al., 2000). Whereas all nAChRs are ligand-gated channels that permit 

transport of cations (Na
+
 and K

+
), the α-7 and α-9 or α-9/α-10 nAChRs selectively 

transport Ca
++

. Interestingly, the α9/α10 nAchR subtype has been characterized to have 

mixed nAChR/mAChR pharmacological properties, suggesting that mAChR inhibitors 

also inhibit these nAChRs. Indeed, this data might explain our observation that 

dicyclomine, a mAChR antagonist, also sensitized breast tumor cells to chemotherapy.   

This would also indicate that the revelant receptors for chemosensitization or targeting 

breast TICs would be α-9 or α-9/α-10 nAChRs, athough this is not known with certainty.   

Interestingly, an emerging literature engendered by studies of the role of passive 

smoking in oncogenesis reveals that nAChRs play roles in several malignancies 

especially lung (Schuller, 2009) and breast cancer (Lee et al., 2010; Wu et al., 2011). The 

prevailing model suggests that agonists such as nicotine acting through the nAChR 

pathway cause Ca
++

 influx thereby activating signaling pathways that stimulate tumor cell 

proliferation, inhibit apoptosis and induce the release of angiogenic factors, processes 

which sustain tumor growth(Schuller, 2009). Interestingly α-9 nAChR transcripts and 

protein are overexpressed by a factor of ~8-fold in 67% of 276 human breast tumor 

samples examined (Lee et al., 2010). Knockdown of α-9 nAChR transcripts with shRNAs 

in the MDA-MB-231 breast tumor cell line inhibited the nicotine-dependent formation of 

colonies in soft-agar suspension and the growth of breast tumor xenografts in mice. 

Furthermore, a cDNA encoding the α-9 nAChR endowed non-tumorigenic MCF-10A 

cells with the capacity to form colonies in soft-agar suspension dependent on the presence 
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of nicotine and increased the nicotine-dependent growth of MCF-10A tumor xenografts. 

Additional reports suggest that nicotine increases the proportion of cancer stem cells in 

human breast tumor cell lines (Hirata et al., 2010), and can also decrease the cytotoxicity 

of chemotherapeutic drugs, in vitro (Zhang et al., 2009) .  

 In total, this study provides a straight-forward approach to use genomic based 

predictors for compound discovery.  Here we present the use of this approach to identify 

chemotherapy sensitizing molecules that in this case, also target breast TIC.   Based on 

these data w suggest that inhibition of nAChRs may prove to be a promising approach for 

anti-cancer therapy.  Moreover, we also believe that the approach taken here can be 

generalized to multiple disease types, ultimately providing a method for efficient drug 

discovery across many disease types.      
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Methods 

Cell viability screens: Human breast tumor cell lines were purchased from the ATCC 

and passaged according to their protocols.  All screening was completed using a 

Biomek3000 (Beckman Coulter) and a DTX880 plate reader (Beckman Coulter). When 

cells had reached 80-90% confluency, they were trypsinized, washed and then seeded at 

50,000 cells/ml into the wells of an opaque 384-well plate (Nunc) (50µl/well) in 

quadruplicate.  Cells were allowed to adhere for 4 hours, followed by compound addition 

(50X concentration, 1µl/well).  Parent stocks of A and T were dissolved from powder 

(Sigma) into DMSO and were diluted to 50X assay stocks the day of the assay.  Positive 

(DMSO only) and negative controls (medium only) were also included in the plate. After 

24 hours, 5µl of alamarBlue was added to every well, and alamarBlue reduction was read 

(530nM excitation / 590nM emission) after an additional 24 hours.  Raw intensity values 

were converted to residual activity using the following formula: 

 % ������	
 	������ �
������ ���������������� � ��� �

! "����� � ��� ���������� � ��� �
# 100 

 The IC50 of cell viability for each cell line was plotted by fitting unconstrained non-linear 

regression using GraphPad Prism 5
TM

.  

Gene expression experiments: Cell lines representing extremes of resistance and 

sensitivity were used as a training set to generate a gene signature predicting AT 

resistance. Cell line expression profiles were downloaded from ArrayExpress (E-TABM-

157) and normalised using RMA(Irizarry et al., 2003). Training patient data was 

downloaded from GEO (GSE25055), and normalised using RMA.   pCR and RD were 

used as the relevant training variables.  In both cases feature selection was performed 
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using Bayesian probabilistic models(West et al., 2001).   Patient validation data was 

similarly download from GEO, and normalised using RMA (GSE25065, GSE21094).   

Differences in predicted responders and non-responders was analysed using receiver-

operator-characteristic curves (ROC), odds ratios, and a fisher’s exact test. Breast TIC 

data was downloaded from GEO (GSE7513) and normalised using RMA. 

Connectivity Mapping: The probe set signatures were  divided into resistance probes 

(high expression was related to resistance), and sensitive probes (high expression was 

related to sensitivity), and used to search the Connectivity Map (Broad Institute) for 

compounds, which reduced the expression of resistance probes and increased that of 

sensitivity probes. 

Connectivity Map compound screen:  Compounds identified by Connectivity Mapping 

were purchased from Sigma and screened in a similar fashion as described above.  Parent 

and assay stocks were prepared as described above.  Compounds were added to cells 

treated with or without AT and cell viability was measured using alamarBlue.  

Sphere forming assays:  Four days old sphere cultures were trypsinized for several 

minutes and then mechanically dissociated and plated at 30,000 cells/mL in SCM (low 

glucose DMEM: Ham’s F-12 (3:1) supplemented with 1mg/ml fungizone, 1% 

penicillin/streptomycin, 2 µg/ml B-27, 10 ng/ml human bFGF, 20 ng/ml human EGF, 5 

µg/ml Insulin, 4 ng/ml Heparin) in 96-well flat-bottom plates [Corning]. The inhibitor 

was solubilized in DMSO and added to the plates at indicated concentration. Equal 

volume of DMSO was added to the control wells. All dishes were incubated at 37°C and 
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5% CO2. The number of spheres formed was counted using a light microscope 7 days 

later.  

Transplant assays: Dissociated sphere cells were incubated in the presence and absence 

of proadifen for 96 hours.  Spheres that arose over this period were dissociated and 

resuspended in 50% Matrigel [BD], 45% PBS and 5% FBS [Invitrogen], and equal 

numbers of viable cells were transplanted into NOD/SCID mice [University Health 

Network]. Mice were palpated weekly to monitor the formation of tumors.  
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Table and Figure legends 

Table 1.  Chemo-sensitization capacities of nAChR and mAChR inhibitors 

Figure 1.  Identification and validation of a gene signature predicting breast cancer 

patient response to neoadjuvant chemotherapy.  A) Experimental strategy for 

identifying probe sets predictive of neoadjuvant chemotherapy response.  B) 

Identification of probe sets related to response shared among ER+ and ER- breast tumors.  

C) Expression of predictive probe sets in GSE25055 (training cohort) for patients 

predicted to respond and not respond (left to right, respectively).  Black vertical lines 

along bottom of heatmap indicate response.  D) Performance of predictive probe sets 

identified in GSE25055 cohort on training data (GSE25055, *p<0.0001, OR: 12.3) and 

two additional validation datasets (GSE25065[n=198]: *p=0004, OR: 4.8.  

GSE21094[n=278]: *p<0.0001, OR: 9.5).  

Figure 2.  Identification and validation of a gene signature that predicts breast 

tumor cell line response to chemotherapy. A) Cell viability dose-response curves for 

each cell line treated with doxorubicin. B) Residual activity (Cell viability) of tested cell 

lines at 100nM doxorubicin.  C) Experimental strategy to identify probe sets associated 

with cell line resistance/sensitivity to doxorubicin. D) Gene expression of top 250 probe 

sets associated with cell line resistance/sensitivity to doxorubicin.  E) Leave-one-out 

cross-validation of cell lines used to identify the aforementioned 250 probe sets (*p=0.01, 

t-test). 
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Figure 3.  Identification and experimental validation of candidate sensitizing 

molecules to chemotherapy. A) Connectivity Mapping with patient and cell line derived 

chemotherapy response signatures both identify adiphenine as a candidate 

chemosensitizing agent.  B) IC50 curve for adiphenine in HCC1954 breast tumor cells. 

