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 &()�$%( -�-(���)��. -�(�)�1.  �&�!.0�� %�� �)#(%�.)��

�'��()��.� 
��(��-���%�� �(� ��)�(�.� �()�(��"�#*(� ��' �!%����$��'

��� &�%���3! �(� �,()��#3! ��' �.�.�.�.�. «	����)����», '&� ��!

 &*1" 5� ��� 	). �. � /)#�$%�.  ����!����. '&�%�.)�6� ��%� &)��  �2!(

&)�%/&��+, �%� �(� ��� � "2��� ('�.� &)�."0 (&� �� �')/&(7��

�)�#)(��( «NORMOLIFE» (LSHC-CT2006-037733), � �&�%����!��.

�& $0'!� �� 	). � /)#�$%�.  

�( .0 "( !(  '�()�%�.%/ 0 )�+ �� 	). )3 � /)#�$%�, #�(�* � 

-2���� %��  )#(%�.)�� ��� �(� #�( ��!  �&�%��%$!� &�' ��' 2- �6 %�(

&)3�( ��'  ) '!����+ 1.�(�(. ��%0+!��(� ��! (!+#�� !( ��!  '�()�%�.%/

�-�(*� )( #�( ��!  &�%����!��. �(0�-.#�%�, ��! �'%�(%���.  &*1" 5� �(� ��!

(�2)�%�� '&�%�.)�6� &�' ��' &() *� �"( ('�+ �( �)�!�(. �� %'�1�'"2� ���

'&.)6(! �(0�)�%���2� ��%� #�( ��! &�) *( �(� �� %'##)(,. ('�.� ���

-�-(���)��.� -�(�)�1.�, �%� �(� #�( ��!  &�%����!��. ��'  62"�6�.  

8!(  '�()�%�3  &*%�� %�( �2"� ��� �)�� "�$� %'�1�'" '���.�

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

�(0�#.�)�( ���(� )*!� �(7�(!+�� #�( ��! &()(��"�$0�%� ��� &)��-�'

('�.� ��� -�(�)�1.�. ���  '�()�%�* � ��' 0( .0 "( !(  �,)+%/ %��'�: 

�(0�#��. �3%�( �(�)�$, �(0�#.�)�( �/� �!. 
�'"�(!�&�$"�', 

�!(&"�)3�)�( �(0�#.�)�( 	�-3 �(%�"(��&�$"�' �(� �&*��')� �(0�#��.

	��.�)� 
�)(1�&�-� #�( ��! (&�-��. ��'� !( %'�� �2��'! %��!  &�(� ".

 6 �(%���.  &��)�&..   

8!( � #+"� �(� 0 )��  '�()�%�3 (!.� � %��'� %'!(-2",�'� ��' �(�

�2"� ��'  )#(%��)*�'. 8!( �-�(*� )�  '�()�%�3 %��! 	). � /!*-( � �!��+-�, 

� �&�*�� � '&�-2���� %��  )#(%�.)�� �(� � %�.)�6 %�� 6 �*!��( ���

-�(�)�1.� ��', (""+ �(� �(0�"� �� -�+)� �( ('�.�. �'�()�%�3 ���

%'!(-2",�'�, �(� ,*" � &"2�!, 	). 	(!+� ��$)"(, 	). �(!�3 �#+"�' �(�

�()*( �(&(�/!%�(!�*!�', �/)*� �� 1�.0 �( �/! �&�*/! - 0( .�(! -'!(�. �

�"��".)/%� ��� &()�$%(� -�(�)�1.�. �'�()�%�3  &*%�� �( &("��� )( �2"�

��'  )#(%��)*�' 	). �'(## "*( �3)�' �(� 	). ���$"( �(9()+��' &�' � 

1�.0�%(! %�( &)3�( ��' 1.�(�(, �(03� �(� ��'� ���+"� 
()). �(� �3��

����"� &�' &2)(%(! (&� ��  )#(%�.)�� #�( "*#�, (""+ +,�%(! ��� �("$� ) �



 !�'&3% ��. ��'�  '�()�%�3 �"�'� #�( ��! �(�(!��%�, ��! '&���!., ��!

+)�%�� %'! )#(%*( �(� ��! (�2)�%�� %'�&()+%�(%�.  

8!( &�"$ � #+"�  '�()�%�3 �, *"/ �(� %�( '&�"��&( �2"� ��'

�!%����$��' ��� &�%���3! �(� �,()��#3!,  ) '!��2�, � �!��� &)�%/&��� �(�

,�����2�. 	'%�'�3�, - ! �&�)3 !( (!(, )03 % �"�'� �!��(%���+, (""+

�"�� ��'�, � �� 2!(! . ��! +""� �)�&�, -� '��"'!(! ��! �(0�� )�!����+ ��'

�(� 1�.0�%(! %��! �"��".)/%� ���  )#(%*(� ('�.�. �'�()�%�3 ��'�

'&�5.,��'� %'!-�-+���) �, � ��'� �&�*�'� &�) '�.�(� &()+""�"(, 

%'! )#(%�.�(� ()��!��+ �(� ���)(%�.�(� &�""2� -$%��" � (""+ �(�

���), � %��#�2� �"( ('�+ �( �)�!�(. 

�(�+ ��!  �&�!�%� ��� -�-(���)��.� ��' -�(�)�1.� �-�(*� )� �(�

%��(!���� )�"� 2&(�6(! �� ,*"�� �(� %'## ! *� ��', ��'� �&�*�'�  '�()�%�3

#�( ��! �(�(!��%�, ��! '&���!. �(� �� %'�&()+%�(%. ��'�. 
��� ,*" � ��', 

�"2!� �()#��$"(, �"2!� �*!��', �$� �(&(-�&�$"�', 	). �$� �(�+!� �(�

��2�� � �,(!*-�', �, *"/ 2!( 6 �/)�%��  '�()�%�3 #�( ��! (! ��*����

%'!�)�,�+ ��'� �(� �� %'! �. ��'� '&�%�.)�6�. �)�� ��(� #�(  � *!�'� ��'�

(!0)3&�'� &�'  !0+))'!(! ��� &)�%&+0 �2� ��' �(� ��' 2-�!(! ��')+#��

�&�� ��  *�( (!+#��.  

8!( � #+"�  '�()�%�3 (!.� � %�� %$!�)�,� ��' �(!3"�, #�(�* .�(!

&+!�( -*&"( ��', %�.)�9 �(0�� )�!+ ��! &)�%&+0 �+ ��' �(� (! ���(! �" �

��' ��� �-���)�&* �.  ��!  '�()�%�3 #�( �� %'�&()+%�(%�, ��! (#+&� ��' �(�

��! &*%�� ��' &)��  �2!(.  

�� &�� � #+"�  '�()�%�3 (&’ �"( -��(�/�(���+ �� (,� )3!/ %��!

����#2! �+ ��', � �&�*( .�(! � «-$!(�.» ��' �"� ('�� �� �)�!��� -�+%���(. 

�( .0 "( !(  �,)+%/ �� 1(0�+ ��'  '#!/��%$!� %��'� #�! *� ��' �3%�(

�(� �(� )*!( �(03�  &*%�� �(� %�( (-2",�( ��' 8,� �(� 
/�.)�, �� �&�*��

��' %'�&()(%�+0��(! �"�5'�( %��! &�) *( ��'.  2!()6� (""+ �(� �

�"��".)/%� ('�.� ��� -�-(���)��.� -�(�)�1.� - ! 0( .�(! -'!(�.,  +! - !

 *�( ��! (&�"'�� %�.)�6� �/! #�!�3! ��', �0��. �(� ����!����., �(�  $���(�

!( (&�� " * ��( -��(*/%� �/! ��&/! �(� �/! &)�%&(0 �3! ��'�.  -�(�)�1.

('�.   *!(� (,� )/�2!� %  � *!�'�, /�  "+��%�� (!�(���1.. 



#31�������+�
#

7TMRs Seven-transmembrane receptors,  &�+- "��� �- *� '&�-�� *�

AC Adenylyl cyclase, (- !'"��. �'�"+%�

ADP Adenosine diphosphate, -�,/%,�)��. (- !�%*!�

AEBP1     Adipocyte enhancer binding protein 1 

APS       Ammonium persulfate, '& )0 ���� (��3!��  

AR       Adrenergic receptor, (-) ! )#���� '&�-��2(�

ATF       Activating transcription factor 

ATP Adenosine triphosphate, �)�,/%,�)��. (- !�%*!�

BRET Bioluminescence resonance energy transfer 

BSA       Bovine serum albumin, ("1�'�*!� 1� ��' �)�$

cAMP Cyclic adenosine monophosphate, �'�"��. ��!�,/%,�)��.      

(- !�%*!�

CREB cAMP response element-binding protein 

--OR --opioid receptor, --�&�� �-.� '&�-��2(�

--CT --carboxyl tail, �()1�6'� "��. �')+ ��' --OR 

--i3L --third intracellular loop, �)*��  !-��'��()��. 0�"�+ ��' --OR 

DADLE  [D-Ala2, D-Leu5]-enkephalin  

DAG Diacylglycerol, -�+�'"�-#"'� )�"�

DAMGO [D-Ala2, N-MePhe4, Gly-ol5]-enkephalin 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO      Dimethyl sulfoxide, -��20'"�-%�'",�6 *-��

DPDPE    [D-Pen2, D-Pen5]-enkephalin 

DSLET     [D-Ser2, Leu5]-enkephalin-Thr6

DTT       Dithiothreitol, -�0 ��0) 7�ó"�  

ECL       Enhanced chemiluminescence,  !�%�'�2!� ��� ��,/�($# �(

EDTA       Ethylenediaminetetraacetic acid, (�0'" !�-�(��!�� �)(�6��� �6$

EGF       Epidermal growth factor,  &�- )����� ('6������ &()+#�!�(�

EGTA       Ethylene glucol tetraacetic acid, (�0'" !�#"'��"� �)(�6��� �6$

ERK  Extracellular signal-regulated kinase, ��!+%� )'0��9�� !� (&�

 6/�'��()��+ %.�(�(

EtBr       Ethidium bromide, 1)/���$�� (�0*-��



FAK        Focal adhesion kinase, ��!+%�  %��3! &)�%��""�%��

FGF          Fibroblast growth factor, ('6������ &()+#�!�(� �!�1"(%�3!

fMLP        N-formyl-methionyl-leucyl-phenylalanine

GABA       Gamma-aminobutyric acid, #-(��!�1�'�')��� �6$

GAP       GTPase activating protein 

GAS       #-interferon activation sequence 

GDP       Guanosine-54-diphosphate, -�,/%,�)��. #�'(!�%*!�

GH       Growth hormone, ('6����. �)��!�

GIRK        G protein-activated inwardly rectifying potassium channel, �(!+"�  

                 �("*�'  %/� )��.� (!�)0/%�� &�'  ! )#�&�� *�(� (&� ��� G   

                 &)/� :! �

GPCR G protein-coupled receptor, '&�-��2(� &�' %'9 $#!'�(� �  G 

&)/� :! �

G protein Guanine nucleotide binding protein, &)/� :!� &�' &)�%-2! �

!�'�" ��*-�( #�'(!*!��  

GR Glucocorticoid receptor, '&�-��2(� #"'����)���� �-3!

