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��#)������������@���?)) anoikis (�C�����������@���?)) apoptosis ����(�D��	
�E
�

��#�%���'C���@���(�%��������D����#  ��7���#)�����	
��+�!��/������)��6����?*�:��#�������@���'#��-�  

����C6��:������������
6*)9��'��/�'#��-����?�#�:���/��������?*�:��#�������@���'#��-������7�

���(�%�+�!�������)���F�������������
��H��  ���'
���������/��I��%)��):��
6�:�����
� caveolin-1 (Cav-1) 

?�#9��������9@��'
!��'��
�������/���#)�����?*�:��#�������@���'#��-�  ��:��9��-��')	)�	��'

9�ED���9�������<	=�������?�#����
������:���:����?*�:��#�������@���'#��-���6����9':��7�	
�	��)

?�:���    ���������
6?���/(��(-��:�9��������9@���:���/������)��6�������?)) anoikis ����@���'#��-�

������� H460 ����'C���*��'�#��)9��������9@�����/��@������/�����/(�9��������9@�� !C� sodium 

nitroprusside (SNP) ?�# diethylenetriamine (DETA) NONOate �#*)����������@���(������(�%����

����D����#�����'C���	
�)��)��%:'!�)!%' /��"#	
����	
������'�"9��������9@��!C� aminoguanidine  

?�# 2-(4-carboxyphenyl)-4,4,5,5-tetra-methylimidazoline-1-oxyl-3-oxide (c-PTIO)   �#�:���������' 

����*��'����������@���   �������
6���������
6  ���*)�:�����C6��:�������?)) anoikis /��@����
6��6�����

������	+�����������
� Cav-1  @D���#��)�������
��
6�#�����'C���@���(�%��������D����#  *)�:�9����



����9@���#��)��6���������������
� Cav-1 ���9��������9@���#	+��Z��������)����
�������#)����� 

S-nitrosylation ?�#������� S-nitrosylation �
6�-�#��)��6����	+�����������
� Cav-1 ��� proteasome    

�����)��6����	+��������
� Cav-1 �����:����6������7���9��+�!��	
�	+�/(��#��)����
� Cav-1 /��@����*��'

'���D6�?�#��������	
�����������(�%��������@���  ���������
6?���/(��(-�ED���9�/(':	
����9':9���
)���

�������'��:��  /����	
�9��������9@��!�)!%'����C6��:�������?)) anoikis /��@���'#��-���� 

�6�0�
�  :  9��������9@��  ����������@��� �#���!��  �#*�*�	@�� 

 

Anoikis, a detachment-induced apoptosis, is a principle mechanism in inhibition of tumor cell 

metastasis.  Tumor cell acquiring anoikis-resistance, as frequently observed in human lung cancer, 

becomes an important obstacle of efficient cancer therapy.  Recently, signaling mediators such as 

caveolin-1 (Cav-1) protein and nitric oxide (NO) have garnered attention in metastasis research; 

however, their roles and the underlying mechanisms of metastasis regulation are largely unknown.  

Here, we show that NO impairs the apoptotic function of the human lung carcinoma H460 cells after 

detachment.  The NO donors sodium nitroprusside (SNP) and diethylenetriamine (DETA)-NONOate 

inhibit detachment-induced apoptosis, whereas the NO inhibitors aminoguanidine and 2-(4-

carboxyphenyl)-4,4,5,5-tetra-methylimidazoline-1-oxyl-3-oxide (c-PTIO) promote this effect.  

Resistance to anoikis in H460 cells is mediated by Cav-1, which is significantly downregulated after 

cell detachment through a process that involves protein S-nitrosylation, which prevents its 

proteasomal degradation and induction of anoikis by cell detachment. These findings indicate a 

novel pathway for NO regulation of Cav-1, which could be a key mechanism of anoikis resistance in 

tumor cells.  

Keywords : nitric oxide, anoikis, apoptosis, caveolin-1 
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1. ���
"�#� 

 

���
"�#�(�9����  

 
��#)������������@���?)) anoikis (�C�����������@���?)) apoptosis ����(�D��	
�E
�

��#�%���'C���@���(�%��������D����#  ��7���#)�����	
��+�!��/������)��6����?*�:��#�������@���'#��-�  

����C6��:������������
6*)9��'��/�'#��-����?�#�:���/��������?*�:��#�������@���'#��-������7�

���(�%�+�!�������)���F�������������
��H��  ���'
���������/��I��%)��):��
6�:�����
� caveolin-1 (Cav-1) 

?�#9��������9@��'
!��'��
�������/���#)�����?*�:��#�������@���'#��-�  ��:��9��-��')	)�	��'

9�ED���9�������<	=�������?�#����
������:���:����?*�:��#�������@���'#��-���6����9':��7�	
�	��)

?�:���    ���������
6?���/(��(-��:�9��������9@���:���/������)��6�������?)) anoikis ����@���'#��-�

������� H460 ����'C���*��'�#��)9��������9@�����/��@������/�����/(�9��������9@�� !C� sodium 

nitroprusside (SNP) ?�# diethylenetriamine (DETA) NONOate �#*)����������@���(������(�%����

����D����#�����'C���	
�)��)��%:'!�)!%' /��"#	
����	
������'�"9��������9@��!C� aminoguanidine  

?�# 2-(4-carboxyphenyl)-4,4,5,5-tetra-methylimidazoline-1-oxyl-3-oxide (c-PTIO)   �#�:���������' 

����*��'����������@���   �������
6���������
6  ���*)�:�����C6��:�������?)) anoikis /��@����
6��6�����

������	+�����������
� Cav-1  @D���#��)�������
��
6�#�����'C���@���(�%��������D����#  *)�:�9����

����9@���#��)��6���������������
� Cav-1 ���9��������9@���#	+��Z��������)����
�������#)����� 