C) 250µM adiphenine has negligible of cell viability but sensitizes cells to doxorubicin 

induced cytotoxicity in HCC1954 and BT549 cells (HCC1954: *p=0.004, BT549: 

*p<0.0001). D) Chemical structures of adiphenine, proadifen and NDNI. E) IC50 curved 

for adiphenine in HCC1954 breast tumor cells. F) 25µM proadifen has a negligible effect 

on cell viability but sensitizes cells to doxorubicin induced cytotoxicity in HCC1954 and 

BT549 cells (HCC1954: *p=0.0004, BT549: *p<0.0001). G)  IC50 curve for NDNI in 

HCC1954 breast tumor cells.   H) 6µM NDNI has a negligible effect on cell viability but 

sensitizes cells to doxorubicin induced cytotoxicity in HCC1954 and BT549 cells 

(HCC1954: *p=0.01, BT549: *p=0.003).  

Figure 4.  Adiphenine treatment is associated with reduced expression of breast TIC 

genes as well as inhibits sphere formation. A) Experimental strategy to learn whether 

adiphenine affects expression of breast TIC specific genes.  B) Expression of TIC and 

non-TIC in 28 breast tumors.  C) Connectivity map score of adiphenine in MCF7 cells to 

TIC/non-TIC genes (Mean: 0.82, *p=0.0003. D) Adiphenine inhibits sphere formation in 

multiple human breast tumor cell lines. E) Proadifen inhibits sphere formation in multiple 

human breast tumor cell lines.  F) NDNI inhibits sphere formation in multiple human 

breast tumor cell lines. 
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Figure 5.  Proadifen targets functional breast TICs in the HCC1954 human breast 

tumor cell lines.  A) HCC1954 spheres treated with proadifen do not engraft and initiate 

tumor growth in NOD/SCID mice relative to vehicle treated counterpart HCC1954 cells 
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Table 1.  Chemo-sensitization capacities of nAChR and mAChR inhibitors 

Compound Target Chemosensitization 

Scopolamine  Non-selective muscarinic antagonist6 No 

Ipratopium  Non-selective muscarinic antagonist7 No 

Himbacine M2/M4 muscarinic antagonist8 No 

Atropine Non-selective muscarinic antagonist9 No 

Gallamine Non-selective muscarinic antagonist10 No 

Dicyclomine Muscarinic Antagonists of the M1 receptor Yes 

Methyllycaconitine α9/α7 nicotinic cholinergic receptor antagonist11 No 

Bupropium  

Highest affinity for α3β4 subtype of the nicotinic 

receptor12 No 

Tubocurarine α2 subunit of nicotinic receptor13 No 

Mecamylamine  Partial selectivity for α7 nicotinic receptor14 No 

Lobeline 

Highest affinity for the α4β2/ α3β2 nicotinic 

receptor subunits15 Yes 

Dihydro-β-

Erythroidine 

Highest affinity for the α4β4 and α4β2 nicotinic 

receptor subunits16 Yes 

NDNI 

Highest affinity for the α4β2 nicotinic receptor, 

compared to other nicotine analogs17 Yes 
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CHAPTER 6 

Introduction 

 As described in the chapter 1, recent data suggests that tumor relapse is driven by 

a minority subpopulation of tumor cells termed cancer stem cells, or tumor-initiating cells 

(TIC), which resist currently available anti-cancer therapeutics, and therefore cause 

recurrence.  Hence new therapies are needed that target TIC as well as the bulk tumor 

cells to provide durable breast cancer remission. Whereas the study of human breast TICs 

has been hampered by our inability to fractionate these cells into pure or nearly pure cell 

populations (Al-Hajj et al., 2003; Battula et al., 2012; Ginestier et al., 2007), we’ve 

found that breast cancer-prone transgenic mice such as those that model ERBB2-positive 

breast cancer produce mouse mammary tumors rich in breast TICs (Kondratyev et al., 

2011). We found that mammary tumors from these transgenic mice (MMTV-Neu) 

comprise ~30% breast TICs and that cells from these tumors can be propagated in vitro as 

non-adherent tumorspheres, which also comprise a similarly high fraction of breast TICs 

(Kondratyev et al., 2011). We have also used these same culture conditions to propagate 

mouse mammary epithelial stem and progenitor cell cultures as non-adherent 

mammospheres, which serve as a normal stem/progenitor cell controls to compliment our 

studies of  breast TICs (Kondratyev et al., 2011).   

 Using MMTV-neu tumor derived mouse mammary tumorspheres and strain 

matched mammospheres as in vitro models of enriched cultures of breast TICs and their 

normal mammary epithelial stem/progenitor cell counterpart, we identified that the 
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Wnt/β-catenin signaling pathway was hypertactive in breast TICs.   Interestingly, there is 

significant data that Wnt/β-catenin signaling is involved in the maintenance of cancer 

stem cells (de Sousa et al., 2011; Dodge and Lum, 2011; Korkaya et al., 2009; 

Vermeulen et al., 2010), and many groups are trying to develop Wnt/β-catenin signaling 

inhibitors for cancer treatment (Chen et al., 2009; Eguchi et al., 2005; Lepourcelet et al., 

2004).  Many studies suggest that Wnt/β-catenin signaling plays a role in human breast 

tumors, as cytoplasmic localization of β-catenin, epigenetic silencing of pathway 

antagonists and LRP6 co-receptor expression are all linked to poor outcome (Liu et al.; 

Lopez-Knowles et al.; Suzuki et al., 2008). Furthermore, inhibition of LRP6 inhibits 

tumor growth in xenograft models (Liu et al.), and active Wnt signalling has been 

implicated in mediating resistance to radiation therapy (Woodward et al., 2007).   

In this manuscript, we report that inhibitors of Wnt/β-catenin signaling selectively 

target mouse mammary tumor-derived TICs.  Moreover, we report that one such 

inhibitor, PKF118-310, halts tumor growth in vivo and treated tumors are relatively 

devoid of functional TICs. 
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Abstract: 

Background: Recent evidence suggests that human breast cancer is sustained by a minor 

subpopulation of breast tumor-initiating cells (BTIC), which confer resistance to 

anticancer therapies and consequently must be eradicated to achieve durable breast cancer 

cure.  

Methods/Findings: To identify signaling pathways that might be targeted to eliminate 

BTIC, while sparing their normal stem and progenitor cell counterparts, we performed 

global gene expression profiling of BTIC- and mammary epithelial stem/progenitor cell- 

enriched cultures derived from mouse mammary tumors and mammary glands, 

respectively. Such analyses suggested a role for the Wnt/β-catenin signaling pathway in 

maintaining the viability and or sustaining the self-renewal of BTICs in vitro. To 

determine whether the Wnt/β-catenin pathway played a role in BTIC processes we 

employed a chemical genomics approach. We found that pharmacological inhibitors of 

Wnt/β-catenin signaling inhibited sphere- and colony-formation by primary breast tumor 

cells and primary mammary epithelial cells, as well as by tumorsphere- and 

mammosphere-derived cells. Serial assays of self-renewal in vitro revealed that the 

Wnt/β-catenin signaling inhibitor PKF118-310 irreversibly affected BTIC, whereas it 

functioned reversibly to suspend the self-renewal of mammary epithelial stem/progenitor 

cells. Incubation of primary tumor cells in vitro with PKF118-310 eliminated their 

capacity to subsequently seed tumor growth after transplant into syngeneic mice. 

Administration of PKF118-310 to tumor-bearing mice halted tumor growth in vivo. 
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Moreover, viable tumor cells harvested from PKF118-310 treated mice were unable to 

seed the growth of secondary tumors after transplant.  