GRK GPCR kinase, GPCR ��!+%�

GST Glutathione S-transferase, S-�)(!%, )+%� ��� #"�'�(0 ��!��

GTP       Guanosine-54-triphosphate, �)�,/%,�)��. #�'(!�%*!�

HDAC       Histone deacetylase, (&�(� �'"+%� �/! �%��!3!

HEK          Human embryonic kidney 

HRP Horseradish peroxidase, '& )�6 �-+%� ��� )(&(!*-(�  

IP3 Inositol trisphosphate, �)�,/%,�)��. �!�%���"�  

IPTG Isopropyl-1-D-thio-galactoside 

ISRE Interferon-stimulated response element 

JAK       Janus kinase 

JH JAK homology 

JNK       c-Jun �2-terminal kinase 

�-OR       �-opioid receptor, �-�&�� �-.� '&�-��2(�

LB       Lysogeny broth 

�-OR       �-opioid receptor, �-�&�� �-.� '&�-��2(�

MAPK  Mitogen-activated protein kinase, &)/� 7!��. ��!+%�   

                  ! )#�&���$� !� (&� ����#�!(

MEF2C Myocyte-specific enhancer factor 2C 



MGF Mammary gland factor, &()+#�!�(� ��' �(%����$ (-2!(  

NF-�B Nuclear factor-�B, &')�!���� &()+#�!�(�-��

NMS Normal mouse serum, ,'%��"�#���� �)�� &�!����$

NRS Normal rabbit serum, ,'%��"�#���� �)�� ��'! "��$

NSF N-ethylmaleimide-sensitive factor 

OD       Optical density, �&���. &'�!����(

ORL-1       Opioid receptor-like 1 

PAF       Platelet-activating factor, &()+#�!�(�  ! )#�&�*�%�� �/!  

      (���& �("*/!  

PAG       Periaqueductal grey matter, & )�;-)(#/#�� ,(�+ �'%*(  

PAGE       Polyacrylamide gel electrophoresis, �" ��)�,�)�%� % &.��/�(

      &�"'(�)'"(��-*�'

PBS       Phosphate buffered saline, )'0��%���� -�+"'�( ,/%,�)��3!

PCR       Polymerase chain reaction, ("'%�-/�. (!�*-)(%� &�"'� )+%��

PDGF       Platelet-derived growth factor 

PDZ       Post synaptic density protein (PSD95)/ Drosophila disc large tumor      

      suppressor (Dlg1)/ zonula occludens-1 protein (zo-1) 

PIAS       Protein inhibitors of activated STATs, (!(%��" *� �/!  

       ! )#�&����2!/! STAT &)/� 7!3!

PI3K  Phosphatidylinositol 3-kinase, ��!+%� 3 ��� ,/%,(�*-'"�- 

�!�%���"��

PIP2       Phosphatidylinositol 4,5-bisphosphate, 4,5--�,/%,�)��. �!�%���"�  

PKA Protein kinase A, &)/� 7!��. ��!+%� A 

PKC  Protein kinase C, &)/� 7!��. ��!+%� C 

PLC Phospholipase C, ,/%,�"�&+%� C 

PMSF        Phenylmethylsulfonyl fluoride 

PTX        Bordetella pertussis toxin, ��6*!� ��' ���*��

PVDF        Polyvinylidene fluoride 

RGS         Regulators of G protein signaling, )'0��%�2� ��� %��(��-���%��  

       �/! G &)/� 7!3!

Rpm       Revolutions per minute 

SDS       Sodium dodecyl sulfate, 0 ���� -/- �'"��� !+�)��  

SH2       Src homology domain 2 

SOCS  Suppressors of cytokine signaling



STAT Signal transducer and activator of transcription 

TAD  Transcriptional activation domain 

TAE Tris acetate EDTA 

TBS        Tris-buffered saline, )'0��%���� -�+"'�( �  Tris 

TEMED     N,N,N4,N4-tetramethylethylene diamine, N,N,N4,N4- 

       � �)(� 0'"�(�0'" !�-�(�*!�

VTA        Ventral tegmental area, ���"�(�. /�)+ %,(*)(
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0��-
2���
��
�# 30���4
�# 6 30���4
�# 0�3

#3)
3�131��� �
 G 0�5�
71
# (Seven-transmembrane 

receptors, 7TMRs or G Protein-Coupled Receptors, GPCRs) 

�� �)#(!�%��* 6 �/)*9�'! �(� (�%0+!�!�(� �( & )�1(""�!���+  ) 0*%�(�(

�(� &()+#�'! �(�+""�" � ,'%��"�#��2� (&��)*% ��, �2%/ -�(,�)/!

� �1)(!��3! '&�-��2/!. �6/�'��()��+ %.�(�( �&/� ,/�, �%�2� �(�

# $% �� .  !-��'��()��+ %.�(�( �&/� �)��! � �(� ! ')�-�(1�1(%�2�

(!��! $�!�(� �')*/� (&� ��'�  &�+- "��� �- *� '&�-�� *� &�' %'9 $#!'!�(�

�  G &)/� :! � (7TMRs . GPCRs). �� '&�-�� *� ('��* (&�� "�$! ��! &��

���!. �(��#�)*( '&�-��2/!, �(03� (!��&)�%/& $�'! �� 1-5% ��'

# !3�(��� �/! (%&�!-'"/! �(� %&�!-'"/�3!, � & )�%%�� )( (&� 1000 

(!(#!/)�%�2!( �2"� %�� (!0)3&�!� #�!�-*/�( �(� (&�� "�$! %���� #�(

& )*&�' �( ��%+ (&� �( ,+)�(�( &�' %'!�(#�#)(,�$!�(� %.� )( #�(

(!0)3&�! � (%02! � � (Ellis, 2004; Lagerstrom and Schioth, 2008). 

�)/�()����� ��'� )�"��  *!(� !( � %�"(1�$! %�� � �(,�)+  6/�'��()��3!

%��+�/! %��  %/� )��� ��' �'��+)�' �(� !( &')�-���$! %��(��-�����$�

���(!�%��$� &�' )'0�*9�'! &�""(&"2� �'��()��2� -�(-��(%* �. 

 ! )#�&�*�%� �/! GPCRs  &+# � 2!(  ')$ ,+%�( ,'%��"�#��3! (&��)*% /!, 

�&/� �� )$0��%� ��� ()��)�(�.� &* %��, ��! ��(". %$%&(%� �/! �'3!, ��

! ')�-�(1*1(%�, �� ��� ���(���%��, �� � �(1�"�%��, �� -�(,�)�&�*�%� �(�

��! &�""(&"(%�(%�� �/! �'��+)/!, � �(6$ +""/!. <" � ('�2� �� " ���')#* �

 *!(� (&()(*��� � #�( �� -�(�.)�%� ��� �����%�(%*(�, (""+ % � )��2�

& )�&�3% ��, �)�%�2! � -'%" ���')#* � �/! '&�-��2/! ('�3! �-�#�$! %��!

(!+&�'6� &(0�"�#��3! �(�(%�+% /!. �)+#�(��, -�(�()(#�2!�

-)(%��)�����( �/! GPCRs �&�) * !( �-�#.% � % &".0�� (%0 ! �3!, �&/�

&(�'%()�*(, -�(1.��, �()-�(�. (! &+)� �(, �)��!� 6()�3� !�'� �()�*!�'�

�(� %� �)����(, � �(6$ &�""3! +""/!. �"�2!( �(� & )�%%�� )( & �)(�(���+

�(� �"�!��+ - -��2!( - *�!�'! ��� �� GPCRs &(*9�'! � !�)��� )�"� %��!

 62"�6�  !�� �()�*!�', %��! �#��- &(#�� !� (## ��#2! %� �(� ��! �()��!��.

� �+%�(%� (Dorsam and Gutkind, 2007). ��( �"�'� ��'� &()(&+!/ "�#�'�, 

�� GPCRs (&�� "�$! ��! &��  "�'%���� %���� #�( ��! (!+&�'6� !2/!
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,()�(��"�#��3! �(� 0 )(& '���3! &()(#�!�/! (Ma and Zemmel, 2002). ��(

�� "�#� ('��, (!(&�$%% �(� �(�  6 "*%% �(� 2!( � )+%��� & -*� 2) '!(�

&)�� ��2!�' !( %��(#)(,�0�$! ��  &�"'+)�0��� )�"�� ('�3! �/! '&�-��2/!

%�� ,'%��"�#*( �(� &(0�"�#*( �/! �)#(!�%�3! 3%� !( (!(&�'�0�$!

�(�!���� � 0 )(& * � 2!(!�� &���*"/! (%0 ! �3! &�' �(%�*9�'! ��!

(!0)/&����(.  

� !��� .��������*���� ��� GPCRs  

�� GPCRs  �,)+9�!�(� %� -�! % �+0 �$��()� �(� (&�� "�$!�(� (&�

(&"2� &�"'& &��-��2� ("'%*- �. �� '&�-�� *� ('��* �()(���)*9�!�(� (&� ��!