S-nitrosylation ?�#������� S-nitrosylation �
6�-�#��)��6����	+�����������
� Cav-1 ��� proteasome    

�����)��6����	+��������
� Cav-1 �����:����6������7���9��+�!��	
�	+�/(��#��)����
� Cav-1 /��@����*��'

'���D6�?�#��������	
�����������(�%��������@���  ���������
6?���/(��(-�ED���9�/(':	
����9':9���
)���

�������'��:��  /����	
�9��������9@��!�)!%'����C6��:�������?)) anoikis /��@���'#��-���� 

  

 

 

 



���
"�#�(�9��
���9 

Anoikis, a detachment-induced apoptosis, is a principle mechanism in inhibition of tumor cell 

metastasis.  Tumor cell acquiring anoikis-resistance, as frequently observed in human lung cancer, 

becomes an important obstacle of efficient cancer therapy.  Recently, signaling mediators such as 

caveolin-1 (Cav-1) protein and nitric oxide (NO) have garnered attention in metastasis research; 

however, their roles and the underlying mechanisms of metastasis regulation are largely unknown.  

Here, we show that NO impairs the apoptotic function of the human lung carcinoma H460 cells after 

detachment.  The NO donors sodium nitroprusside (SNP) and diethylenetriamine (DETA)-NONOate 

inhibit detachment-induced apoptosis, whereas the NO inhibitors aminoguanidine and 2-(4-

carboxyphenyl)-4,4,5,5-tetra-methylimidazoline-1-oxyl-3-oxide (c-PTIO) promote this effect.  

Resistance to anoikis in H460 cells is mediated by Cav-1, which is significantly downregulated after 

cell detachment through a process that involves protein S-nitrosylation, which prevents its 

proteasomal degradation and induction of anoikis by cell detachment. These findings indicate a 

novel pathway for NO regulation of Cav-1, which could be a key mechanism of anoikis resistance in 

tumor cells.  

 

 

 

 

 

 

 

 

 



2. Executive summary  

'#��-������7���!	
��:�/(���������������
��H���
�	
��%��'C���	
�)��)��!'#��-���#��	�C��F �I����

�+�!��	
�	+�/(����������������
��H����!'#��-������
6�
�'����6���
���������) ���?*�:��#������

�@���'#��-�  ?�#����C6��:�������'#��-�  �!�����������
6�D���7�9��*C�����$D�\�  ���$D�\������9������

��9@���:����?*�:��#�������@���'#��-���� �*C��/(�	��)ED�)	)�	?�#��9����9��������9@��/����

!�)!%'���?*�:��#�������@���'#��-�  �������#�+�!��'�
�	
�9����C��'���9�ED����*�]����=
	�����\�

/(':F �*C����)��6�(�C������?*�:��#��������!'#��-����/����!�9�� ���?*�:��#�������@���'#��-�9�

����:���C��F����:����� (metastasis) ��6���7���#)�����	
��+�!��	
��#����#��	=���/�������\��
��H��

��!'#��-�����:��'��  �
�	�6���7����(�%(����������������
��H����!'#��-�  ������������
6	+�/(�	��)�:�

�@���'#��-�������� non-small-cell lung carcinoma H460 '
��9����/��@���/������)��6�������� anoikis 

@D����7�����������@���?)) apoptosis 	
������D6�	��	
	
��@���(�%��������D����#   @D�� anoikis �
6���	
�

�����7���#)���������:�����	
��+�!��/�����^��������?*�:��#�������@���'#��-�  ��9�/������)��6�

����������@���'#��-���6��#	+�/(��@���'#��-���'��E'
�
������/���#?���C��(�C��6+��(�C��9�� ����#	���

��'��E9�ED�?�#���#�����))����"/(':?�#����7�����'#��-�/(':9��  ��9�/������)��6�������� anoikis ��6�

��
�����)���9��������9@��  ���9��������9@�� 	+��Z�������������:�����
� caveolin-1 (Cav-1) @D����7�

����
�	
���
:)���C��(%�'�@���?�#������������
6*)�:��'C���(�
����+�/(��#��)����
� Cav-1 �
��D6�/��@����#

*)�:��@�����6��C6��:�������?)) anoikis ��:��'��?���/(��(-��:�����
��
6��7���9��+�!��	
�	+�/(�

�@���'#��-���'��E��)��6���#)��������(���������(�%��������D����#9��  9��������9@���#��)��6����

	+��������
��
6  �:���/(����'�"����
� Cav-1 �
��D6�/�����@���?�#��)��6�����������@���?)) anoikis  

?�#�:�����'���?*�:��#�������@���'#��-�9��   ���������
6�#��7���������*C6�`��	
�?���/(��(-�ED�)	)�	

?�#��9����9��������9@��  @D����^����	
�*)9��	���9�/��:�����  ��'��E������D6�9�������@���(�������

��:��@���)%(�����C�� �@�����#��	  �@����'-���C����� ?�#*)�:�/��@���'#��-������:��F��6��#'
��������

9��������9@���*��''���D6���:��'��  �������/�)	)�������9��������9@���:����?*�:��#������

�@���'#��-������:���#�:��	+�/(���'��E����/���#)�����?�#��9����?*�:��#�������@���'#��-�9���


�����D6�  ����#��7���#������:����*�]����=
���\���!�:�9�/����!� 



 ����(�C�����
6���	%������	
�9����)�
��������'��E$D�\�����������	
���
�������  /���C���  �����

����!���!
'��/����������C6��:�������'#��-�@��*����� (cisplatin) /��@���'#��-�������� H460 9��  