Conclusions: These studies demonstrate that inhibitors of Wnt/β-catenin signaling 

eradicated BTIC in vitro and in vivo and provide a compelling rationale for developing 

such antagonists for breast cancer therapy. 
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Results  

Expression of Wnt/β-catenin signaling pathway components and target genes  

 Numerous previous studies have linked activation of Wnt/β-catenin signaling with 

breast cancer (Brennan and Brown, 2004; Clevers, 2006; Howe and Brown, 2004; 

Khramtsov et al.; Klarmann et al., 2008; Lindvall et al., 2006; Liu et al., 2004; Nusse, 

2005; Suzuki et al., 2008; Ugolini et al., 2001; Wong et al., 1994; Woodward et al., 

2007).   We sought to extend these findings by first investigating the expression of 

Wnt/β-catenin signaling pathway components in mouse tumorspheres, mammospheres, 

and mammospheres induced to differentiate in vitro, which we used as approximate in 

vitro models of BTICs, mammary epithelial stem and progenitor cells, and differentiated 

mammary epithelial cells, respectively.  A microarray analysis of 3 independent 

tumorsphere cultures established from independent mouse mammary tumors and 3 

separate preparations of mammospheres and mammospheres induced to differentiate in 

vitro, revealed that the transcripts of many Wnt/β-catenin signaling pathway genes were 

most highly expressed in tumorspheres relative to either mammospheres or 

mammospheres induced to differentiate (Fig. 1A). The latter included upstream pathway 

components such as Wnt ligands, receptors, as well as the transcriptional co-activator 

TCF4 (Fig. 1A). Several Wnt/β-catenin target genes were also most highly expressed in 

tumorspheres, including Axin2, cyclinD1 and CD44. Interestingly, the expression of 

transcripts encoding inhibitory Wnt/β-catenin signaling pathway elements, such as Sfrp1, 
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Srfp2 and Dkk2, were highest in mammospheres induced to differentiate, compared to 

both mammospheres and tumorspheres (Fig. 1A).   

To verify the global gene expression profiling data we performed quantitative RT-

PCR with primers that identified transcripts encoding components and downstream 

targets of the Wnt/β-catenin signaling pathway using additional independent preparations 

of RNA isolated from tumorspheres (n=3), mammospheres (n=3), and mammospheres 

induced to differentiate (n=3), respectively. These analysis confirmed our original 

findings, namely that transcripts of components and target genes of the Wnt/β–catenin 

signaling pathway were generally more highly expressed in tumorspheres compared to 

either mammospheres or mammospheres induced to differentiate in vitro (Fig. 1B-E, 

*p<0.05 for all genes shown, t-test). For example, Wnt7A and 7B, as well as the Fzd4 

and 6 receptors were most highly expressed in tumorspheres compared to either 

mammospheres or mammospheres induced to differentiate in vitro (Fig. 1 B&D). By 

contrast, mammospheres and mammospheres induced to differentiate expressed higher 

levels of transcripts that encode negative regulators of the Wnt pathway, such as Frzb, 

Sfrp2 and Sfrp4 (Fig1. C & E).    

We also investigated whether the finding of differential expression of Wnt/β-

catenin signaling pathway components and target genes using the in vitro models were 

relevant to human breast cancer patients. To this end we used whole tumor gene 

expression profiles derived from human breast tumor RNA samples with accompanying 

overall- and metastasis free survival data (Chang et al., 2005). We identified a Wnt-based 
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BTIC gene signature that comprised differentially expressed genes between tumorspheres 

and mammospheres that were induced to differentiate in vitro. We mapped these genes 

onto their human orthologs present in the previously published NKI whole tumor gene 

expression data set (Table 1). We then used the gene signature to learn whether we could 

separate patient tumor specimens from the NKI data set into tumorsphere-related and 

mammospheres induced to differentiate-related groups (tumorsphere-unrelated) (Hallett 

et al., 2010). Notably, the expression of tumorsphere-related Wnt/β-catenin signaling 

pathway genes was linked to poor overall survival (Fig. 1F, *p=0.0005, log-rank test) and 

decreased metastasis-free survival (Fig. 1G, * p = 0.0068, log-rank test) when compared 

with the expression of mammospheres induced to differentiate-related Wnt/β-catenin 

signaling pathway genes. These data suggest that activated Wnt/β-catenin signaling may 

be a unique feature of BTICs derived from mouse mammary tumors relative to mammary 

epithelial stem and progenitor cells, and that Wnt/β-catenin pathway activation in BTICs 

may be linked to human breast cancer patient outcome and metastasis.    

Wnt/β-catenin pathway agonists and antagonists regulate self-renewal and 

proliferation of BTIC and mammary epithelial stem/progenitor cells  

To determine whether Wnt/β-catenin signaling was required for BTIC and 

mammary epithelial stem and progenitor cell function in vitro, we examined the effect of 

agonists and antagonists of Wnt/β-catenin signaling on sphere formation, which when 

performed under appropriate conditions (Pastrana et al., 2011) is thought to be an 

attribute of stem/progenitor cells and TICs (Clevers; Hirschhaeuser et al.; Pastrana et al., 
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2011; Reynolds and Rietze, 2005). We seeded dispersed cells dissociated from 

mammospheres and tumorspheres into media containing either Dkk1 or Wnt3a at 

concentrations previously shown to be sufficient to inhibit or activate the Wnt/β-catenin 

signaling pathway, respectively (Binnerts et al., 2009; Reya et al., 2003). Dkk1 is a 

secreted protein inhibitor (Glinka et al., 1998), and Wnt3A is a stimulatory ligand of 

Wnt/β-catenin signaling. Addition of Dkk1 reduced sphere formation, whereas addition 

of Wnt3A stimulated sphere formation of both mammosphere- and tumorsphere-derived 

cells (Fig 2A). We used the small molecule BIO to inhibit GSKβ, a negative regulator of 

Wnt/β-catenin signaling (Meijer et al., 2003). Addition of BIO at various concentrations 

stimulated sphere formation by both mammospheres- and tumorsphere-derived cells in a 

dose-dependent manner (Fig 2B).  

We similarly tested pharmacological agents, which target Wnt/β-catenin signaling 

(PKF118-310, PKF115-584, CGP049090), for their affect on sphere formation. These 

inhibitors are specific antagonists of Wnt/β-catenin signaling that interrupt the 

penultimate step in pathway activation, namely the interaction between β-catenin and 

Tcf/Lef transcription factors (Lepourcelet et al., 2004). We seeded freshly isolated 

primary tumor cells and primary mammary epithelial cells, as well as mammosphere- and 

tumorsphere-derived cells into medium containing various concentrations of the 

inhibitors. Each inhibitor reduced sphere formation by primary tumor cells and primary 

mammary epithelial cells (Fig. 2C), as well as by mammosphere- and tumorsphere-

derived cells (Fig. 2D), in a dose dependent fashion. Notably, the inhibitory concentration 

of the compounds required to reduce sphere formation by 50% (IC50) (Table 2) did not 
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significantly differ from those IC50 values reported previously to affect reduce Tcf-

dependent reporter gene expression in cell lines (Table 2) (Lepourcelet et al., 2004).    

We also assessed the effects of the compounds on colony formation, an assay 

commonly used to enumerate stem and progenitor cells (Stingl, 2008). We seeded freshly 

isolated primary tumor cells and primary mammary epithelial cells, as well as 

mammosphere- and tumorsphere-derived cells at clonal cell density into collagen-coated 

plates in serum-containing medium. When colonies appeared, generally a week later, they 

were stained and counted. The inhibitors reduced colony formation by primary tumor 

cells and mammary epithelial cells (Fig. 2E), as well as that of mammosphere- and 

tumorsphere derived cells in a concentration dependent fashion (Fig. 2F). Inhibition of 

both colony and sphere formation occurred at similar inhibitor concentrations, suggesting 

that the inhibitors targeted both progenitor cells and stem cells as well as their tumor 

equivalent counterparts.   