&()�'%*(  &�+ -�(� �1)(!��3! (- "��� �-3! ����+�/! &�' �/)*9�!�(� (&�

 !(""(%%�� ! �  !-��'��()��2� �(�  6/�'��()��2� & )���2�-0�"�2�. ��

(��!�� "��� ��'� +�)� 1)*%� �(� %��!  6/�'��+)�� �3)�,  !3 �

�()1�6'� "��. ��'� �')+  !��&*9 �(�  !-��'��()��+ (����!( 1). ��  &�+

-�(� �1)(!��2� 2"�� � �/! GPCRs 2��'! �.��� & )*&�' 24 (��!�62/!

2�(%��,  !3 �( +�)( �(� �� 0�"�2� &���*"�'!  ')2/� % �.��� ,�+!�!�(� 2/�

�+&�� �  �(��!�+- � (��!�62/!. �( -�(� �1)(!��+ ��.�(�( �/! '&�-��2/!

('�3!  *!(� �-�(*� )( '-)�,�1(,  !3 �( +��!�- �(� �()1�6'- � "��+ +�)( �(� ��

 !-�+� % � 26/- �(� 2!-�- �'��()��2� 0�"�2� (&�� "�$! # !��+ ��� &��

'-)�,�" � & )���2� ��'� (Lefkowitz, 2000; Bridges and Lindsley, 2008). ��

%��(!����� ) � (&��"*% �� %�� -��. �/! GPCRs &()(��)�$!�(� %���

 6/�'��()��2�  0�"�2� �(� %��! & )���. (""�" &*-)(%�� � ��! &)�%-2��, 

 !3 (!�*0 �( � � #("$� )� (��!�6��. ���"�#*( &()�'%�+9 �(� %���

-�(� �1)(!��2� (-2"�� �  (Rosenbaum et al., 2009).  

��  6/�'��()��2� �(� -�(� �1)(!��2� & )���2� �/! GPCRs %'�� �2��'!

%�� -2%� '%� ��' &)�%-2��,  !3 �(  !-��'��+)�( ��.�(�(  '0$!�!�(� #�(

��!  &����!/!*( �/! '&�-��2/! � �( ��!�&+��( � �(#/#.� %.�(���. 

%$9 '6� ('�. %'�1(*! � �')*/� �2%/ ��� - $� )�� �(� �)*���  !-��'��()��.�

0�"�+� �(03�  &*%�� �(� �2%/ ��' �()1�6'� "���$ ��'� +�)�'. ��""�*

GPCRs, � �(6$ �/! �&�*/! �(� �� �&�� �- *� '&�-�� *�, 2��'! /� ���!�

�()(���)�%���� 2!( �(�+"��&� �'%� :!�� %�� �()1�6'� "��� +�)� &�'

" ���')# * /� 02%� &("����;"*/%��.  �)�&�&�*�%� ('�. �-�# * %��

%���(��%�� ��(� '&�0 ���.� �2�()���  !-��'��()��.� 0�"�+�, � �&�*(

�!��+9 �(� �(� �#-�� 2"��( (Luttrell, 2004).  2"��( ('�.  *!(� 9/���.�
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%��(%*(� #�( ��! %$9 '6� ��' '&�-��2( � ��� G &)/� :! �, (""+ �(� � +""(

�'�()�&"(%�(���+ ��)�(. �&�&"2�!, �� �()1�6'� "��� +�)� �/! GPCRs 

(!(#!/)*9 �(� /� � �$)�( & )���. &�'  '0$! �(� #�( �� )$0��%� ���

" ���')#*(� ('�3! �/! '&�-��2/!. �� ��.�( ('��, %�� �&�*� 2� � (&�-�0 *

�� �!��( «�(#��. �')+», 2� � 1) 0 * !( (""�" &�-)+ � 2!(! � #+"� ()�0��

-�(,�) ���3! &)/� 7!3!, �(� !(  "2#� � ��! �%�))�&*( � �(6$ ��� (! ! )#.�

�(� ���  ! )#.� �(�+%�(%�� �/!  &�+- "��� �-3! '&�-��2/! (&�'%*(

&)�%- �3! (2" #��� ���  !-�# !�$�  ! )#����(�) (Bockaert et al., 2003; 

2004). 


����� 1. ����%� *�%����� , ! ���" GPCR. <"�� �� GPCRs 2��'! 2!(! ���!�

«&').!(» &�' (&�� " *�(� (&�  &�+ -�(� �1)(!��2� 2"�� � � 2!(  6/�'��()���

(��!�� "��� +�)� �(� ��(  !-��'��+)�( �()1�6'� "��. �')+. �� -�(� �1)(!��2�

& )���2�  %'!-2�!�(� � �) ��  6/�'��()��2� (e1-e3) �(� �) ��  !-��'��()��2� 0�"�2�

(i1-i3). � GPCR "(�1+! � 2!(  6/�'��()���  )20�%�( (,/�, (%12%���, �%�2�, 

, )���! �, ���)+ ��)�(, &)/� :! �), �� �&�*� &)��(" * � �(1�". %�� -�(��),/%�

��' '&�-��2( &�' -� '��"$! � �� %$9 '6. ��' � �� G &)/� :!� ((&�� "�$� !� (&�

��� (-, 1-, �(� #- '&���!+- �).  G &)/� :!�, � �� % �)+ ���, (""�" &�-)+ � ��(

&"�03)( � " %�3! &�'  "2#��'! ��!  !-��'��()��. � �(#/#. ��' %.�(���. 
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�( �2%% )( � " '�(*( �)�!�( 2� � &()(��)�0 * (6��%�� */�� &)��-��

%��! ���2( ��� -����.� 1��"�#*(� �(� �)'%�(""�#)(,*(� �/! GPCRs � 

(&���)$,/�( �� "$%� �/! &)3�/! �)'%�(""��3! -��3!  ! )#�&����2!/!

GPCRs - ��' (!0)3&�!�' 12 (-) ! )#���$ '&�-��2( (12AR) (Cherezov et al., 

2007; Rasmussen et al., 2007; Rosenbaum et al., 2007), ��' 11AR �/!

&��!3! (Warne et al., 2008) �(� ��' (!0)3&�!�' �2� '&�-��2( ���

(- !�%*!�� (Jaakola et al., 2008) - �(03�  &*%�� �(� �/! -��3! ��� �5*!��

(Park et al., 2008; Scheerer et al., 2008) �(� ��� )�-�5*!�� (Palczewski et al., 

2000; Murakami and Kouyama, 2008).  "$%� ('�3! �/! GPCR -��3!

,(*! �(� !( 1)*%� �  ,()��#. %��! 2) '!( #�( ��! (!(�+"'5� !2/!

,()�+�/!. �2�)� &)�%,(�(,  ���! � �)�%-�+%�(��� (& ���!�%�� �/!

(""�" &�-)+% /! � �(6$ ,()�+��'-'&�-��2( �&�)�$%(! !( &()2��!�(�

��!� �2%/ '&�0 ���3! ���"�#/! ��!�2"/! 1(%�9�� !/! %�� -��. ���

)�-�5*!�� (Rosenbaum et al., 2009). � �� "$%� �/! �)'%�(""��3! -��3!

�/! 12AR, 11AR �(� �2�R, �� ,()�(��"�#��-������*  ) '!��2� 2��'! &"2�!

()� �+ & �)(�(���+ - -��2!( #�( ��! (!+&�'6� &)�%- �3!-,()�+�/! #�(

&�""�$� 0 )(& '����$� %����'�. �)�%,(� � � "2� � 1(%�9�� ! � %��!

�)'%�(""��. -��. ��' 12AR  !��&�%(!  26� !2�'� &)�%-2� � #�( ��!  ! "�#/

'&�-��2(, �� �&�*�� - %� $�!�(� % ('��! � %'##2! � � &�' �'�(*!�!�(�

(&� 9 nM 2/� 4 �� (Rosenbaum et al., 2009).  �%��%�, � (6*( ('�3! �/!

'5�".� (!+"'%�� -��3! &()(�2! � & )��)�%�2!� #�( ��! %� -�(%��

,()�+�/!, #�( ��! �&�*� (&(���$!�(�  &�&"2�! &"�)�,�)* �, ��� �&�* �

�&�) * !( &)�%,2) � � "$%� �/! �)'%�(""��3! -��3! �/! %'�&"��/!

� �(6$ GPCR-,()�+��'.   

#�!�� ,���*� ��� GPCRs !-*� ��� G %����(���  

8!(� � #+"�� ()�0��� -�(,�) ���3! &)�%- �3! (1��# ! *� (�*! �, 

(��!�62(, ��!�(, "�&*-�(, & &�*-�(, &)/� :! �, (�%0��.)�(  ) 0*%�(�() 

�)�%���&���$! ��'� GPCRs #�( !( &()+#�'! 1��"�#��2� (&��)*% �� %�(

�$��()(. 
�� �"(%��� ��!�&+�� %��(��-���%�� �2%/ �/! G &)/� 7!3!, ��

GPCRs, � �+ ��! &)�%- %� ��' &)�%-2��, ',*%�(!�(� �*( � �(1�". %��

-�(��),/%. ��'� &�' -� '��"$! � ��! (""�" &*-)(%�  !��  !-��'��()���$

��.�(��� ��' '&�-��2( (�')*/� ��� 2�� �(� ��� 3��  !-��'��()��.� 0�"�+� �(�

��' �()1�6'� "���$ +�)�') � ��(  � )��)�� ). G &)/� :!� (Kobilka and 
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Deupi, 2007). �'�. � (""�" &*-)(%� �-�# * %��!  ! )#�&�*�%� ��� G 

&)/� :!��, -� '��"$!�!�(� ��! (!�(""(#. ��' - %� '�2!�' %��! G(

'&���!+-( GDP � 2!( ��)�� GTP �(� ��! (""(#. %�� -�(��),/%� ��� G 

&)/� :!��.   ! )#�&����2!� G &)/� :!�, %�� %'!2� �(, (&�%'9 $#!'�(�

(&� ��! '&�-��2( �(� -�(%&+�(� %��!  ! )#. GTP- - %� '�2!� G(

'&���!+-( �(� ��  " $0 )� G1# -�� )2�. ��  ! )#�&����2! � G '&���!+- �

(""�" &�-)�$! � ��'� (!�*%�����'� �(�())�7��$� � " %�2�, �� �&�*��

& )�"(�1+!�'! ��!+% �, ,/%,(�+% �, ���)2� G &)/� :! � �(� � �1)(!��2�

&)/� :! �, � �(6$ +""/!, � �(-*-�!�(� �� %.�( �(0�-��+. � �+ ��! %$9 '6�

�/! G '&���!+-/! � ��'� � " %�2�, � G( '&���!+-( (""�" &�-)+ � ���

" #�� ! � GAP (GTPase Activating Proteins) &)/� :! �, �&/�  *!(� �� RGS 

(Regulators of G protein Signaling), &�' ('6+!�'! ��!  !-�# !.  ! )#����(

GTP+%�� ��� G( '&���!+-(�. � ��! �)�&� ('��, �  ! )#. G(-GTP 

'&���!+-( '-)�"$ � �� #-,/%,�)��. ��+-( �(� � �(�)2& �(� %  G(-GDP. 