��C����������C6��:��������'#��-��-��7����(�%�+�!��	
�	+�/(����������������
��H����!'#��-��
���:��'��  

���������
6�D���7�9��*C��	���)<	=�>�������+�!����'ED�(���9�������<	=�>�����������:��/������#�%��

/(��@���'#��-�	
��C6���  '
�����)�����:�������'#��-�9���
�D6�  ����������?���/(��(-�!��'��7�9�9��	
��#

*�]������!���!
'��	
���7�����+�!��(��� 	
�*)/��'�6����'�/��/����������C6��:�������'#��-�  ��������

*)�:��@���'#��-�������� H460 �C6��:�������'#��-�@��*�����9�������#)�����	
���
���������)��������

����
� Bcl-2   ����
� Bcl-2 ��6���7�����
�	
���)��6�����������@��� ?�#*)�:�'
!��'��
���������:��'��

�:�����C6��:�������'#��-�/��@���'#��-�(�������  ����!���!
'����6��#�(�
����+�/(�������������������
� 

Bcl-2 ?�#	+�/(�����C6��:�������/��@��������:��9��  �������
6�����������?���/(��(-�ED���9��#��)�@���

/����	+�����������!���!
'��  ���*)�:�����!���!
'���#��:�/(������������������%'
�����#���@�������� 

superoxide anion @D������
6����#9���:���#)�����	+��������
� Bcl-2 �:����#)����� ubiquitin-

proteasomal degradation pathway ?�#�:��������'�"����
������:��?�#�(�
����+�/(��@�����)�����:�

������'#��-�9��'���D6���'�+���)  ����������������:��	+�/(�	��)!��'��7�9�9��	
��#*�]������!���!
'��  

�*C��/��/���#)��������\�'#��-� ?�#�������
6���?���/(��(-�ED���9�/(':	
�9':9����)���������'��:�� 

/����!�)!%'����
� Bcl-2 ����!���!
'���
�����  

 

 

 

 

 

 

 

 

 

 

 



1. �
�;<'��
���  

 
1.   �*C��$D�\�<	=�>���9��������9@���:����?*�:��#�������@���'#��-����/�

 (����Z�)������ 

2.  �*C��$D�\���9����9��������9@��/����!�)!%'���	+�(���	
��������
�  �:��F	
�

!�)!%'����������@���'#��-��#(�:�����?*�:��#��� 

 

2. ���=�"���  

 
 1. �@����*�#��
6�� Cell Culture  

�@���	
�/��/����	����/����������
6��7��@��� human lung epithelial cell line �C��  NCI-H460 @D��@C6�'�

��� American Type Culture Collection ?�#�*�#��
6��/���(�� ��
6���@��� RPMI 1640 	
�'
�:����'

�*��'���'��7�  

 - 5% fetal bovine serum   

 - 2 mmol/L L-glutamine  

 - 100 units/ml penicillin/streptomycin 

 �@����#E
���
6��/� 5% CO2 	
��%"(�
'�!�)!%'9��	
�  37°C 

 

 2.�������#��)���9��������9@�����/��@���  

�����������#��)���9��������9@�����/��@���	+����/�� flow cytometry ?�#  fluorescence microscope 

���/���
���'	
���*�#���#���:�9��������9@��!C� DAF-DA ���	����	+���� ���(����
��@���������

����D����# �@�����#'�" 1,000,000 �@����#E
��+�'�/�: 10 �mol/L ������ DAF-DA ��� 30 ��	
	
� 

37°C   (������!�)�+�(�������#�����@�������phosphate-buffered saline  ?�#�+��@��������!�C��� 

FACSCaliber flow cytometry �*C�����!��#(�(�!:�!��'���' fluorescence intensity (�C��+�9��:���
?�#

E:����*��� fluorescence microscopy �����"	
�9���# ������)	
� 538-nm  

 

 

 3. ���	+� Cav-1 Stable Transfection  



Plasmid ���� Cav-1 plasmids (pEX_Cav-1-YFP) ����@C6�'����  American Type Culture Collection 

(ATCC)  (��������6��+�'�	+� Stable transfectants ��������
6���@���'#��-���� H460 cells /� six-well 

plate ����#	���9���@���!��'(��?�:���#'�" 60% confluence (��������6�/�� 1 microgram ��� 

cytomegalovirus-neo  vector ?�# 15 �l ����6+��� Lipofectamine reagent �:�'��) 2 �g ��� Cav-1 

plasmid (�C� control pcDNA3 plasmid  

�����'�:����'�����:��?�#/�:�����
:�@��� ��
6���@����:���� 12 �'. ���
�����(����
6���@���/(':   (���

��� transfection ��� 36 �'. �@����#E
��+�'�!����C����� neomycin (600 �g/ml) ���  28 ��� �@���	
�9��

�#E
��+�'�������)(����'�"����
� Cav-1 ��� Western blot analysis ?�#�#��
6��/���(��	
�9':'
 

neomycin ��:������ 2  passages �:���+�'�/��/����	���� 

 

 4. ���$D�\�����������@��� 

4.1  Anoikis Assay 

�+��@���'#��-���� H460 cells 1 x 105 cells/ml '��*�#��
6��/�����# suspension /� 12-well tissue 

culture plates @D���!�C�)������� poly-(2-hydroxyethyl methacrylate) (poly-HEME; Sigma) /����'�"  

200 �l (6 mg/ml in 95% ethanol) (��������6��+�9�):'	
� 37°C  	
������:��F��� ( 0-24 �����'� ) �'C��!�)

�����+�(�� �+��@���'���������phosphate-buffered saline  ���'���� annexin V-FITC (Sigma)   ?�#

�+�9����!��#(�(�!:�!��'���' fluorescence intensity ���� FACSCaliber flow cytometry (Becton-

Dickinson, Rutherford, NJ) (�C��+�9��:���
?�#E:����*��� fluorescence microscopy (Carl Zeiss 

Axiovert, Göttingen, Germany) 

 

 

4.2 Hoechst33342 assay  

����������@���?)) apoptosis (���������E
���#�%���'C���@���(�%��������D����# $D�\�����+�

�@���'#��-����  H460 cells '�):'��)��� Hoechst 33342 ��7����� 30 ��	
	
� 37°C (��������6��+�9��:��

�
���\"#������?)) apoptosis ��� fluorescence microscopy (Carl Zeiss Axiovert, Göttingen, 

Germany) ���9��?�: �����'��%:'����!�'���� ?�#/(�C� ���?��(��������������*��=%���'  

  4.3 XTT assay 



�+�(��)�@���	
�'
�
�����
:(���������E
���#�%���'C���@���(�%��������D����# $D�\�����+��@���'�):'��)��� 

Sodium 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) 20 �mol/L ��7�

���� 4 �����'�	
�  37 ºC (��������6��+�'����!��#(�   optical density (OD) ���� V-max photometer 

(Molecular Devices, Inc., Menlo Park, CA) 	
�!��'���!�C��?�� 450 nm 

 

5. ���$D�\����'�"����
����� Western Blot Analysis 

�+��@���'���������
����� lysis buffer @D����#��)���� 20 mmol/L Tris-HCl, pH 7.5, 1% Triton X-100, 

150 mmol/L sodium chloride, 10% glycerol, 1 mmol/L sodium orthovanadate, 50 mmol/L sodium 

fluoride, 100 mmol/L phenylmethylsulfonyl fluoride, ?�# commercial protease inhibitor mixture (Roche 

Molecular Biochemicals, Basel, Switzerland) ��7����� 30 ��	
	
� 4°C (��������6�(����'�"����
�

	�6�('�	
�����9��/�?�:�#�����:����� Bradford method (Bio-Rad Laboratories, Hercules, CA)  ?����+�

����#�������
�'����!��#(����'�"����
�	
���/� ����+�����#�������
����?�:�#�����:��	
�'
���'�" 

40 �g �	:�F��� '�?������ 10% SDS-polyacrylamide gel electrophoresis ?�#E:���
: 0.45-�m 

nitrocellulose membrane (Pierce) (��������6��+�?�:� nitrocellulose membrane'�?�:���� 5% nonfat dry 

milk /� Tris-buffered saline/Tween 20 (25 mmol/L Tris-HCl, pH 7.4, 125 mmol/L NaCl, and 0.05% 

Tween 20) ��7����� 1 �����'�  ��'���� primary antibodies ��7����� 18 �����'�	
� 4°C �'C��!�)��'����	
�

�+�(�� �+�nitrocellulose membrane '��������� Tris-buffered saline/Tween 20 ��7����� 10 ��	
 ?�#):'

��) peroxidase-labeled isotype-specific secondary antibodies ��7����� 1 �����'�	
��%"(�
'�(��� (������

��6��+�'����!��#(����'�"�����#��)����@���	
�����������	+��Z��������#(�:�� peroxidase )� secondary 

antibodies ?�# chemiluminescence (Supersignal West Pico; Pierce)  ������E:����*?���(�!��'

(��?�:����'�"�����#��)����@������� analyst/PC densitometry software (Bio-Rad, Richmond, CA) 

�����6��+�!:����
��!��'(��?�:����?�:�#���	�����+�'��	
�)��)��%:'!�)!%'?�#?���/�!:����
�� ± 

S.D. ��� Student's t test.  

 

 6. ���$D�\��Z��������#(�:������
� (immunoprecipitation) 

�+��@���	
�):'��)���	
�/(�(�C���9��������9@!�'���������
����� lysis buffer ��7����� 30 	
� 4°C ?���

�+�'�(����'�"����
�	�6�('����?�:�#�����:�� (��������6��+��������	
�'
���'�"����
� 60 �g '�):'��) 



anti-Cav-1 antibody ��7����� 6 hours 	
� 4 °C   �+������#��)����@���	
�9������Z��������#(�:������
�

��) anti-Cav-1 antibody '��������� lysis buffer ?�#�#������� 2X Laemmli sample buffer �����6��+�'�

��'	
� 95 °C ��7����� 5 ��	
  �+�����#�����������#��)����@���'�?������ 10% SDS-PAGE ?�#

���!��#(����'�"�Z��������#(�:������
����� Western blot �����:��������� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. ?�����"���  

 
1. ����������!"��
��
7���������� anoikis ���%!�����%�&�'�" H460  

��C���������?)) anoikis ��7���#)�����	
�'
!��'�+�!���:������)��6����?*�:��#�������@���'#��-� 

��:��9��-��'!��'��
����������9��������9@���:�������?)) anoikis ���9':'
���$D�\�  /���6�?��9��

$D�\������)��������@��� H460 �:�������?)) anoikis (������E
���#�%���'C���@���(�%��������D�

���# ����*�#��
6���@���/� tissue culture plates @D���!�C�)������� poly-(2-hydroxyethyl methacrylate) 

(poly-HEMA; Sigma) ��'�����:��F ?���(����'�"�@���	
�'
�
������� XTT assay ���
�)�	
�)��)�@���	
�

�*�#��
6��/� tissue culture plates ���� �����$D�\�*)�:��@���	
�(�%��������D����#'
���'�"�@������

�
�����������'��6�?�:�����'�	
� 6 ?�#'
���'�"�@���	
�����
�������	
��%�	
������'�	
� 12  (�
� 1A) ��:���
�������)

���'�"�@���	
����?)) apoptosis (���������!��#(���� anoikis assay ���� flow cytometry (�
� 1B and 

D) ?�#���E:����*���� fluorescence microscope (�
� 1E) �@���	
����?)) apoptosis �#'
���

���
���?���	
� cell membrane ���'
���������� phosphatidylserine (PS) �������/���� cell 

membrane �
:������������� cell membrane @D����'��E�������9������ annexin V-FITC /��"#	
��@���	
�

���?)) necrosis �#*)������'����
��� PI 	
� nucleus ����
� 1 B ?���/(��(-��:�9':*)������?)) 

necrosis ?�:*)������?)) apoptosis 	
������'�	
� 6-24 (�������@���(�%��������D����#��:��'
����+�!��  