 To learn whether the inhibitory compounds affected the self-renewal of sphere-

forming cells, we investigated the capacity of cells exposed to the compounds to serially 

form spheres. In short, dispersed primary mammary epithelial cells and primary tumor 

cells were exposed to PKF118-310 during a 4-day primary sphere-forming assay. The 

spheres that formed were counted, the cells dissociated from the spheres and the 

dispersed cells plated to form secondary spheres in fresh medium lacking the inhibitors.  

As we previously demonstrated, PKF118-310 reduced primary sphere-formation by both 

primary tumor cells and primary mammary epithelial cells dependent on its concentration 
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(Fig. 3A&B). However, whereas the primary mammary epithelial cells treated with 1µM 

PKF118-310 formed new mammospheres in secondary sphere-forming assays at the 

same frequency as the vehicle-treated mammary epithelial cells (Fig. 3C), the primary 

tumor cells exposed to 1µM PKF118-310 exhibited a ~10 fold reduced capacity to form 

spheres relative to the vehicle-treated primary tumor cells (Fig. 3D, *p < 0.05). These 

observations demonstrate that a single exposure of tumor cells to PKF118-310 was 

sufficient to block their capacity to subsequently form spheres, even after PKF118-310 

was no longer present in the medium. Conversely, mammary epithelial cells similarly 

exposed to PKF118-310 were not impaired in their sphere forming capacity, suggesting 

that the irreversible effect of PKF118-310 was limited to the primary tumor cells. These 

findings suggest that PKF118-310 reversibly affected the self-renewal of mammary 

epithelial cells in vitro but irreversibly affected the self-renewal of the primary breast 

tumor cells.  

Our data suggesting that knock down of Wnt/β-catenin signaling by PKF118-310 

irreversibly blocked the self-renewal of tumorsphere-initiating cells in vitro, prompted us 

to test whether this inhibitor specifically affected the capacity of BTICs to elicit tumor 

growth in syngeneic mice after tumor cell transplant. We incubated freshly isolated 

primary tumor cells under sphere forming conditions in presence of vehicle (DMSO) or 

PKF118-310 (1µM or 2.5 µM concentrations). After 4 days the spheres were collected, 

dissociated and equal numbers (5,000) of viable PKF118-310- and vehicle-treated cells 

were injected sub-cutaneously into the syngeneic mice. Upon endpoint, when the tumor 

in any individual mouse reached 10% of its weight (~6 weeks) all the animals were 
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sacrificed and the tumors harvested. Tumors that arose from tumor cells incubated with 

PKF118-310 (1µM) appeared with longer latency and were approximately 50% smaller 

at endpoint than those that arose from vehicle-treated tumor cells (control [m = 0.49 g], 

treatment [m = 0.26g], *p < 0.05) (Fig. 3E). Furthermore, when higher doses of PKF118-

310 (2.5µM) were used in these experiments, the tumor cells exposed to this 

concentration of the compound failed to initiate tumor growth in any of the host mice 

(Fig. 3F, *p<0.05, ~6 weeks). Collectively, these data demonstrate that incubation of 

primary tumor cells with PKF118-310 for 4 days in vitro substantially reduced BTIC 

frequency.   

PKF118-310 halts tumor growth in vivo. 

 Our data suggested that incubation of primary breast tumor cells in vitro with 

PKF118-310 substantially reduced BTIC frequency as assessed by cell transplant into 

syngeneic mice. To determine whether PKF118-310 affected the growth of pre-

established breast tumors and reduced BTIC frequency in vivo, we transplanted primary 

breast tumor cells into syngeneic mice and treated these hosts with PKF118-310 after the 

tumors had reached a volume of ~1 cm
3
. We found that treating tumor-bearing mice with 

0.85mg/kg of PKF118-310 for 12 days (5 days on, 2 days off and 5 days on) inhibited 

tumor growth compared to their vehicle-treated counterparts, but did not induce 

significant tumor regression during the treatment period (Fig. 4A). After treatment ceased 

the tumors in mice administered the vehicle were ~3 fold larger than those in PKF118-

310-treated mice (Fig. 4B, * p < 0.05) 
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To uncover potential mechanisms whereby the compound halted tumor growth, 

we prepared sections from the tumors of both cohorts and stained them with Hematoxylin 

and Eosin (H&E). Interestingly the tumors of the mice treated with PKF118-310 

contained many cell-free areas that were often circumscribed by a ring of cells 

resembling a duct (Fig. 4C). In some cases the cell-free areas contained material, 

characteristic of milk protein secretions. Interestingly, the changes in histology induced 

by treatment with PKF118-310 are consistent with reduced tumor grade, a histological 

parameter associated with better survival outcomes in human breast cancer patients 

(Bloom and Richardson, 1957). We also examined whether inhibition of tumor growth 

was accomplished by a reduction in cell proliferation and/or induction of apoptosis. We 

stained tumor sections for markers of proliferation (Ki67) and apoptosis (cleaved 

caspase-3 and TUNEL). We observed a significant decrease in the frequency of Ki67 

positive tumor cell nuclei in the PKF118-310 treated tumor-bearing mice compared to 

their vehicle-treated counterparts (Fig. 4D&E). We did not observe any positive staining 

for cleaved caspase-3 or TUNEL in tumors from either vehicle- or PKF118-310-treated 

mice (data not shown). Tumors from PKF118-310 treated mice comprised approximately 

3-4-fold fewer Ki67-positive cells than tumors from vehicle-treated mice.  We similarly 

simultaneously stained the tumor sections with antibodies to a luminal lineage marker 

(CK8) and with those to each of two myoepithelial lineage markers (CK14 and alpha-

smooth muscle actin [alpha-SMA). The vast majority of the cells in sections prepared 

from tumors of the vehicle-treated mice expressed only the luminal lineage marker in 

keeping with previous findings (data not shown). Tumor sections prepared from tumors 
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of the mice administered PKF118-310 also only expressed the luminal lineage marker. 

Surprisingly the cells comprising the duct-like structures found in tumor sections of mice 

administered PKF118-310 expressed the luminal lineage marker but not either of the 

myoepithelial lineage markers.  

To learn whether administration of PKF118-310 to tumor-bearing mice inhibited 

Wnt/β-catenin signaling in tumors, we measured the abundance of Wnt/β-catenin target 

gene transcripts in the tumor cells. The abundance of both axin2 and cyclin D1 transcripts 

was significantly lower in tumors harvested from PKF118-310-treated mice compared to 

their vehicle-treated counterparts, confirming that PKF118-310 targeted Wnt/β-catenin 

signaling in vivo (Fig. 4F).   

The principal objective of our experiments was to learn whether inhibition of 

Wnt/β-catenin signaling targeted BTICs in tumors. Because, treatment with PKF118-

310 did not completely shrink tumors in vivo, we wondered whether PKF118-310 

eradicated functional BTICs in the tumors of treated mice. We reasoned that if PKF118-

310 selectively targeted BTICs in vivo, viable cells isolated from PKF118-310 treated 

tumor-bearng hosts would engraft and elicit tumor growth less efficiently relative to 

their vehicle-treated counterparts.  To this end, we transplanted tumor cells by injecting 

them sub-cutaneously (n=20, PKF118-310-treated; n=20, vehicle-treated) between the 

shoulders of syngeneic mice (10,000 cells/mouse) and measured tumor latency in the 

PKF118-310-treated and vehicle-treated transplant cohorts. Mice transplanted with 

tumor cells harvested from vehicle-treated mice experienced a median of 5-week tumor 
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free survival and all mice had palpable tumors after 9 weeks. By contrast, tumor cells 

harvested from PKF118-310 treated mice generally failed to initiate tumor growth. In 

fact, 85% of mice transplanted with PKF118-310 treated tumor cells remained tumor 

free over a 12 week follow-up period (Fig. 5). The tumors arising following cell 

transplant were invariably lodged in the #2 mammary fat pad, which extends from the 

ventral to the dorsal area of the host mice (data not shown).  