�'�. � GDP-%'9 '#�2!� ��),. �(�2� � '5�"�� )� %'##2! �( &)�%- %�� #�(

��� G1# '&���!+- � �(� 2�%� (!(%���(�*9 �(� �� (! ! )#� G(1#

 � )��)�� )2�, �"��"�)3!�!�(� ��! �$�"�  ! )#�&�*�%�� �/! G &)/� 7!3!

(����!( 2) (Bridges and Lindsley, 2008). �&� ��! +""� &" ')+, &�""�*

GPCRs  �,(!*9�'!  !-�# !.  ! )#����( �(� %���(�*9�'! %�(0 )+ %$�&"��(

� ��� G &)/� :! � (���� �(� (&�'%*( (#/!�%�. (Hein and Bünemann, 2009).  

�� &)3� � '&�02% �� %� ���+ � �� -�+)� �( ��� %��(��-���%�� �/!

GPCRs -."/!(! ��� ('�. 0( �&�)�$% !( )'0��%� * ��!� (&� -$�

&()+#�!� �: ��!  !-�# !. )'0�� '-)�"'%�� ��' GTP (&� ��! G(

'&���!+-( �(� ��!  &��+�'!%� ��'  ! "�#/ )'0��$ (&� �)�%�2!�'� � " %�2�

��� G( '&���!+-(�, �&/�  *!(� #�( &()+- �#�( � ,/%,�"�&+%� C1 (PLC1) 

(Berstein et al., 1992). �� 1996 -�+,�) �  ) '!����2� ��+- � (!(�+"'5(! ��(

!2( ����#2! �( &)/� 7!3!, ��'� )'0��%�2� ��� %��(��-���%�� �/! G 

&)/� 7!3! (RGS, regulators of G protein signaling), �� �&�*�� ('6+!�'! ��!

 ! )#����( �)�,/%,(�+%�� ��� #�'(!�%*!�� ��� G( '&���!+-(� (GAPs) �(�

� (!(�+"'5� �/! �&�*/! 2-/% ��( (&)�%-����� -�+%�(%� %��'�

���(!�%��$� %��(��-���%�� �/! GPCRs  (Druey et al., 1996; DeVries et al., 

2000). �� &)/� :! � ('�2� ���)+9�!�(� 2!( ���!� ��.�( & )*&�' 125 

(��!�62/!, ��  &�!��(9�� !� «RGS box». �2�)� %.� )(, 2��'!

&)�%-��)�%� * &+!/ (&� 30 RGS &)/� :! � %�( 0�"(%���+, �+0 �*(  � �/!
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�&�*/! & )�2� � 23 %'!��)��2!( '-)�,�1( �(�+"��&( �2%( %�� «RGS box». 

�� RGS &)/� :! � (""�" &�-)�$! +� %( � ���  ! )#2� G( '&���!+- � �(�

-)�'! /� ()!�����* )'0��%�2� ��� %��(��-���%�� �/! G &)/� 7!3!, 

 &��(�$!�!�(� ��!  !-�# !. -)+%� GTP+%�� ��� G( '&���!+-(� �(�

(!�(#/!�9�� !�� �� -2%� '%� ��' � " %�. % ('�.! (����!( 2). ��

(&��2" %�(, � �3! �(� ��%� � -�+)� �( �%� �(� � (� )(�����( ��� GPCR 

%��(��-���%�� (Ross and Wilkie, 2000).  


����� 2. �&�� " ����� % ��*�" ��� G-%����(���. � �+ ��!  ! )#�&�*�%�

 !�� '&�-��2( (&� 2!(! �(�+""�"� (#/!�%�., 2!( ��)�� GTP %'!-2 �(� � ��! G(

'&���!+-(,  ���&*9�!�(� �� ��)�� GDP. 8�%� &)��(" *�(� � (&�%$9 '6� ��'

%'�&"���' �/! G &)/� 7!3! (&� ��! '&�-��2(,  &��)2&�!�(� ��!  ! )#�&�*�%�

� " %�3! ��%� (&� ��!  ! )#. G(-GTP �%� �(� (&� ��  " $0 )� G1# -�� )2�. 

 !-�# !.�  ! )#����( �)�,/%,(�+%�� ��� #�'(!�%*!�� (GTP+%�) ��� G(

'&���!+-(� '-)�"$ � �� GTP � )�(�*9�!�(� 2�%� �� -)+%� ���. �'�. �

-)(%��)�����(  &��(�$! �(� (&� &)/� :! � &�' ('6+!�'! ��!  ! )#����(

�)�,/%,(�+%�� ��� #�'(!�%*!�� ��� G( '&���!+-(� (GAPs), �&/�  *!(� ��

)'0��%�2� ��� %��(��-���%�� �/! G &)/� 7!3! (RGS).   &(!(%$9 '6� ��� G(-
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GDP � �� G1# %$�&"��� � )�(�*9 � �� )$0��%� �/! � " %�3! (&� ��� 1#

'&���!+- � �(� �"��"�)3! � ��! �$�"�. 

#�!�� ,���*� ��� GPCRs ���������� �%� ��" G %����:��"  

=-� (&� �( �2%( ��' 1990,  !- *6 �� (&� & �)+�(�(

%��! �'6��$���( Dictyostelium &�%��&�*�%(! ��� �� GPCRs 

«(&(��$!» ��'� �"(%���$� &()� !2) ��'�, ��� G &)/� :! �, 

(""�" &�-)3!�(� +� %( � +""( %��(��-����+ ��)�( (Brzostowski and 

Kimmel, 2001). 8���� , �"�2!( �(� & )�%%�� ) � 1�������2� �(� �'��()��2�

� "2� � 2- �6(! ��� �� GPCRs �&�)�$! !( � �+#�'! �� %.�( (! 6+)���( (&�

��� G &)/� :! � (����!( 3) (Rajagopal et al., 2005). ��( &()+- �#�(, 

��!�&+��( (! 6+)���( �/! G &)/� 7!3!  �&"2��!�(� %��!  ! )#�&�*�%� �/!

ERK (Extracellular signal-regulated kinases, ��!+% � )'0��9�� ! � (&�

 6/�'��()��+ %.�(�() � �+ ��!  ! )#�&�*�%� ��' 12 (-) ! )#���$ �(� ��'

'&�-��2( ��� (## ��� !%*!�� ��, AT1R (Wei et al., 2003; Sun et al., 2007(). 

%'%%3) '%� &()����/! (!(,�)3! � *! � &"2�! %��!  #�(�+" �5� ��' �)�'

'&�-�� *� &�' %'9 $#!'!�(� �  G &)/� :! � �(� %��! (!���(�+%�(%� ('��$

(&� ��! �)�  &�+- "��� �- *� '&�-�� *�. �()�"( ('�+, �� -$� �$&��

%��(��-���%��, (! 6+)����� �(�  6()�3� !�� (&� ��� G &)/� :! �, �2%/

��' *-��' '&�-��2( - ! (&��" *�'! � 2!(� ��! +""�. �()+- �#�( (&�� " * �

12AR, � �&�*�� � �(1(*! � (&� �� � %�"(1�$� !� �2%/ G &)/� 7!3! %��!

(! 6+)���� (&� ��� G &)/� :! �  ! )#�&�*�%� �/! ERK (!+"�#( � ��

%'#�2!�)/%� ��' (#/!�%�.. 
 �(��"2� %'#� !�)3% �� (#/!�%�., � 12AR 

� �+# � �� %.�( �2%/ �/! G &)/� 7!3!. �!�*0 �(, % '5�"2� %'#� !�)3% ��

(#/!�%�., � 12AR (""�" &�-)+ +� %( � �� Src ��!+%�, �  ! )#�&�*�%� ���

�&�*(�  &+# � �� ERK/MAPK ��!�&+�� (! 6+)���( �/! G &)/� 7!3! (Sun et 

al., 2007(). 

�&� �( &()(&+!/ #*! �(� %(,2� ��� '&+)��'! &�""+ ��!�&+��(

 !-��'��()��.� � �(#/#.� %.�(���, �( �&�*( - !  6()�3!�(� (&� ��� G 

&)/� :! �, (""+ �&�)�$! !(  &�) +%�'! �� -)(%�������( &�""3! �"(%��3!

� " %�3!,  !�%�$�!�(� ��! &�"'&"������( �/! GPCR %��(��-����3!

���(!�%�3! (Woehler and Ponimaskin, 2009). 8�%� 1)20�� ��� �� ��!�&+��

�/! JAK/STATs (Janus kinase/Signal transducer and activator of 

transcription), � ����#2! �( �/! Src ��!(%3! �')�%*!��, �� ��!+% � �/!
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GPCRs (GRKs), �� 1-()) %�*! � �(� �� &)/� :! � &�' & )�2��'! PDZ 

& )���2� � �(,2)�'! GPCR- &(#�� !( %.�(�( (! 6+)���( (&� ��� G 

&)/� :! � (����!( 3�) (Sun et al., 20071). ��( &()+- �#�(, �  ! )#�&�*�%�

��' JAK/STAT ��!�&(���$ (! 6+)���( (&� ��� G &)/� :! � 2� � - ��0 * ��%�

#�( ��! '&�-��2( ��� % )���!*!�� 5-�2�, �%� �(� ��� (## ��� !%*!�� ��, ��1

(Marrero et al., 1995; Guillet-Deniau et al., 1997;  Ali et al., 2000).  