������?)) apoptosis �D���7�?��	��(���/����$D�\��
6 �*C����7�������)��%������)����������?)) 

anoikis �@���	
����?)) apoptosis 9������������ Hoechst 33342 staining assays 	
������'�	
� 12 

(���������(�%��������D����# (�
� 1E)  

 

��C������9��������9@����7�������(���/����!�)!%'������?)) apoptosis ?�#������$D�\��:��(����
6

*)�:�9��������9@��'
�:��/����!�)!%'������?))  apoptosis ������E
���#�%������ cisplatin ?�# 

FasL (Chanvorachote at la., 2005  ?�# 2006) �����6�/�!��6��
6�D�$D�\������9��������9@���:�������

?)) anoikis ����@���'#��-���� H460 ����+��@���'#��-����'�):'��)���/(�9��������9@�� (SNP ?�# 

DETANONOate) (�C� �����)��6�9��������9@�� (AG and c-PTIO) ���/������# suspension ��7����� 

12 �����'� �����6����!��#(����'�"�@���	
�����
������ XTT assay *)�:� ���/(�9��������9@ SNP (10-

100 �mol/L) ��'��E��)��6� anoikis ��'���'�" SNP ��:��'
����+�!���'C���	
�)��)��%:'!�)!%' (�
� 1C 



and D)  ��:���
����) DETANONOate (50 �mol/L) /�	�����������' �����)��6�9��������9@�� (AG and 

c-PTIO) ��'��E�*��'������?)) anoikis (�
� 1C and D) ��'	�6�������$D�\�*)�:����/(�9��������

9@��?�#�����)��6�9��������9@�� 9':'
���:��@���	
�'
����D����#/�����#���� (9':9��/�:�
�?�����)  �*C��

��7�����C����������?)) anoikis 9��'
���������)�@���	
����?)) apoptosis ��� anoikis assay ���� 

flow cytometry  *)�:����'�"�@���	
����?)) apoptosis '
!��'���!����/�	�����������'��)���'�"

�@���	
�����
������ 

cell survival assay ��������$D�\��
6/(��(-��:� ���/(�9��������9@�� (SNP and DETA NONOate) 

��'��E��)��6� anoikis ��'!��'���'���	
��*��'�D6� ?�#9':'
���:�������?)) necrosis /��"#	
������)��6�

9��������9@�� (AG and c-PTIO) ��'��E�*��'���'�"�@��� anoikis (�
� 1 D and E) ��������6���� 

Hoechst33342 assay *)�:�'
�����C��?��	
� nucleus ?�#'
�����'��%:'����!�'����	
������'�	
� 12 @D��

��'��E��)��6�9����� ���/(�9��������9@�� SNP /��"#	
� �����)��6�9��������9@�� /(���/�	��������

���' (�
� 1E ?E�)�) 

 

 

 

 

 

 



 

 

��'�=3 1 9��������9@����'��E��)��6� anoikis /��@���'#��-���� H460  �����)����������(���������

E
���#�%��/(�(�%��������D����#/������:��F (0-24 hours) ��� (A) XTT assay, (B)  ���'���� annexin 

V-FITC probe ?�# propiodium iodide (PI) ?�#������'�"!��'���' fluorescence intensity ���� 

flowcytometer, (C) ��������/(�9��������9@��?�#�����)��6�9��������9@���:� anoikis �@���'#��-����

):'��) sodium nitroprusside (SNP; 0-100 �mol/L), diethylenetriamine (DETA) NONOate (50 �mol/L), 

aminoguanidine (AG; 300 �mol/L) ?�# c-PTIO (50 �mol/L) ���/������# suspension ��7����� 12 



�����'� (��������6�������'�"�@���	
�����
������� XTT assay, (D) ��������/(�9��������9@��?�#���

��)��6�9��������9@���:�������?)) apoptosis ?�# necrosis �@���'#��-����):'��) ���/(�9��������

9@�� (SNP and DETANONOate) (�C� �����)��6�9��������9@�� (AG and c-PTIO) 	
�!��'���'����:��F���

���/������# suspension ��7����� 12 hours (��������6�������)������?)) apoptosis ?�# necrosis 

������' annexin V-FITC probe ?�# PI  ?�#������'�"!��'���' fluorescence intensity ���� 

flowcytometer,  (E) ?E�)� ��������/(�9��������9@��?�#�����)��6�9��������9@���:�������?)) 

apoptosis ��� Hoechst 33342 assays ?E��:�� ��������/(�9��������9@��?�#�����)��6�9��������

9@���:� anoikis ��� annexin V-FITC probe ?�# PI ?����:������ fluorescence microscope.  !:������

	����	
�?�����7�!:����
��	
�9��������	����	�6�('� 3 !��6� ���'
����+�!��	
� *, P < 0.05 �'C���	
�)��)

��%:'!�)!%'  

 

�����6�9��'
���$D�\���������/(�9��������9@��?�#�����)��6�9��������9@���:��#��)9��������9@��

���/��@�������+��@���'#��-����'�):'��)���/(�9��������9@��?�#�����)��6�9��������9@�� ?������'

���� NO-specific probe DAF-DA ?�#����#��)9��������9@�����/��@������/�� flow cytometer ?�# 

fluorescence microscope ����
�	
� 2 ?���/(��(-��:����/(�9��������9@����'��E�*��'���'�"9��������

9@�����/��@��� /��"#	
������)��6�9��������9@�� c-PTIO �����'�"9��������9@�����/��@�����:��'


����+�!�� 

 



 

��'�=3 2  ��������/(�9��������9@��?�#�����)��6�9��������9@���:��#��)9��������9@�����/��@���  

�@���'#��-���� H460 ):'��) sodium nitroprusside (SNP; 0-50 �mol/L) ?�# c-PTIO (50 �mol/L) ��7�

���� 2 �����'� ?�#����#��)9��������9@�����/��@���������'���� NO probe DAF-DA  (A) ��*E:��

�@���	
���C��?������ fluorescence microscope, (B)  ����#��)9��������9@�����/��@���������!��#(� 

fluorescence intensity ���� flow cytometry  

 

2. �'��=� Caveolin-1 �
��
7�%!�����%�&�'�" H460 anoikis 

��C������)	)�	�������
� caveolin-1 �:����!�)!%' anoikis ���9':	��)?�:��� �����6��D�	+���� transfect 

�@���'#��-�������� Cav-1 plasmid ?�#$D�\�(���	
��������
� caveolin-1 /��@��� �+��@���	
�E
� 

transfect ���� Cav-1 plasmid ?�#��%:'	����	
� transfect ���� mock plasmid  '��*�#��
6��/� tissue 

culture plate 	
��!�C�)���� poly-HEMA (��������6����!��#(����'�"�@���	
�����
���/������:��F��� (0-24 

hours) ��� XTT assay ����
�	
� 3B ?���/(��(-��:� �@���	
�E
� transfect ���� Cav-1 plasmid '
���'�"

�@��� anoikis ������:��'C���	
�)��)�@���	
�E
� transfect ���� mock plasmid  ��:��'
����+�!��/�����):'

�:��F������/������# suspension ���������!��#(����'�"����
� caveolin-1 *)�:� �@���	
�E
� transfect 

���� Cav-1 plasmid  '
���'�"����
� caveolin-1 '����:��@���	
�E
� transfect ���� mock plasmid  (�
� 

3C) �D�?���/(��(-��:� ����
� caveolin-1 '
)	)�	/������)��6� anoikis 



 

������$D�\�*)�:�����
� caveolin-1 '
���:�������
���?��������������)������@��� �����������)��

����@���	
�E
� transfect ���� mock plasmid  ���/�� light microscope '
���\"#��7���6���
��@D��9':�:�����

�@���	
�9':E
� transfect ���� plasmid /�F /�	������������*)�:��@���	
�E
� transfect ���� Cav-1 plasmid  

'
���\"#�����������)��(�����6� '
�����'�������@���/����\"#�
���� (�
� 3D) �����������)��

���\"#�
6��'��E�C����9������������
�)�	
�)����������������)������@��� �#(�:���@���	
�E
� transfect 

���� Cav-1 plasmid ?�#�@���	
�E
� transfect ���� mock plasmid  ����
� 3A ?���/(��(-��:� (���������

��������)��/��#�# lag phase �@���	
�E
� transfect ���� Cav-1 plasmid '
����������������)��	
��
���:�

�@���	
�E
� transfect ���� mock plasmid  ������:���6��@���	
�E
� transfect ���� Cav-1 plasmid '
�#�#����

�:�� lag time ������� 9 �����'���7� 6 �����'� ������$D�\��
6?���/(�ED�)	)�	����:�����'�����7�'#��-�

�������
� caveolin-1 /��@���'#��-���� ����*��'����������������)����:���
����)������#�# lag time  

 

 

��'�=3  3    ����
� caveolin-1 '
)	)�	�*��'����C6��:�������?)) anoikis ?�#���
���?������

��������)������@���'#��-� (A) ����������������)�����  �@���	
�E
� transfect ���� Cav-1 plasmid ?�#



�@���	
�E
� transfect ���� mock plasmid   �+��@��� 6x104 cells/well '���
6��/� tissue culture plates ?�#

��)�+�����@���/�?�:�# well ��'�����:��F���� hemocytometer, (B) ���!��#(����'�"�@���	
�����
������� 

XTT assay ���'
����+�!��	
� *, P < 0.05 �'C���	
�)��)��%:'!�)!%'	
�E
� transfect ���� mock plasmid   # , 

P < 0.05 �'C���	
�)��)��%:'!�)!%'	
�E
� transfect ���� Cav-1 plasmid  !:������	����	
�?�����7�

!:����
��	
�9��������	����	�6�('� 3 !��6� (C) ���!��#(����'�"����
� caveolin-1 ����@���	
�E
� transfect 

���� Cav-1 plasmid ?�#�@���	
�E
� transfect ���� mock plasmid  ���� Western Bolt analysis, (D) 

���\"#�@���	
�E
� transfect ���� Cav-1 plasmid ?�#�@���	
�E
� transfect ���� mock plasmid  

3. %!����=30�<"	������F"%����=���%$�3�����6�����'��=� caveolin-1 ?#��proteasomal 

pathway 

����*��'���'�"�������
� caveolin-1 '
!��'��
���������)��� differentiation ����@����:��F��� /��"#	
�

��������'�"����
� caveolin-1 *)/��@����"#'
������
���?���9���7��@���'#��-�  (Razani et al., 

2001, Liscovitch et al., 2005) ������:���6����?�������:��F����������
������
6��'��E��)��6�  mitogenic 

signaling pathways ��)��6����?��������� cyclin D1 ?�#�����������)������@���'#��-� (Razani et al., 

2001, Liscovitch et al., 2005) ��:��9��-��'���?��������� ����
� caveolin-1 �#(�:�����(�%����

�@����������D����#?�# anoikis ���9':9��'
���$D�\�  �����6����$D�\��
69��?���)	)�	�������
� 

caveolin-1 /������)��6� anoikis /��@���'#��-���� H460 ���$D�\������)�����:� anoikis (������E
�

��#�%���'C���@���(�%��������D����# ����*�#��
6���@���/� tissue culture plates @D���!�C�)������� poly-

(2-hydroxyethyl methacrylate) (poly-HEMA; Sigma) ?�#���!��#(����'�"����
� caveolin-1 ���� 

immunobloting ����
�	
� 4A ?�����������������
� caveolin-1 ��'�����:��F������/������# 

suspension �����������'�"���
��
6����'	
������'�	
� 6 (�������@���(�%��������D����# @D�����!������)