Together with our previous observations, these results demonstrate that not only 

was PKF118-310 treatment sufficient to halt tumor-growth in vivo, but that cells 

comprising the tumors of mice administered the compound were substantially 

diminished in their capacity to engraft and initiate tumor growth compared to their 

vehicle-treated counterparts.     
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Discussion  

Whereas TIC have been identified in a wide variety of human and mouse 

malignancies (Al-Hajj et al., 2003; Cho et al., 2008; Collins et al., 2005; Fang et al., 

2005; Lapidot et al., 1994; Liu et al., 2007; O'Brien et al., 2007; Singh et al., 2003; 

Zhang et al., 2008), little is known about their underlying biology, and few compounds 

have been identified that selectively target these cells (Gupta et al., 2009; Guzman et al., 

2005). Targeting TICs is an important cancer therapeutic objective as these cells are 

resistant to current cancer therapies, including chemo- and radiation-therapy (Bao et al., 

2006; Baumann et al., 2008; Eramo et al., 2006; Ma et al., 2008). Hence whereas 

standard therapies result in tumor shrinkage, they may fail to provide long lasting cures 

because rare TIC survive and seed tumor relapse.   

 The use of genomic and drug discovery technologies, such as global gene 

expression profiling and high-throughput screening would greatly aid the search for anti 

TIC therapies. However, implementation of these methodologies has been confounded by 

a lack of suitable human BTIC-enriched populations for study. Typically BTIC represent 

an exceedingly small percentage (~0.01%) of the total tumor cell population (Al-Hajj et 

al., 2003; Ginestier et al., 2007), and even in the most highly enriched populations, BTIC 

rarely achieve more than 1-2% purity (Al-Hajj et al., 2003; Ginestier et al., 2007). 

Moreover, means of propagating BTIC-enriched tumor cell populations in vitro have not 

been described. To overcome these obstacles, we have studied BTICs from mouse 

mammary tumors of breast cancer prone transgenic models because they comprise a high 
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BTIC frequency, averaging ~30% in most tumors and companion tumorspheres 

(Kondratyev et al., 2011).   

 To determine whether the Wnt/β-catenin pathway is required for the survival 

and/or self-renewal of BTIC, we employed three small-molecular weight tool 

compounds, PKF118-310, PKF115-584 and CGP049090, which were originally 

identified in a high throughput screen to identify those that abrogate the binding of β-

catenin to Tcf4 in vitro (Lepourcelet et al., 2004). Follow up analyses of these 

compounds revealed their capacity to: block β-catenin binding to GST-Tcf4 in vivo; 

reduce expression of a Wnt/β-catenin luciferase reporter; restore the β-catenin induced 

axis duplication of Xenopus embryos when co-injected with β-catenin; inhibit expression 

of the Wnt target genes Myc and CyclinD1; and retard the proliferation of colon cancer 

cell lines known to display hyperactive Wnt signaling in vitro (Lepourcelet et al., 2004). 

Collectively, the latter findings suggest that PKF118-310, PKF115-584 and CGP049090 

reduce Wnt/β-catenin signaling leading to the inhibition of cancer cell line proliferation 

in vitro. To the best of our knowledge the effect of these compounds on breast 

tumorigenesis has not previously been assessed. 

 Several studies have implicated Wnt/β-catenin signaling in both the pathogenesis 

of breast cancer and the regulation of normal mammary epithelial stem cell processes 

(Brennan and Brown, 2004; Lindvall et al., 2007; Nusse, 2005). Our data suggests that 

the Wnt/β-catenin pathway is hyperactive in BTIC compared to normal mammary 

epithelial stem/progenitor cells or to their more differentiated descendants. We made use 
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of the small molecule inhibitors to investigate the consequences of inhibiting Wnt/β-

catenin signaling in both breast tumor cells and normal mammary epithelial 

stem/progenitor cell populations. Due to the limited availability of the natural compounds 

PKF115-584 and CGP049090, we focused primarily on the use of PKF118-310, which 

can be chemically synthesized. Our initial experiments showed that each of the 3 

compounds inhibited sphere and colony formation by primary tumor cells and primary 

mammary epithelial cells, as well as by established tumorsphere- and mammosphere-

derived cells without any apparent selectivity. However, both PKF115-584 and 

CGP049090 displayed somewhat increased selectivity of between 6-7 fold 

(IC50
MMS

/IC50
TMS

, Table 1) for primary tumor cells over primary mammary epithelial 

cells in sphere forming assays compared to PKF118-310 (2-3 fold selectivity), indicating 

that further investigation of the potential selectivity these compounds is warranted.   

 We did not observe any significant selectivity of PKF118-310 for either the 

survival and/or self-renewal of tumorsphere-initiating cells compared to mammosphere-

initiating cells in primary sphere-forming assays (Fig. 2C-F).  However, a single exposure 

of primary tumor cells to PKF118-310 in a primary sphere-forming assay was sufficient 

to block subsequent secondary sphere formation in the absence of the compound. By 

contrast, mammary epithelial cells exposed to PKF118-310 were not impaired in their 

capacity to form secondary spheres, suggesting that the effect of PKF118-310 on 

secondary sphere formation is specific to BTICs. Taken at face value these observations 

suggest that PKF118-310 inhibited tumorsphere formation by an irreversible mechanism, 

whereas the compound acted reversibly to affect mammosphere formation. Inhibition of 
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Wnt/Β-catenin signaling by PKF118-310 may be cytotoxic for tumorsphere-initiating 

cells, perhaps because they are addicted this pathway, whereas pathway inhibition may be 

cytostatic for mammosphere-initiating cells.  

 Whereas sphere formation is a convenient and relatively rapid surrogate in vitro 

assay for stem/progenitor and TIC activity, the nature of sphere-forming cells is 

controversial and consequently we employed additional means to identity the tumor cells 

that might be targeted by PKF118-310 (Clevers; Hirschhaeuser et al.; Pastrana et al., 

2011; Reynolds and Rietze, 2005; Reynolds and Weiss, 1992). To this end we 

transplanted primary tumor cell populations that had been incubated with PKF118-310 

under the same conditions as had been used in primary sphere-forming assays and 

thereafter measured the capacity of the remaining viable tumor cells to seed tumor growth 

after transplantation into syngeneic FVB/N female mice. These transplantation assays 

directly assess BTIC frequency and demonstrated that PKF118-310 targeted these cells as 

manifested by a concentration-dependent reduction in tumor incidence in recipient mice 

resulting from transplant of the compound-treated tumor cells.  

 Administration of PKF118-310 to tumor-bearing mice blocked tumor growth 

during the 10-day treatment period, an interval during which the tumors expanded by 2-3 

fold in tumor-bearing mice that were administered the vehicle. Histological analyses of 

tumor sections from mice administered PKF118-310 revealed loss of tumor architecture 

manifested as reduced cellularity and phenotypic features associated with reduced tumor 

grade. Whereas no evidence of apoptotic cell death or altered expression of 
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differentiation markers was evident in tumor sections from mice administered the 

compound (data not shown), the frequency of Ki67-positive cells, a biomarker of cell 

proliferation, was markedly reduced. Importantly, tumor cells harvested from mice 

exposed to PKF118-300 formed tumor grafts in only 3 of 20 mice transplanted with these 

cells some 2 weeks after tumors had already formed in 20/20 mice transplanted with 

vehicle-treated tumor cells. Our transplantation assay can detect single tumor cells in the 

bulk tumor cell population, which on average comprise ~30% functional BTIC as 

established by limiting dilution cell transplantation assays (Kondratyev et al., 2011). 