����� 3. #.�!����� ,�����!!� ��" *�!�� ,���*�" ��� �%��-���� ��,��

�% , .-��. (�) ������� ������������ ��� GPCRs ���� G ���������. � �+ ��

-2%� '%� ��' (#/!�%�., ��  &�+- "��� �- *� '&�-�� *�  ! )#�&���$! ���

 � )��)�� ) *� G &)/� :! � ((1#), �� �&�* � %�� %'!2� �( )'0�*9�'! ��

-)(%��)�����( %'#� �)��2!/! �'��()��3! � " %�3!. (�) ������������ ��� GPCRs 

���������� ��� ��� G ���������. � �+ �� -2%� '%� ��' (#/!�%�., ��  &�+- "��� �- *�

'&�-�� *� �&�)�$! !( (""�" &�-)+%�'! � �2"� -�(,�) ���3! ����# ! �3!

 !-��'��()��3! &)/� 7!3!, %'�& )�"(�1(!��2!/! �/! ()) %��!3! (Arr), �/!

GPCR ��!(%3! (GRK), �/! ���)3! G &)/� 7!3! (g), �/! Src ��!(%3!, ��'

JAK/STAT ��!�&(���$ �(� &)/� 7!3! &�' & )�2��'! PDZ & )���2�. �'�2� ��
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(""�" &�-)+% ��  &��)2&�'! %��'�  &�+- "��� �- *� '&�-�� *� !(  &+#�'!

&�""(&"+ %��(��-����+ ��!�&+��(, (! 6+)���( �/! G &)/� 7!3!.  

8!( +""� %��(��-����� ��!�&+��, �� �&�*� - !  6()�+�(� (&� ��� G 

&)/� :! � (&�� " *  &*%�� � (& '(�%0���&�*�%� �/! GPCRs. 
'#� �)��2!(, 

�� GRKs ,/%,�)'"�3!�'! (��!�6��+ �(�+"��&( % )*!�� . 0) �!*!�� %���

�'��()�&"(%�(���2� 0�"�2� �(� �( �()1�6'� "��+ +�)( �/!  ! )#�&����2!/!

GPCRs �(� �� ,/%,�)'"�3% �� ('�2� �(�(".#�'! %��! &)�%- %� �/!

()) %��!3! �(� %��! (& '(�%0���&�*�%� �/! '&�-��2/! � �&�*(

(��"�'0 *�(� (&� ��!  !-��'��+)/%. ��'� (Lefkowitz and Shenoy, 2005). 

�&�&"2�!, �� GPCRs (""�" &�-)�$! � &)/� :! � &�' & )�2��'! PDZ 

& )���2�, �&/� #�( &()+- �#�( � 12AR &�' %'9 $#!'�(� � ��! )'0��%����

&()+#�!�( (!�(""(#.� Na+/H+ (NHERF), #�( !( � �(-3%�'! �� %.�(

 !-��'��()��+, &()(�+�&��!�(� ���  � )��)�� ) *� G &)/� :! � (Hall et al., 

1998).  �2"��, �� GPCRs 2��'! �� -'!(�����( !( (""�" &�-)�$! +� %( � ���

���)2� GTP+% � (&.�. RhoA) �(� +"" � %��(��-����2� &)/� :! �, �&/�  *!(�

� �("��-�'"*!� �(� � ,�"(�*!� � &�' (!(,2)�!�(� %�� %'!2� �(, � �+#�!�(�

2�%� �� %.�( (! 6+)���( (&� ���  � )��)�� ) *� G &)/� :! � (Woehler and 

Ponimaskin, 2009). 

0 �&%����� ���� ���������� ��� GPCRs  

�(�+ �� -�+)� �( �/! � " '�(*/! - �( ��3! 2#�!(! &�""2� %��(!���2�

(!(�("$5 �� %� ���+ � �� -��. �(� �� " ���')#*( �/! GPCRs �� �&�* �

1�.0�%(! %��! �(�(!��%� ��� &�"'&"������(� ��� GPCR %��(��-���%��. 

�� �"(%��� ��!�&+�� '&�-��2(-G &)/� :!�� &�' & )�#)+,�� &()(&+!/

�(� �+&�� 0 /) *�� /� (&"� �(� #)(�����, -�(&�%�30�� ���  *!(�

& )�%%�� )� &�"$&" ')� �(� ',*%�(�(� &�""(&"�$� ���(!�%��$� )$0��%��

�(� (!+-)(%�� (����!( 4). �)+#�(��, 2� � (!(, )0 * ��� &�""�* '&�-�� *�

�&�)�$! !(  ! )#�&���$! ��! *-�( G &)/� :!�, 2!(� '&�-��2(� �&�) * !(

 ! )#�&�� * -�(,�) ���2� G &)/� :! �, -�(,�) ���2� G &)/� :! � �&�)�$! !(

 ! )#�&���$! ��! *-�� � " %�., . �2"�� �*( G &)/� :!� �&�) * !(  ! )#�&�� *

-�(,�) ����$� � " %�2� (Chidiac, 1998). �'��* �� ���(!�%��* &�' -� ')$!�'!

�� %��(��-���%� �/!  &�+- "��� �-3! '&�-��2/!  6()�3!�(�  &*%�� �(�

(&� ��! &()�'%*( &�""(&"3!  !-�# !3! &)�%- �3! � -�(,�) ���.
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%'##2! �( �(� -�(,�) ���.  &*-)(%� % �+0 '&��'&� '&�-��2( (Piñeyro and 

Archer-Lahlou, 2007).  


����� 4. ����� �%�*��%�*� ��" GPCR *�!�� ,���*�". � �+ ��!

 ! )#�&�*�%� (&� &���*"(  ) 0*%�(�(, �� GPCRs �&�)�$! !( � �+#�'! �� %.�(

�2%/ �/! � %%+)/! ����# ! �3! �/! G( '&���!+-/! (G(s, G(i/o, G(q �(�

G(12/13), ��' G1# -�� )�$�, (""+ �(� �2%/ ��!�&(��3! (! 6+)���/! (&� ��� G 

&)/� :! �. �� � " %�2� (&()�'%�+9�!�(� /� #�)�  "" �&���+ %�.�(�() (!.��'! % 2!(

 ')$ ,+%�( &)/� 7!��3! ����# ! �3!. <&/� ,(*! �(�, � � �(#/#. ��' %.�(���

%'�!+ (&��"*! � %��  &*& -� ��' '&�-��2( �(� �/! G &)/� 7!3!, �(� % &�""2�

& )�&�3% �� %'#�"*! � %��  &*& -� ��' � " %�..   

 )$0��%� ��� �'��()��.� %��(��-���%�� �(� �(�’ &2��(%� ���

" ���')#*(� �/! GPCRs #*! �(� (���� &�� &�"$&"��� �(03� � (&�%$9 '6�

��� G(-GTP (&� ��� G1# '&���!+- � - ! %'�1(*! � �+0 ,�)+ . - !  *!(�

&+!�( &".)��. 8�%�, 2� � 1) 0 * ��� % �)�%�2! � & )�&�3% �� �� G 

'&���!+- � &()(�2!�'! - %� '�2! � %��!  � )��)�� ). ��'� ��),. (����

�(� � �+ ��!  ! )#�&�*�%. ��'� (&� ��! '&�-��2( (Galés et al., 2006). 

�&�&"2�!, �&/� 2� � .-� (!(, )0 *,  ���� (&� ��� G &)/� :! �, ��

& )�1+""�! �/! GPCRs & )�"(�1+! � 2!(! � #+"� ()�0�� (""�" &�-)3!�/!

&)/� 7!3! � ��� �&�* � �� GPCRs %���(�*9�'! " ���')#��+ %$�&"��(
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(Bockaert et al., 2004; 2010). �� GPCR-(""�" &�-)3% � &)/� :! �

)'0�*9�'! ��! �'�"�,�)*(, ��! '&��'��()���  !��&�%��, ��! ��!����., ��!

�%�$ �(� ��! � "��. &�) *( ��� %��(��-���%�� �/! '&�-��2/! ('�3! (Ritter 

and Hall, 2009). ����� ��/� (&� ��'� GPCRs, �� GPCR-(""�" &�-)3% �

&)/� :! � 2��'! �� -'!(�����( !( %'#�)���$! %$�&"��( � +"" � &)/� :! �, 

%'!��!*9�!�(� � ('��! ��! �)�&� 0 ���+ �(� ()!����+ %.�(�( (!+-)(%�� �(�

 &+#�!�(� &()�-��. . &()(� �(�2!� %��(��-���%� (Shaw and Filbert, 

2009).  

<" � ('�2� �� (""�" &�-)+% �� #*!�!�(� (���� &�� &�"$&"�� � (&�

,(�!�� !( �&/�, () � -�� )�%��� . � �"�#�� )�%��� �/! GPCRs (Milligan, 

2009), �(� 1) �  !��&�%��� �/! GPCRs % %'#� �)��2!( -�(� )*%�(�( ���

� �1)+!�� (Insel et al., 2005). �)+#�(��, � "2� � (&�- ��!$�'! ��� &�""�*, (!

��� �� & )�%%�� )��, GPCRs ',*%�(!�(� /� ���-�� ).,  � )�-�� )., .

'5�"�� )�� �+6�� &�"'� ).. �� (""�" &�-)+% �� ('�2� � �(6$ *-�/! .

-�(,�) ���3! '&�-��2/! ,(*! �(� ��� &()+#�'! !2 � %��(��-����2�

�!����� �, �� �&�* �  �,(!*9�'! -�(,�) ���� ,()�(��"�#��� &)�,*" �(�

-�(,�) ���2�  &�-)+% �� (&� ��'� (!�*%�����'� ��!�� ) *� '&�-�� *�

(Rashid et al., 2004; Milligan, 2009; Fuxe et al., 2010).  �&�&"2�!, 2� � - ��0 *

��� �� GPCRs  !��&*9�!�(� % %'#� �)��2! � � �1)(!��2� & )���2�, #!/%�2�

/� «%� -* � "�&�-*/!» (“lipid rafts”). �� «%� -* �» ('�2�  *!(� ���)2� (10-200 

nm), �-�(*� )( -'!(���2� & )���2� ��� � �1)+!��, &"�$%� � % %� )�"� �(�

%,�##�"�&*-�(, �� �&�* � -�(� )�%�(��&���$! ��� �'��()��2� -� )#(%* �. ��

«%� -* � "�&�-*/!» &()2��'! 2!( ���)�& )�1+""�!, �� �&�*� %'�� �2� � %��!