���$D�\��:��(����
6	
��@�������''
��� anoikis 	
������'�	
� 6 

��C������ ubiquitin-proteasomal pathway ��7�	
���'��)�:���7� pathway (���/����	+��������
�/��@���

(���F���� (Naujokat et al., 2002, Rock et al., 2002, Krüger et al., 2003, Wolf et al., 2004, and  

Goldberg, 2003) ?�#��
���������)������#��)���'�"����
�/��@���(���F����/�������6� ��:���� ��	�

��:�  Bcl-2 (Chanvorachote et al., 2006) ?�# FLICE inhibitory protein (FLIP) (Chanvorachote, 2005) 

�����6���6�����:�9��D�$D�\��:���������������
� caveolin-1 ��6�?�:�����'�	
� 6 (�������@���(�%�������

�D����#��7���'���������#�%�����	+��������
���� pathway �
6  ��7�	
��:���/��:� ��� lactacystin @D��



��)��6����	+������� proteasome ��'��E��)��6�������#��) caveolin-1 /��@���(������(�%��������D�

���#9�� ������$D�\��
6?���ED�)	)�	������	+��������
��:��	�� proteasomal @D��'
!��'��
��������:�

��������'�"����
� caveolin-1 /��@���  (�
� 4A) 

 

 

��'�=3 4  �@���	
�(�%��������D����#�(�
����+����	+��������
� caveolin-1 �:�� proteosomal pathway 

?�#E
���)��6���� proteasome inhibitor ?�#9��������9@�� (A) �+��@���'��*�#��
6��/���(��	
�'
(�C�9':'
 

lactacystin )� tissue culture plate 	
��!�C�)���� poly-HEMA ��7������:��F��� (0-12 �����'�) (��������6�

��������
�'����!��#(����'�" caveolin-1 ���� immunobloting (B) 9��������9@����)��6���������'�"

����
� caveolin-1 ������E
���#�%��/(�(�%��������D����# �+��@������/������# suspension '�):'��)

���	
�/(�9��������9@!�	
�!��'���'����:��F��� (50-100 �mol/L of SNP ?�# 50-100 �mol/L 

DETANONOate) (�C������)��6�9��������9@!� (AG; 300 �mol/L) ��7����� 12 �����'� (��������6��+�'�

��������
�?�#���!��#(����'�" caveolin-1 ��� Western blotting  !:�?��������	������7�!:����
��	
�9��

������	����	�6�('� 3 !��6� ���'
����+�!��	
� *, P < 0.05 �'C���	
�)��)�@���	
��*�#��
6�����/������#

���� # , P < 0.05 �'C���	
�)��)�@���	
���
6�����/������# suspension ��7����� 12 �����'�  
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6/�����:�����'���?*�:��#�������@���'#��-�  ?�#���������
6

���?���/(��(-��:��@���'#��-����	
�'
����*��'�#��)�������
������:��/(��
��D6������#)����� 
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ABSTRACT

The purpose of this study was to investigate the sensitizing effect of curcumin on cisplatin-
induced apoptosis in non-small cell lung cancer (NSCLC) H460 cells. Curcumin was shown
to induce superoxide anion generation, down-regulate anti-apoptotic Bcl-2 protein, and sub-
sequently sensitize cells to cisplatin-induced apoptosis. Co-treatment of the cells with cur-
cumin and cisplatin resulted in increased apoptosis and reversal of Bcl-2-mediated cisplatin
resistance. The mechanism by which curcumin down-regulates Bcl-2 and sensitizes cells to
cisplatin-induced apoptosis involves proteasomal degradation of Bcl-2. These findings indi-
cate a novel pathway for curcumin regulation of Bcl-2, which could benefit the development of
a cisplatin sensitizing agent.

INTRODUCTION

Cisplatin-based chemotherapy has been widely used for the
treatment of many solid tumors including those in small cell
lung cancer (SCLC) and non-small cell lung cancer (NSCLC).
However, the efficacy of this chemotherapy is frequently atten-
uated due to de novo drug resistance in the advanced stage of
cancer or in cancer cells acquiring cisplatin resistance during
therapy (1–4). The chemotherapeutic resistance and late de-
tection of lung cancer are considered as major causes of high
mortality in this cancer (5). Since NSCLC is the most diagnosed
type of lung cancer and approximately half of which being at an
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advanced stage at the time of diagnosis, strategy of chemothera-
peutic sensitization may improve the therapy and benefit clinical
outcome.

Several mechanisms of cisplatin resistance have been pro-
posed, including increased intracellular antioxidant activity and
decreased drug accumulation (6–8). Recently, we and others
reported that the anti-apoptotic B-cell lymphoma-2 (Bcl-2) pro-
tein plays an important role in the development of cisplatin
resistance in many cancer cells (9–14). Bcl-2 is overexpressed
in many forms of tumor, including SCLC and NSCLC. This in-
crease in Bcl-2 expression impairs the mitochondrial apoptotic
function by neutralizing the proapoptotic Bcl-2 family members
such as Bax and Bak (15, 16). The expression level of Bcl-2
has been reported to be regulated by several processes, includ-
ing transcription, posttranslational modifications, dimerization,
and degradation. Previous studies showed that several apoptotic
stimuli, including tumor necrosis factor-α (TNF-α), reactive
oxygen species (ROS), lipopolysaccharide, amyloid-β, and is-
chemia, regulate Bcl-2 primarily through proteasome-mediated
degradation (14, 17, 18).

Curcumin [1, 7-bis (4-hydroxy-3-methoxyphenol)-1,6-
heptadiene-3,5-dione], a main component obtained from the
rhizome of Curcuma longa, has been reported for long to
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exhibit several promising pharmacological activities, including
anti-inflammatory (19, 20), antioxidant (21), anti-cancer (22),
and chemopreventive activities (23, 24). Some studies also in-
dicate that curcumin possesses ROS-inducing or prooxidant ac-
tivity (25–27).