Hence, our findings suggest that the frequency of BTIC comprising the tumors was 

dramatically reduced by inhibiting Wnt/Β-catenin signaling in tumors (Kondratyev et al., 

2011). Taken together these multiple lines of investigation suggest that antagonists of 

Wnt/Β-catenin signaling target BTIC and provide proof-of-principle that eradicating 

these cells leads to durable breast cancer remission.    
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Methods   

Care and treatment of animals: All mice used in these experiments were housed in a 

Canadian Council on Animal Care (CCAC)-approved facility at McMaster University. 

Mice were provided with food and water ad libitum. All animal experiments were 

conducted in accordance with the requirements of the CCAC. 

Tumor and mammary epithelial cell culture: The #3 and #4 mammary glands from 

virgin female FVB/N mice (6-8 weeks old) and mammary tumors were isolated as 

described previously (Kondratyev et al., 2011; Pullan, 1996). Mammospheres and 

tumorspheres were established from the bulk primary mammary epithelial and tumor cell 

population respectively as described previously (Kurpios et al., 2009). Serial passage of 

the mammospheres and tumorspheres was accomplished by mechanically dissociated the 

cells from spheres using titruation and reseeding the dispersed cells into fresh medium. 

Passage of the spheres was limited to 3-5 serial passages before the cells were harvested 

and RNA prepared. To induce a differentiation program in mammospheres in vitro, intact 

mammospheres were collected by centrifugation, the spheres were dissociated and the 

dispersed cells were plated at a density of 150,000 cells/ml on rat-tail collagen (Roche, 

Basel, Switzerland) coated 60mm Petri dishes (Dontu et al., 2003; Stingl et al., 1998). 

The cells were incubated for a week before they were harvested and used to prepare 

cellular RNA for analyses.  

RNA isolation and analyses: Total RNA was isolated from tumorspheres, 

mammospheres or mammospheres induced to differentiate using an RNAeasy mini prep 
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kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. RNA was 

quantified using spectrophotometic analyses (A260nm/A280nm) and it’s quality assessed by 

gel electrophoresis. RNA from 3 independent tumorsphere, mammosphere, and 

mammospheres induced to differentiate cell populations was used to prepare cRNA 

probes for hybridization to MOE430A Gene Chips
TM 

in accordance with manufacturer’s 

protocols (Affymetrix, Santa Clara, California). Gene expression profiling data was 

analyzed using Genespring
TM

.  Gene expression values were normalized to the average 

expression of either mammospheres induced to differentiate or tumorspheres for each 

probe set to generate a heat map. When a gene was represented by multiple probe sets, 

the most highly differentially expressed probe set was chosen for display in the heat map. 

These data have been deposited in the gene expression omnibus (GEO, GSE32463). 

Independent RNA preparations from different populations of tumorspheres, 

mammospheres, or mammospheres induced to differentiate was also analyzed by 

quantitative RT-PCR using the mouse Wnt Signaling Pathway RT
2
 Profiler

TM
 

(QIAGEN). Total cellular RNA was isolated using the RNAeasy mini prep kit 

(QIAGEN) and used as template for oligo-dT primed reverse transcription using 

SuperScriptII
TM

 First Strand Synthesis (Invitrogen, Carlsbad, California) for quantitative 

RT-PCR The abundance of selected mRNA transcripts were determined (primer 

sequences available upon request) with quantitative RT-PCR using FastStart DNA 

Master SYBR Green I Kit on the Light Cycler (Roche) according to the manufacturer’s 

protocol.   

Gene signature 
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Microarray and clinical data was downloaded from http://microarray-

pubs.stanford.edu/wound_NKI/explore.html. The expression of Wnt/β-catenin signaling 

pathway genes was used to divide patients into related and unrelated Wnt/β-catenin 

signature groups as previously described (Hallett et al., 2010). 

 

Sphere, colony, and ex vivo treatment assays 

Sphere and colony forming assays were completed as previously described (Kondratyev 

et al., 2011). Dkk1 and Wnt3A were obtained from RnDSystems (Minneapolis, 

Minnesota). PKF118-310, PKF115-584 and CGP049090 were a gift from Novartis 

(Basel, Switzerland).  

IC50 calculations 

The 50% inhibitory concentration (IC50) of compounds was calculated using GraphPad 

Prism5 software. X-axis values were X=Log(X) transformed and then fit with a dose-

response curve. The DMSO vehicle control was included to aid IC50 calculation and was 

assigned a 1nM concentration of the tested compound.   

In vivo compound administration 

Freshly isolated primary tumor (100,000) cells were suspended in 50% Matrigel (BD, 

Franklin Lakes, New Jersey), 45% phosphate buffered saline pH7.4 (PBS) and 5% fetal 

bovine serum (FBS) [Invitrogen, Carlsbad, California], and the cells were injected 

subcutaneously between the shoulders into syngeneic 6-8 week-old female mice (FVB/N 
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strain). Mice were monitored by palpation weekly for the occurrence of tumors. When 

tumors reached roughly 1cm
3
, the mice were administered either the vehicle (0.1% 

DMSO) or PKF118-310 (0.85mg/kg) dissolved in 0.1% DMSO by intra-tumoral injection 

for 5 consecutive days followed by a 2-day rest period before compound administration 

was repeated once. Tumor volume was measured twice weekly. At the end of the 12-day 

treatment cycle the mice were sacrificed and their tumors harvested for analysis. We 

found that tumors were invariably embedded in the fat pads of the number 2 mammary 

glands. Viable tumor cells (assessed by TrypanBlue staining) from vehicle- and 

compound-treated mice were isolated as described above and 10,000 cells were 

transplanted subcutaneously into syngeneic mice (n=20, treated; n=20, untreated).   

Histology and immuno-histochemical analysis 

Paraformaldehyde fixed tumor fragments were embedded in paraffin, sectioned and 

stained with H&E. The tumor sections were de-paraffinized and rehydrated in ethanol 

(100-70% gradient) before immunofluorescent analysis. Antigen retrieval was performed 

in Antigen Unmasking Solution (Vector, Burlingame, California). Slides were blocked 

with 3% normal goat serum (Dako, Denmark) and incubated with primary antibodies for 

2 hours at room temperature (Ki67, 1:200 [ABCAM, Cambridge, Massachusetts]. 

Secondary antibodies (Invitrogen) were used at a 1:200 dilution for 1 hour at room 

temperature.    
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Table and Figure legends 

Table 1. Wnt/β-catenin pathway genes comprising the gene signature of differentially 

expressed genes between tumorspheres and mammospheres induced to differentiate. 

Table 2. IC50 values (µM) for PKF118-310, PKF115-584, and CGP049090 in sphere 

forming assays. 

Figure 1.  Expression of Wnt pathway genes in tumorspheres (TMS), mammospheres 

(MMS) and mammospheres induced to differentiate (diffMMS).  A) Heat maps of 3 

independent TMS (A, n=3), MMS (B, n=3) and diffMMS (C, n=3) RNA preparations 

profiled on MOE430A Gene Chips.  B-E) qRT-PCR of transcripts encoding components 

and target genes of the Wnt signaling pathway (* p < 0.05, t-test) for all genes shown. F 

and G) Survival, (*p=0.005, Log-rank test) and metastasis (*p=0.0068, Log-rank test), 

curves for human breast cancer patients classified based on their expression of TMS-

related and TMS-unrelated  (diffMMS-related) specific Wnt pathway components. 

Figure 2.  Agonists and antagonist of Wnt/β-catenin signaling regulate sphere and colony 

formation by primary tumor cells and primary mammary epithelial cells as well as by 

tumorsphere- and mammosphere-derived cells.  A) Wnt3a and Dkk1 inhibit sphere 

formation by tumorsphere- and mammosphere-derived cells, compared to bovine serum 

albumin (BSA) and stem cell media (SCM) controls. B) BIO stimulates tumorsphere and 

mammosphere formation.  C-D) Sphere formation in the presence of increasing 

concentrations of PKF118-310, PKF115-584, and CGP049090.  E-F) Colony formation in 

the presence of increasing concentrations of PKF118-310, PKF115-584, and CGP049090.     