 !��&�%�� �/! GPCRs %��  %/� )��� ��� � �1)+!�� �(� %��

-�(� )�%�(��&�*�%� ��� GPCR %��(��-���%�� �2%/ %'! !��&�%��$ � 

+""( %��(��-����+ ��)�( (Insel et al., 2005; Fuxe et al., 2009).   

� !������ ��" %��� � ���" ���" GPCR �% , .-� ��������� �%� � 

��, " � � %� *,-�� («biased agonism») 

 (&�� " %�(�������(  !�� &)�%-2�� � �(,)+9 �(� /� �  &*-)(%� &�'

('��� &)��(" * %�� -��. �(� %��� 1��,'%��2� �-����� �  !�� '&�-��2( �(03�

�(� %�� 1��"�#��. (&��)�%� &�' &()+# �(� "�#/ ���  � %�"+1�%.� ��'

(Rosenbaum et al., 2009).  &)�%- %�  !�� (#/!�%�. % 2!(! GPCR %'�!+

�(�(".# � %��!  ! )#�&�*�%� &�""(&"3! �(�())�7�3! � " %�3! .
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��!�&(��3!, 2!( ,(�!�� !� #!/%�� /� «&�"'-�+%�(�� (&�� " %�(�������(» 

(‘pluridimensional efficacy’) (Galandrin and Bouvier, 2006).  «%'�& )�,�)+» 

('�. &("(��� )( 0 /) *�� ��� �, *" �(� %��!  � )�#2! �( �/! '&�-��2/! �(�

% �$��()�- &�" ����2�  &�-)+% �� ((!+"�#( � ��! �'��()��� �$&� &�'

�)�%���&�� *�(� /� %$%���( � "2���). �)#�� )( ��/� (!(�("$,0�� , �&/�

&)�(!(,2)0�� , ��� &�""�* GPCRs %'9 $#!'!�(� � & )�%%�� ) � (&� �*( G 

&)/� :! �, �� �&�* � � �� % �)+ ��'�  ! )#�&���$! &�""(&"+ %��(��-����+

��!�&+��(, � %�"(1�$� !( . �� (&� ��� G &)/� :! � (Rajagopal et al., 2010). 

8�%�, #�( 2!( � #+"� �)�!��� -�+%���(, �� GPCRs  �,(!*9�!�(� /�

-�(��&� � � �(6$ -$� -�(��),3% /!, ���  ! )#.� (‘on’) �(� ��� (! ! )#.�

(‘off’), �(� �� &)�%-2� � ��'� 0 /) *�� ���  ! )#�&���$! ��! '&�-��2(

((#/!�%�2�) . &() �&�-*9�'! ��!  ! )#�&�*�%. ��' ((!�(#/!�%�2�) 

(Hoffmann et al., 2008). 
.� )(,  *!(� &"2�! (&�- - �#�2!� (&� 2!(! � #+"�

()�0�� - -��2!/! ��� �+0 &)�%-2��� �&�) * !( %�(0 )�&�� * ��(

%'#� �)��2!�  ! )#. -�(��),/%�  !�� '&�-��2(, (&� ��� &�""2� &�'

�&�) * !( '��0 �.% �,  &��'#�+!�!�(� ��!  &�"�#. ��(� %'#� �)��2!��

&�) *(� � �(#/#.� ��' %.�(���, (!�* ��(� -�(,�) ���.� (Piñeyro and Archer-

Lahlou, 2007). 
'�& )(*! �(� "��&�!, ��� �)�%�2!�� &)�%-2� �  �,(!*9�'!

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

-�(,�) ���3! %��(��-����3! ��!�&(��3!,  &+#�!�(� ./�(� %�(0 )�&��3!�(�

%'#� �)��2! � -�(��),3% �� ��' '&�-��2(, �� �&�* � �&�)�$! !(

(""�" &�-)+%�'! () ��!� � �)�%�2! � G &)/� :! � �(� ��� +"" �, . 1) � 

�)�%�2!�'� � " %�2�, � (&��2" %�( !( &()+#�'! -�(,�) ���2� �'��()��2�

(&��)*% �� (����!( 5) (Galandrin et al., 2007). �� ,(�!�� !� ('�� �)*9 �(� /�

« &(#�� !� (&� ��! &)�%-2�� �'��()��. (&��)�%�» (‘ligand-induced 

differential signaling’) �(� &)3��- �%.�0�� /� 2!!��( �� 1995 (&� ��! Terry 

Kenakin. 
.� )( (&�� " * ��( �(�(6�/�2!� 0 /)*( �(� �-�����( �/! GPCRs, 

� �&�*(  &�1 1(�3! �(� �(� &)�%-��)*9 �(� (&� -�(,�) ���2�  ) '!����2�

��+- � #�( &�""�$� GPCRs � �)�'� �&/� «" ���')#��.  &�" ��������(» 

(‘functional selectivity’ or ‘biased agonism’), . «%��(��-���%� �(� '0'!�� !�

(&� ��! (#/!�%�.» (‘agonist-directed trafficking of signaling’), � �(6$ +""/!

(Simmons, 2005; Urban et al., 2007; Piñeyro, 2009; Smith et al., 2011). 

�&�&"2�!, �� -�(,�) ����* (#/!�%�2�,  ���� (&� ��! (""(#. -�(��),/%��

%��  &*& -� ��' '&�-��2(, �&�)�$! !( � �(1+""�'! ��! (""�" &*-)(%� ��'



15 

'&�-��2( � ��  � )��)�� )2� G(1# (Audet et al., 2008). 8�%�, "��&�!, 

�(�(".#�'� !( 0 /)�$� ��� %'#� �)��2! � -�(��),3% �� ��' '&�-��2(

 '!��$! & )�%%�� )� . "�#�� )� ��! &)�%- %� %'#� �)��2!/! G &)/� 7!3!

%��!  �+%��� '&�-��2( (Kenakin, 2003).  


����� 5. #.�!���� ���%���*��*� ��" ������!���" �%� � � %� *,-��

��������" *�!�� ,���*�" ���" GPCR. (�) �%�))�&��2!� %.�(, �&�' 2!(�

&)�%-2���  ! )#�&�� *  6*%�' -$� -�(,�) ���+ %��(��-����+ ��!�&+��(. (�) 

	�(,�) ����* (#/!�%�2�  &�- ��!$�'! -�(,�) ���.  &�" ��������( %��!  ! )#�&�*�%�

-�(,�) ���3! ��!�&(��3!.  

 �-�����( ��� « &�" ����.� �(� '0'!�� !�� %��(��-���%��» 2� �

- ��0 *,  ���� �/! +""/!, #�( ��'� '&�-�� *� 5-HT2A �(� 5-HT2B ���

% )���!*!�� (Cussac et al., 2008), ��! CB1 �(!!(1�!� �-. '&�-��2(

(Georgieva et al., 2008), ��! '&�-��2( ��� 1 ,/%,�)��.� %,�##�%*!�� (S1P) 
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(Jongsma et al., 2009), ��� &)�%�(#"(!-*!�� EP4 (Leduc et al., 2009), ��!

12-(-) ! )#��� (Woo et al., 2009) �(�  &*%�� #�( ��'� �&�� �- *� '&�-�� *�

(Piñeyro and Archer-Lahlou, 2007; Zheng et al., 2010) �(� (&�� " * &"2�! 2!(

!2� & -*� ��� ,()�(��"�#*(�, �� �&�*� (!(0 /) * ��! �2�)� %.� )(

�)(��$%( +&�5� ��� �  ! )#�&�*�%�  !�� GPCR  &+# � ��!� 2!( �'��()���

��!�&+�� �(� ��( �)�%�2!� 1��"�#��. (&��)�%�. �!�*0 �(,  *!(� &"2�!

(&�- ��� ��� � ,$%� ��'  �+%��� (#/!�%�. �(0�)*9 � ��! &�) *( ���

� �(#/#.� ��' %.�(��� (&� ��! '&�-��2( %�( �(0�-��+ %��(��-����+ ��)�(. 

3% , .��" % � *�;�&������� !� G %����:��" ��� � ��,��� -����*�  

�2�)� %.� )(, �-�(*� )� &)�%��. 2� � -�0 * %��! �(�(!��%� �/!

��)�(�3! ���(!�%�3! %��(��-���%�� &�'  &+#�!�(� (&� ��'�

� �1)(!���$� GPCRs. 8� � 1) 0 * ��� ��  ! )#�&����2!�� GPCRs 

 �&"2��!�(� %��  � �(#)(,. #�!�-*/! �(03� �(� % +""( %��(!���+ &')�!��+

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

-�+,�)( � �1)(!��+ GPCR-%$�&"��( &�'  ! )#�&���$!

�'��()�&"(%�(����$� � " %�2�, �� �&�*�� � �� % �)+ ��'�  �%2)��!�(� %��!

&').!( �(�  &+#�'! �� � �(#)(,. -�(,�)/! #�!�-*/! �/)*� � '&�-��2(� !(

(&��(�)$! �(� (&� ��! �'��()��. � �1)+!�. ��( &()+- �#�(, 2� � 1) 0 * ���

�  ! )#�&�*�%� &�""3! GPCRs %'�!+ �(�(".# � %�� -�(��),/%� ���

" ���')#*(� -�(,�)/! � �(#)(,��3! &()(#�!�/! �(� %'!-)'0��%�3! ���

� �(#)(,.�, %'�& )�"(�1(!��2!/! ��' CREB (cAMP response element-

binding protein), ��' NF-�B (Nuclear factor �B), � "3! ��� ����#2! �(� �/!