Since cellular oxidative stress induced by cisplatin has been
shown to contribute to its cytotoxic activity and the increased an-
tioxidant mechanisms of cancer cells attenuate cisplatin-induced
apoptosis (3, 28), prooxidant property of curcumin may be used
to sensitize cancer cells to cisplatin-induced apoptosis and may
increase the effectiveness of cancer treatment through combina-
tion therapy.

In the present study, we determined the effect of curcumin on
cisplatin-induced apoptosis in human lung cancer cells and elu-
cidated the underlying mechanisms using pharmacologic and
gene manipulation approaches. Our results showed that cur-
cumin was able to promote the apoptosis-inducing effect of
cisplatin through down-regulation of the anti-apoptotic Bcl-2
protein. The mechanism by which curcumin down-regulates
Bcl-2 involves induction of superoxide anion and subsequent
activation of proteasome-mediated degradation of Bcl-2. The
down-regulation of Bcl-2 by curcumin strongly sensitized cells
to cisplatin-induced apoptosis. Curcumin was also shown to re-
verse cisplatin resistance in cells overexpressing ectopic Bcl-2,
supporting the role of Bcl-2 in cisplatin resistance and its rever-
sal by curcumin.

MATERIALS AND METHODS

Cell culture and reagents

Human non-small cell lung cancer (NCI-H460) cells
were obtained from the American Type Culture Collection
(Rockville, MD). Cells were cultured in RPMI-1640 medium
containing 5% fetal bovine serum, 2 mmol/L L-glutamine, and
100 units/mL penicillin/streptomycin in a 5% CO2 environment
at 37◦C. N -acetylcysteine (NAC), dithiothreitol (DTT), benzy-
loxycarbonyl-Val-Ala-Asp-(OMe) fluoromethyl ketone (zVAD-
fmk), cis-diamminedichloroplatinum (cisplatin), 1, 7-bis
(4-hydroxy-3-methoxyphenol)-1, 6-heptadiene-3, 5-dione (cur-
cumin), 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), antibody for ubiquitin, and antibody for β-actin
were obtained from Sigma Chemical, Inc. (St. Louis, MO).
Dichlorofluorescein diacetate (DCF-DA), Hoechst 33342, and
LipofectAMINE transfecting agent were obtained from Invitro-
gen (Carlsbad, CA). Antibodies for Bcl-2, peroxidase-labeled
secondary antibodies, and protein-A Sepharose were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA).

Bcl-2 plasmid preparation and transfection

The Bcl-2 plasmid was generously provided by Dr. Christian
Stehlik (Northwestern University, Chicago, IL). The open read-
ing frame of Bcl-2 was amplified by high-fidelity PCR (Strata-
gene, La Jolla, CA) from corresponding expressed sequence tags
and cloned into pcDNA3 expression vectors containing the NH2-
terminal myc epitope tag. Authenticity of all constructs was ver-

ified by DNA sequencing. Transient transfection was performed
using LipofectAMINE reagent, according to the manufacturer’s
instructions. The amount of DNA was normalized in all trans-
fection experiments with pcDNA3. Expression of proteins was
verified by Western blot assay.

Generation of Bcl-2 overexpressing cells

Bcl-2 overexpressing cells were generated as previously de-
scribed (14). Briefly, subconfluent (70%) cultures of H460 cells
were transfected with cytomegalovirus-neo vector and myc-
tagged Bcl-2 plasmid using LipofectAMINE reagent in the ab-
sence of serum. After 10 hr, the medium was replaced with
culture medium containing 5% fetal bovine serum. Cells were
trypsinized 36 hr after the transfection, and the cell suspensions
were plated onto 75-mL culture flasks and cultured for 24 to
28 days with G418 selection (400 μg/mL). The pooled stable
transfectant was identified by Western blot analysis of Bcl-2 and
cultured in G418-free RPMI medium for at least two passages
before each experiment.

Apoptosis and cytotoxicity assays

Apoptosis was determined by Hoechst 33342 assay (Invitro-
gen). After treatment, H460 cells were incubated with 10 μg/mL
Hoechst 33342 for 30 min and scoring the percentage of
cells having intensely condensed chromatin and/or fragmented
nuclei by fluorescence microscopy (Leica Microsystems,
Bannockburn, IL). Cytotoxicity was determined by MTT col-
orimetric assay. Cells in 96 well plates were incubated with
500 μg/mL of MTT for 4 hr at 37◦C. The intensity of the MTT
product was measured at 550 nm using a microplate reader. The
relative percentage of cell survival was calculated by dividing
the absorbance of treated cells by that of the control in each
experiment.

ROS detection

Intracellular ROS generation was determined by flow cy-
tometric analysis using the oxidative probe DCF-DA (Invit-
rogen), according to the manufacturer’s instructions. Briefly,
cells were incubated with the probe (10 μmol/L) for 30 min at
37◦C, after which they were washed, trypsinized, resuspended
in phosphate-buffered saline (PBS) (1 × 106 cells/mL), and im-
mediately analyzed for fluorescence intensity by flow cytometry
using a 488-nm excitation beam and a 538-nm band-pass filter
(FACSort, Becton Dickinson, Rutherford, NJ) with CellQuest
software (Becton Dickinson).

Western blot analysis

After specific treatments, cells were incubated in lysis buffer
containing 20 mmol/L Tris-HCl (pH 7.5), 1% Triton X-100,
150 mmol/L NaCl, 10% glycerol, 1 mmol/L Na3VO4, 50
mmol/L NaF, 100 mmol/L phenylmethylsulfonyl fluoride, and
a commercial protease inhibitor mixture (Roche Molecular Bio-
chemicals) for 20 min on ice. After insoluble debris was pel-
leted by centrifugation at 14,000 × g for 15 min at 4◦C, the
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