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 

 

 

189 

 

 

Figure 3.  PKF118-310 selectively targets breast TICs in vitro.  A) PKF118-310 inhibits 

sphere formation by primary mammary epithelial cells. B) PKF118-310 inhibits sphere 

formation by primary tumor cells. C) PKF118-310 treated primary mammary epithelial 

cells form spheres with same efficiency compared to the DMSO vehicle. D) PKF118-310 

treated primary tumor cells have little capacity to form spheres compared to the DMSO 

vehicle (* p < 0.05, t-test). E) Mass (g) of tumors formed from transplant of 1µM PKF118-

310-treated primary tumor cells (* p < 0.05, t-test).  F) Primary tumor cells treated with 

2.5µM PKF118-310 are unable to initiate tumor growth after transplant into syngeneic 

recipient mice. 

Figure 4.  PKF118-310 treatment halts tumor growth. A) Tumor volumes of vehicle and 

PKF118-310 treated mice. B) Tumor volumes after completion of treatment (t=12 days)  

(*p < 0.05, t-test).  C) PKF118-310 induces formation of duct-like structures (red arrows).  

D) Photographs of Ki67 stained tumor sections. E) PKF118-310 reduces the fraction of 

Ki67+ nuclei; quantification of Ki67-positive nuclei was assessed independently by two 

different individuals (*p < 0.05, t-test). F) Quantification of Wnt target gene expression in 

tumors isolated from treated and untreated mice using qRT-PCR (*p < 0.05, t-test). 

Figure 5. Tumor cells from PKF118-310 treated tumor-bearing mice engraft and elicit the 

growth of secondary tumors less efficiently than their vehicle-treated counterparts.  Viable 

tumor cells were harvested from PKF118-310- and DMSO-treated mice and 10,000 viable 
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tumor cells per mouse were transplanted into syngeneic recipients (n=20 treated/untreated) 

(* p < 0.05, Log-rank test). 
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Table 1. Wnt/β-catenin pathway genes comprising the gene signature of differentially 

expressed genes between tumorspheres and mammospheres induced to differentiate 

Expressed in tumorspheres Expressed in mammospheres induced to 

differentiate 

Wnt7A Sfrp1 

Myc Sfrp4 

Tle1 Fzd4 

Tcf7 Senp2 

SLC9A3R1 Pitx2 

FZD6 Fshb 

 Dkk1 

 Gsk3β 
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Table 2. IC50 values (µM) for PKF118-310, PKF115-584, and CGP049090 in sphere 

forming assays 

Drug Primary 

tumor 

Cells 

Primary mammary 

epithelial cells 

Tumorsphere-

derived cells 

Mammosphere-

derived cells 

PKF118-310 0.58 1.54 0.94 0.54 

PKF115-584 0.31 2.05 1.34 1.39 

CGP049090 0.84 4.89 1.52 2.64 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 

 

 

193 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 

 

 

194 

 

 

 

 

 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 

 

 

195 

 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 

 

 

196 

 

 

 

 

 



Ph.D. Thesis – R. Hallett – McMaster University – Biochemistry and Biomedical 

Sciences 

 

 

197 

 

 

 



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

��	������
�

�

����

�

��������)�

*����������

����	(�����	�	�����	��������������������������������������"�����������)	����

��� ������)	�� ��	5�	���	�� ����(���	��"� 	������� ����5����� ����	��� ��� ������ ������

(�	������ ��+����"� 	�� ��� ������� 	�����	����� ���	���� ���� ����� � �	���� ������� ���

(�	����� �����	�� ����� ���� ����(�� ������ 	�����	��	���� � � � 2��� �)�(��"� ���� �5%4� ��	��

���	��� ���� ��� ���� 1�	���� ����	��� A�E����� ������ ��� ��+��� ���E���� !1�A���&�

������ ���� �E����� ���)	���� ����(�� 	�������� %>5���� ����������5����� ����	��� �����

7>L����3.L�!2	�����������"�#$$4&���'�	�����	��������������E���	�	�����������������)	����

����(�	���� ��������"� 	�� �����	���	����� ���� �����E��	������(�	�����������������	�� �����

�E����� ���)	���� ���������� � 1�����"� ����� %<L� ��� (�	����� ���	���� ���)	���5

����	���������	�"�+����������������	�	���.3L"�7>L��	�������������	�	�������������

(���5�����������##L�������������������������(	������������(���5���������� �	�	�����	���

�)�	�	��� ���� ��	�	��� ��� ������)	�� ���������(�� ��� �E����� ���)	���� (��������

�	�	��� ���������� � =�� ���� �5#$� ��	�"� +�	��� ���(���� ���)	���� ��� ���)	���� (����

������)	�����������(�"������������%#5��������������5���������	���	�����)	���5�������

(�	�����+��3-L����(�������.-L�����(�	������������+	������)	����������������(��

!2	����� ��� ���"� #$$4&��A�	�"� ��	����� E���	�	��� ����������� ���������(�� 	�� ����	��	���

+	������)	������������	��������������"���+���������������	���	�������������E��	������

(�	�����������������	��������E��������������(���H����%$L����(�	��������	���������	��

������E��������������(�"�+��������� ���� ���	�	���-$L"�3-L��	�������������6�	���
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�����((��)	������%�	��%$�(�	��������	���������	��������E��������������(������������

��� ���� ����� (�	����� +��� ����	���� �E����� ����(�"� ���� ���� �E��	��� +���� �����

����������������"� ����������	���	���� ���������(�	�����+������������������������	���

����(�� ���� ����	��� ���	�� ������ �������� � �;��� ��������"� ������ �)�(���� (���	��� �

���(���	�����	���������	����	��	����	���;�����������������������	����	���(�	�����+���

���������6�	����E���������(����+������(�	�����+���+	����	;���������	�����������������

((����������(	�����2����������"�����������	���	����������������	����	�������������(	���

���� (�	����� +����� ������� ��� ���� ������� ���	����� ��� ���������� �	����� ����(	������

=�����"�������������������(������������������	�����E���	�������(������	*������(���	�	���

���	�	�����������������������������������(�	�������������������������	������	�������	���

�)(��	������ +�� (��������� ��� ������ ���� ����� ��� ����� (������	*��� ������ ������

���	�	������

=����(����#"�+�������	��������	����	�	��	�������������	(�5�����������	�������

���� ������ 	����	��� �?� � (�	����� +	��� ����� ��� (���� (������	��� ��	��� (���	����

�	����� ��� �����+�� 	����	�	��� %<3� (�	�����+	����?� � ����+���� ��	�	��� �����+5�(�

���+�������	����"����	����	�	����%45������	�������+������)(����	���+���������

��� ���� ��	�	��� �������� ��� �?� � (�	������ 1�����"� 	�� � ��	��	��� ������� ��� ����5

����	������������(�5�W���(�	����"�(�	�����(���	����� �������	��� �	�;���� ����%45�����

�	������� �)(��	������ (���� �	����5����� ����	��"� ��� ����� >� ����� ((��)	������ �����

>$L� ��� (�	����� ���	���� �	����� ����� ! �(���� #"� �	����� <&�� � =�� �������"� (�	�����

(���	�������������+��	�;��������%45������	������"��)(��	�������)��������>5��������	��"�
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�	�����<&���'����������������������������������������%45������	�������	����������������

������ (�������	��� ��� �?� "� 	��� �(�	��� ��� 	����	��� ����� ��� (���� �������� (�	�����

��� 	��(��� ��� ������� ��� 	��� �(�	��� ���(���	��� (�	���� ���(����� ��� ���������(�������

����	����	(� ���+���� ���� %4� ����� �	������� ��� ���(����� ��� ���������(�� +�� ����

�)�	����	������������������(�	��������	���(������	��	���?� �(�	�����	��(��	�������

	�(�������������(���	������(��������������������������������������	*�"�����������"�

�)����� ��� ������� 	���	��"� ��� (�	���� ��"� +�	��� ��(������� ���� ������� ��	�	���

��	����� ����� ���� (�	���� (������	�"� ���+� �	����� ����	����	(� ��� (�	���� �������� 	�� ����

�����)������?� "���(��	����	�����(������5����	���(�	�����!���	�����:	��	/��;��

������"�#$$3&���������������������	�	�����	��������	������	��������(�������	��	���?� �

((���� ����������� ������ !�������*5A�� ������/��;�� ������"�#$$3&���������� ������

��"�	���������	;�������������	����	���(����������������(	������������(�������	������

�?� ������	���������������������������������(�������������������=����((���������	�"�+��

����������+	��������)��(�	�����������,�#C,���#B��������("�����%45������	�������+��

���� ������� ��� (������	�� 	������� ������ �����(��� ��� ������ ������ ! �(���� #"� �	����� >&��

��������"� +�� ������ ���� ����	(��� ����� �	�������"� +�	��� +���� ��������� 	����	�	��� 	��

(�	���������������(�	�	�����E��	������,�B������� ������"�+��������(�������	�� 	�� ����

�����)������?� �! �(����#"��	�����4&���H���������	�������������������(�������	��(�+���

���������	�������� 	�����	������������	���(�	��� ����������(���	����	��������������5

����(�����	���	���!��������������"�#$$./�'	�(�	�������"�#$$.&���'�������������	����	���

(��������������������	�;������(�	������������	��,�B�������"�������	������	���	�	����
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���+���"�+�����+��;	��������	�����������	��	������	���(�	������(�������	���������

��	�������������	�����"��������������	��������(��������	�	�����	����	�������	����

����	�����������?� �(������	���	������������	�����������������������(������(�	�����

+	����?� �����	�	����	��	�����������������	��+�����(���	�������(���	�����	��������

������	�	��� 	�(�������	�����������?� �(������	�� �	������"� ����� �����?� �(�	�����

(���	����� ��� ���� �� �)�������� (������	�� ������ ��	�� �E����� ��������� +	���

���������(�� +������ ������	��� ����(�� ������ ��� �	���� ��� ������ (���	����� ��� �������

�	��������(����

'��������(����#������+	�������	����	�	��	��������������������������	����?� �

	������������(����(������	���	���������(�"� 	�� ��(����<�+�� ������� ������	����	��	����

�	������������(�����,�B��������������������������������������(������	�	��	��"�����

�E��	������,�B�����������������	���	�����������	���A�������	����������(���!������

������"�#$$$/�����	��������"�#$$%/�����	��������"�#$$<&/���+����"���������������(�������������

������	���������������	�	��	����	������������������������(���������������	������������

�������	����,�B��������!:�*�������"�#$%$&���=�(����������	�	��	�������������������

	���� ����(���	����� �������� �������(�� (���	���� � ����� ��� ����� 	��	�	����� +	���

�������(� �(��	�	�� ����(	��� ���(�	�	��� ������ ��� +�	��� ���� ������ 	�� ����� �	;���� ���

���(����� � '�� ��(�����	*��� ���� 	�����	��	��� ��� �������	*�	��� ��� ���� ���������

	���(��������	������ ���������(	���,�B���������	����(���	��������� �������	���,�B�

������� 	���� �	�������� �	��	���� �	����� �������(��� �'�� ��������� ���� ���� �)(����	��� ���

���������	���(��������������������������������	���,�B�	����%����.��	���������������(����
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��� ���� (�	����� ���(�	�	��� ������ �������(�� �)(��	������ �	�������� ����	���

�������	��	��"� �������	��� ���� ���� ������ �������(�� ��(������� �	��	���� �	����� ���	�	���

! �(����<"� �	������%X#&�� �'������ ����;��+��������� ������������� �����(������������

������ ��� �)	����� ���� ����� ���� � �����"� ��	�� ;��+������ ��� ���� ��� �������� 	����

�����(�5�(��	�	������(	�������������������(�	������=�����������)�����,�B������������"�

	��	��;��+���������	�������������������������(�	����������������(�"�+���������	���

A�����������������(����������������(��!��*	��������"�#$%%/����*	���������"�#$$>&������

����� +������� ���� .� �������(�� ��� ,�B� ������� +�� 	����	�	��� ������ 	������ ����(��

������	��� +�� ���(���� ���� ���(����� ��� ����� �	���� ��(�������	��� ��� ������ �������(�� ���

�)(��	������ ��� ��	�	��� ���(������� �������(� ���(������ ��� ��������� �����

���������(���	�� �����"� ����� �� ��������	��� ��� �)��� �����"� +���� ����������

���+���� ����� �	���� ��� (�	���� ������� ! �(���� <"� �	����� <&��'�� ���� 	����	�	��� �������

��	�	���� ���(������ +�	��� ���+��� �������(� �(��	�	�� ��	�	��� ! �(���� <"� �	����� 4&���

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

��	�	���(�������	������,�B������������"���	�(���	�����������������)(����	���(���	�	���

����	������;����������(���	��������?�+��	�;�(�	�����+��������������	���������	���

����(�"�+�������	����	�;�(�	�����+���������	���������	�������(����+��������	�	����

����(�� 	����������� ���� �������(� ��� ���� ������� ���+����"� �	��	�	���� ��	�	����+��;�

+���������� ���������	������� �����	���� ��������E���	���"� ������� ����������(���������

������� ��	�	�������	5����� ���� ��� �(�	����� ��	��� �������(���������	(�� ���������"�
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(���(���	�����	�	�����	����

���� ����	��� ���� �)(������ ��	��� ���� �)(����	��� ��� ������� �� � ����� ���

(���	��	������(����������	���������9��������������(������	�������(��	����((�������������

�������	��� ����������������(�	�����+����� ��������)(����� ����,���������� �	;���� ���

���(����������)	���"����������������������,�"�����������+��������������������)(�����

����,������+����"�+������	������	���;����������	���������������������	����������)	��

���������(�� ������ ��� ���� �)	���� 1�����"� ���
�� � � ����!������ ���� ������� ���

��������	��� ��� �)��� �����"� ���� ����� ����� ��������� �	�;��� ��� ��������	��� ���

�)������(�����	��(���	��������	��"����(���	�����!��������������"�#$%%/�D����	��������"�

%--3/���**���	�������"�#$$>/���������������"�#$$-/�������������"�#$$7/������	�������"�

#$$3&�� '�� ��(�����	*��� ���� ����������� ��� ������ �� +���� �� �����5����	����

������	(���	�����������(����	����(���	������������(������	����������������������

��������	�	��"������������������9���	;�������(������������(���������	������+��	����	�	���

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

+���� �	;���� ��� ���	;���� ��� ���(���� ��� ���������(�� ���	����� ���� ���(�	����

��������	�������)���������! �(����4"� �	�����#X<&�� �,)�	�	����"� ������	��	����+����

���	��	���������	����+	������������(�����(������	�������	��	�������������	��������

������� ��	�	���� ��	�	��� ��	����"� ����� ��,�� ������ �������"� �������	��� ���� ������

	��	���������������������	���������������������	�������������������(�	����"����	�(���

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

������������(�	�������



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

��	������
�

�

����

�
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�	���;��������������������������)	�	*������������	���������������������	�����������

����(���	��������������	�	�����	�����!2	�����������"�#$$4&"�����	�(�������	�����������

�	���;�����������(�����	�������	��������������������������M7$L����������������

(�	����"� ��� (��(����� ������ ��������� ��� M<$L� ��� ���� ���	�	��� M4$L� ��� (�	�����

!�	�����	����	���������+&���������������"����������	�������(���)	�������(���	����������

����� ��� ���� ���	�	��� M%$L� ��� (�	������ � ������ ��+� ����(	��� ��� ������� ���� ���

������	���	����	��(�(���	�������	����5��������5��������������������

A�������	����	������	��������	��"���������	�������	����	�	������(�(���	�������
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