STATs �(� &�""3! +""/! (Ho et al., 2009). 
�� ! ')��� %$%���( 2� � - ��0 *

��� � 5-�1 % )���! )#���� (Lotto et al., 1999; Fricker et al., 2005), �

�(!!(1�!� �-.� CB1 (He et al., 2005) �(� � !��&(��! )#���� D2 '&�-��2(�

(Reinoso et al., 1996)  ! )#�&���$!, �2%/  !�� G(i/o ��!�&(���$, 

&)/� 7!��2� ��!+% �-�" �-�+, �&/� ��� Src, MAPKs (Mitogen-activated protein 

kinases, &)/� 7!��2� ��!+% �  ! )#�&���$� ! � (&� ����#�!() �(� ��! Akt. 

 ! )#�&�*�%� ('�3! �/! ��!(%3! �-�# * %�� %'! &(��"�'0�  ! )#�&�*�%�

�/! � �(#)(,��3! &()(#�!�/! CREB �(� STAT3. �( ��!�&+��( ('�+ � ��

% �)+ ��'�  &+#�'! �� ! ')����. (!+&�'6� (-�(-��(%*( -�(,�)�&�*�%�� �/!

! ')3!/!) %�� � !�)��� ! ')��� %$%���( (��
) �(� % ! ')��2� �'��()��2�
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% �)2�, �&/�  *!(� �� Neuro-2A �(� PC12 (Ho et al., 2009; Ma'ayan et al., 

2009).  

8!( &()+- �#�( &�'  !�%�$ � �� ���(!�%�� )$0��%�� ��� � �(#)(,.�

(&� ��'� � �1)(!���$� GPCRs  *!(� ('�� &�'  �&"2� � ��� ()) %�*! �.  1-

()) %�*!� 1, � �&�*( 0 /) *�(� /� �*( �'��()�&"(%�(���. &)/� :!� &�'

� %�"(1 * ��%� ��! (& '(�%0���&�*�%� �/! '&�-��2/!, �%� �(� �� %$9 '6�

�/!  ! )#�&����2!/! '&�-��2/! � %'#� �)��2!( �(0�-��+ ��!�&+��(

(Lefkowitz and Shenoy, 2005), 2� � (&�- ��0 * ��� � �(��! *�(� � �(6$ &').!(

�(� �'��()�&"+%�(��� (Beaulieu and Caron, 2005).  �� Kang et al., �� 2005, 

(&2- �6(! ��� � &')�!��.  *%�-�� ��� 1-()) %�*!��  &�) +9 �(� 2!��!( (&�

��!  ! )#�&�*�%� %'#� �)��2!/! GPCRs, �&/�  *!(� � --�&�� �-.�

'&�-��2(�. �&�&"2�!, � *-�(  ) '!����. ��+-( 2- �6 ��! -'!(����

���(!�%�� �2%/ ��' �&�*�' �  !-�&')�!��. 1-()) %�*!� 1  &�) +9 � ��

� �(#)(,.. 
'#� �)��2!(, �  ! "�#/ &)/� :!� (""�" &�-)+ � ��!

(� �'"+%� �/! �%��!3! p300 �(� �� %�)(��"�# * % %'#� �)��2! � & )���2�

 !��� ��' �)/��%3�(���, � (&��2" %�( ��! ('6��2!� � �(#)(,. #�!�-*/!-

%���/!, �&/�  *!(� �( p27 �(� c-fos (Kang et al., 2005).  &')�!��.

� �(��&�%� ��� 1-()) %�*!�� 1 �(� �  &(��"�'0� � �(#)(,��. )$0��%�

%'�1(*!�'! #).#�)( /� (&��)�%� %��!  ! )#�&�*�%� ��' --OR,  

'&�-�"3!�!�(� ��� �� GPCRs �&�)�$! !(  &����!/!�$! (& '0 *(� � ��!

&').!( �(� ��'� � �(#)(,���$� &()+#�!� � (Kang et al., 2005). 

� - $� )�� ���(!�%��� )$0��%�� ��� � �(#)(,.� (&� ��'� GPCRs 

& )�"(�1+! �  *� ��!  !-��'��+)/%� �(� &')�!��. � �(��&�%� �/!

� �1)(!��3! &)�%-2��-%'!- �� !/! '&�-��2/! . ��!  ! )#�&�*�%�

&')�!��+  !��&�%�2!/! GPCRs (&�  !-�# !3� &()(#�� !�'�, ��

 ��)�!�� !�'� &)�%-2� �, �&/�  *!(� �� &)�%�(#"(!-*! � �(� ��

"'%�,/%,(��-��� �6$ (Gobeil et al., 2006).  �)+#�(��, � "2� � %� ���+ � ��!

 !-��'��()��. �'�"�,�)*( �(� �(�(!��. -�(,�)/! GPCRs, 2- �6(! ��� ��

GPCRs �&�)�$! !(  !��&�%��$! %��� &')�!��2� � �1)+! � #�(

&()(� �(�2!( �)�!��+ -�(%�.�(�( (&�'%*( (#/!�%�.. 
��! &').!(

%'!02��'! -�(�)��2� %��(��-����2� �!����� �, �� �&�* � (&��)*!�!�(� % 

 !-��'��()���$� &)�%-2� � �(�  &+#�'! %'#� �)��2!( &')�!��+ %.�(�(

� �(#)(,.�, -�(,�) ���+ (&�  � *!( &�' (&�%�2""�!�(� (&� �( %$�&"��(

��� &"(%�(���.� � �1)+!�� (Goetzl, 2007). ��( &()+- �#�(, 2� � 1) 0 * ��� �
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 ! )#�&�*�%� ��' AT1 '&�-��2( ��� (## ��� !%*!�� �(� ��' '&�-��2( ���

��� ���*!�� CXCL12, �� �&�*��  !��&*9�!�(�  !-�# !3� %��! &').!(

-�(,�)/! �'��+)/!, )'0�*9 � �� � �(#)(,. #�!�-*/!-%���/!, �&/�  *!(� �(

cfos, eNOS, cox-2 �(� iNOS #�!*-�( (Gobeil et al., 2006). 


��� ���!����" G %����:��"

��  � )��)�� ) *� G &)/� :! � (&�� "�$! ��! %'!- ���� �)*�� � �(6$

�/! GPCRs �(� �/! � " %�3! �(03� � �(-*-�'! ��! &"�)�,�)*( &�'

&)�2)� �(� (&�  ��  6/� )��� & )�1+""�! %��  %/� )��� �/! �'��+)�'. �� G 

&)/� :! � ���)+9�!�(� �*( ���!. -��. &�' (&�� " *�(� (&�  � )��)�� ).

%$�&"��( -�(,�) ���3! (, 1 �(� # '&���!+-/!. 
'#� �)��2!(, (&�� "�$!�(�

(&� �*( G( '&���!+-( � #20�'� 39-52 kDa &�' �(�2� � ��!  !-�# !.

 ! )#����( �)�,/%,(�+%�� ��� #�'(!�%*!�� (GTP+%�-GTPase), �(� ��(

%� !+ %'!- - �2!�  � )�-�� ). G1# '&���!+-(, � �&�*( - %� $ �(� ��

�����&�"��+ %��! (! ! )#. GDP-%'9 '#�2!� G( '&���!+-( (Luttrell, 2004). 

�&�"�#*9 �(� &/� �� (!0)3&�! � G &)/� :! � &)�2)��!�(� (&� 35 #�!*-�(, 

 � �/! �&�*/! 16 �/-���&���$! #�( ��� ( '&���!+- �, 5 #�( ��� 1 �(� 14 #�(

��� #, �(� �&�)�$! !( -����')#�$! 2!(! � #+"� ()�0�� (> 1000) -�(�)��3!

 � )��)�� )3! %'�&"��/! (Neves et al., 2002; Milligan and Kostenis, 2006).  

����� (&� �� �"(%��� ��!�2"�  ! )#�&�*�%�� �/! G &)/� 7!3! &�'

.-� & )�#)+,��  (����!( 2), �� G &)/� :! � 2��'! ��! ��(!����( !(

 ! )#�&���$!�(� �(� !( (""�" &�-)�$! � ��)�( � " %�3! (! 6+)���( (&�

��!  ! )#�&�*�%�  !�� '&�-��2(, �2%/ �/!  ! )#�&����3! ���

%��(��-���%�� �/! G &)/� 7!3! (Activators of G protein Signaling, AGS) 

(Luttrell, 2005). �� AGS (&�� "�$! ��( 10� ". ����#2! �( &)/� 7!3! &�'

�/)*9 �(� %  3 '&�-����#2! � �, �+0 �*(  � �/! �&�*/! -)( �2%/

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

%��(��-���%�� �/! G &)/� 7!3! (! 6+)���( (&� ��'� GPCRs (Blumer et 

al., 2005; 2007). ����� (&� �� %��(��-���%� �2%/ �/!  � )��)�� )3! G 

&)/� 7!3!, �� GPCRs �&�)�$!  &*%�� !( � �+#�'! %.�(�( �(� �2%/ ���

(""�" &*-)(%.� ��'� � ��� ���)�$ ��)�(��$ 1+)�'� G &)/� :! �,  

 &+#�!�(� �(�())�7�+ ��!�&+��( � " %�3!.  '& )����#2! �( �/! ���)3! G 

&)/� 7!3! �(6�!�� *�(�, 1+% � ��� -��.� ��'�, % ��'"+��%��! &2!� 

����#2! � � (Ras, Rho/Rac/cdc42, Rab, Sar1/Arf �(� Ran). �)�� ��(� #�(
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��!�� ) *� G &)/� :! � � ��)�(�+ 1+)�  $)�'� 20-30 kDa �� �&�* �

" ���')#�$! /� ��)�(��* -�(��&� � &�'  "2#��'! &�""2� " ���')#* � �/!

 '�()'/���3! �'��+)/!. 	�+,�) � � "2� � �2�)� %.� )( 2��'! (&�- *6 � ���

�� GPCRs  ! )#�&���$! ��� ���)2� GTP+% �, " ���')#3!�(� /� &()+#�!� �

(!�(""(#.� !�'�" ���-*/! #�( ('�2� (Bhattacharya et al., 2004). 

G� ���������

�2�)� %.� )( 2��'! �()(���)�%0 * 16 #�!*-�( �/! G( '&���!+-/! �/!

0�"(%���3!, �( �&�*( ��(-�&���$!�(� 1+% � ��� (��!�6��.� ��'� ���"�#*(�

% �2%% )�� ����#2! � �, ���  Gi/o, Gs, Gq/11 �(� G12/13 (Wilkie et al., 1992). 


'�& )�"(�1(!��2!/! �/!  !(""(����3! �(��%�+�/! �(� �/! � �+-

� �(,)(%���3! �)�&�&��.% /!,  �,)+9�!�(� ��'"+��%��! 23 -�(,�) ���2�

�%���),2� �/! G( '&���!+-/!, �� �&�* �  �,(!*9�'! 35-95% (��!�6��.

�('�����( (Downes and Gautam, 1999).  

�( �2"� ��� Gi/o ����#2! �(� & )�"(�1+!�'! ��� G(i1, G(i2, G(i3 �(�

G(�, �� �&�* � (!(%�2""�'! ��! (- !'"��. �'�"+%� (AC). �&�&"2�!, 

& )�"(�1+!�'! -$� �%���),2� ��� ( '&���!+-(� ��' (�,�1"�%�)� �-�$�, 

G(t1 �(� G(t2, ��! ( '&���!+-( ��� # $%��, G(gust �(� ��! G(z. <" � ��

�%���),2�, �  6(*) %� �� G(z, �&�)�$! !( (&�%'9 '�0�$! �� (!��%�) &�+

(&� ��'� '&�-�� *� &()�'%*( ��� ��6*!�� ��' ���*�� (pertussis toxin, PTX) 

(Kaslow and Burns, 1992).  ��6*!� ��' ���*�� �(�("$ � ��! ADP-

)�1�%'"*/%�  !�� %'#� �)��2!�' �(�("�*&�' �'%� :!�� %�� 02%� -4 (&� ��

�()1�6'� "��� +�)� ��� ( '&���!+-(� �(� � ('�� ��! �)�&� &() �&�-*9 �

��! (""�" &*-)(%� ��� G &)/� :!�� � ��! '&�-��2( �(� %'! &3�

�&"��+) � �( ��!�&+��( �(0�-��+ ��' '&�-��2( (Sunyer et al., 1989). �'�. �

1(���)�(�. ��6*!� 2� � (&�- ��0 * /� 2!(  6(�) ����  )#(" *� #�( ��!

(!*�! '%� ��' )�"�' �/! G(i/� &)/� 7!3! % &���*" � ,'%��"�#��2�

" ���')#* �. 8!(� �-�(*� )( %��(!����� )�"�� �/! G(i/o- &(#�� !/!

%��(��-����3! ��!�&(��3!  *!(� ('��� &�' -�(-)(�(�*9�'! %�� ! ')����.

(!+&�'6� � �+ ��!  ! )#�&�*�%� �)�%�2!/! GPCRs (Ma'ayan et al., 2009). 

 Gs ����#2! �( & )�"(�1+! � ��! G(s �(� ��! �%,)����. ( '&���!+-(,  

G(olf.  %��(��-���%� �/! GPCRs �2%/ Gs '&���!+-/! 2� � %'!- 0 * � 

��!  ! )#�&�*�%� ��� AC �(� ��! &()(#/#. �'�"��.� ��!�,/%,�)��.�

(- !�%*!�� (cAMP, cyclic adenosine monophosphate) (Neves et al., 2002; 
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Cotton and Claing, 2009).  G(s '&���!+-( )�1�%'"�3! �(� (&� ��!

 ! )#�&����2!� �-'&���!+-( ��� ��6*!�� ��� ��"2)(�, �(�(".#�!�(� %��

%'! �.  ! )#�&�*�%� ��� -)(%��)�����(� ��� (- !'"��.� �'�"+%�� (Milligan 

and Kostenis, 2006). 


��! ����#2! �( Gq & )�2��!�(� �� G(q, G(11, G(14, G(15 �(� G(16 

&)/� :! �.   ! )#�&�*�%� �/! Gq '&���!+-/! �-�# * %��!  ! )#�&�*�%�

��� ,/%,�"�&+%�� C (PLC) �(� %�� � �(�)�&. ��� � �1)(!��.�

,/%,(�*-'"�-�!�%���"�� (PIP2) % �)�,/%,�)��. �!�%���"� (IP3) �(� -�+�'"�-

#"'� )�"� (DAG).  &)�%- %� ��� IP3 %��'� '&�-�� *� ��� %��

 !-�&"(%�(���� -*��'� �-�# * % ($6�%� ���  !-��'��()��.� %'#�2!�)/%��

(%1 %�*�',  !�� &�"$ %��(!����$ - '� )�# !�$� (## "��,�)�'. � �� % �)+

���, �  DAG  &+# � ��!  ! )#�&�*�%� ��� &)/� 7!��.� ��!+%�� C (PKC), �

�&�*( ,/%,�)'"�3! � ()� ��$� �(�())�7��$� � " %�2� �&/� ��!

�("��-�'"*!� &�' )'0�*9 � ��!  6()�3� !� (&� �� (%12%��� %��(��-���%�

(Neves et al., 2002; Cotton and Claing, 2009). 

  ! )#�&�*�%� �/! G12/13 '&���!+-/! �-�# * %��!  ! )#�&�*�%�

�/! ���)3! G &)/� 7!3! ��� Rho ����#2! �(� &�' &)�%-2!�'! GTP. �'�2�

�� ���)2� &)/� :! � �  ! )#����( �)�,/%,(�+%�� ��� #�'(!�%*!�� 2��'!

�()(���)�%� * /� )'0��%�2� ��' �'��()�%� " ��$ ��� (��*!�� �(� (&�� "�$!

«%�(')�-)���» � �(6$ �/! %��(��-����3! ��!�&(��3! �/! GPCRs �(� �/!

��!(%3! �')�%*!��. �� �'��()��2� (&��)*% �� &�'  &+#�!�(� �2%/ ('�.� ���

 &����!/!*(� %'�& )�"(�1+!�'!, � �(6$ +""/!, ��! �'��()��. ��),�"�#*(

�(� ��! &�""(&"(%�(%�� �/! �'��+)/! (Riobo and Manning, 2005).  

	����2� � "2� � (&��+"'5(! ��� � G( '&���!+-( (&�� " *�(� (&� -$�

�$)� � & )���2�: ��( & )���. � -)+%� GTP+%�� �(� 2!(  "��� �-2� ��.�(. 

& )���. � -)+%� GTP+%��  *!(� %'!��)��2!� % �"( �( �2"� ���

����#2! �(� �/! G &)/� 7!3!, %'�& )�"(�1(!��2!/! �/! ���)�$ ��)�(��$

1+)�'� ��!�� )3! G &)/� 7!3!.  & )���. ('�. '-)�"$ � �� GTP �(�

&()2� � ���  &�,+! � � (""�" &*-)(%�� #�( ��� G1# '&���!+- �, ��'� GPCRs 

�(� ��� &)/� :! �-� " %�2�. �&� ��! +""� &" ')+, �  "��� �-.� & )���.  *!(�

��!(-��. #�( ��� G( &)/� :! � �(� (&�� " *�(� (&� ��( -2%�� 26� (- "*�/!

&�' &)�%�(� $ � �( - %� '�2!( !�'�" ��*-�( %��! &').!( ��� &)/� :!��

(Oldham and Hamm, 2008). �( &2!� � " '�(*( (��!�6��+ �(�+"��&( ��'
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�()1�6'� "���$ +�)�' �(� � (��!�� "��. 2"��( ��� G( '&���!+-(� (&�� "�$!

�( %�� *( (""�" &*-)(%.� ��� � ��'� GPCRs.  

�()+ �� # #�!�� ��� �(�*( (&� ��� G( '&���!+- � - ! -�(02� � �+&��(

& )���. %$!- %�� � �� � �1)+!�,  !��$���� �" � ��'� %'!-2�!�(� � ��!

&"(%�(���. � �1)+!� (Casey, 1994). �� G(i �(� G(o '&���!+- �

�)�&�&���$!�(� � �+-� �(,)(%���+ � ��! &)�%0.�� ��' �')�%����$ �62�� % 

2!( (��!�� "��� �(�+"��&� #"'�*!��, �(� � �)�&�&�*�%� ('�. (&(�� *�(� #�( ��

%$!- %. ��'� %�� � �1)+!�. <" � �� G( '&���!+- �, �  6(*) %� ��! G(t, 

'&�1+""�!�(�  &*%�� % &("����;"*/%�  !�� . & )�%%�� )/! (��!�� "��3!  

�(�("�*&/! �'%� :!��, �*(  6*%�' %��(!���. �)�&�&�*�%� #�( ��!  !��&�%��

��'� %�� � �1)+!� (Oldham and Hamm, 2008).  

G�� ����������  

�� G11-4, �� &)3� � �2%% )�� G1 '&���!+- � &�' (!(�("$,0��(!,  

2��'! �2# 0�� & )*&�' 36 kDa �(�  �,(!*9�'! 78-88% (��!�6��. �('�����(. 

 G15 (40 kDa) & )�2� � 13  &�&"2�! (��!�6��+ �(�+"��&( �(� -�(,2) � -����+

(&� ��� '&�"��& � G1 '&���!+- �, &()�'%�+9�!�(� ��!� 51-53% (��!�6��.

�('�����( � ��� +"" � 4 �%���),2�. �� G11-4  *!(� &(!�(��$ &()�$% �, % 

(!�*0 %� � �� G15, � �&�*(  �,)+9 �(� ��!� %�� � !�)��� ! ')��� %$%���(. 

�� G1 '&���!+- � ���)+9�!�(� �*( ���!. �)�%-�+%�(�� -��. � �� (��!�� "���

��'� +�)� !(  �,(!*9 � -��. ��'"�')�(%�2!�� %& *)(� (coiled-coil), %��!

�&�*( %'!-2 �(� %� !+ � G# '&���!+-( (Smrcka, 2008). �� '&�"��&� ���

&)/� :!�� &)�%����+9 � � �*(  &�+-&�2)'#� &)�&2"(, � �+0 &� )$#�� !(

(&�� " *�(� (&� %'#�"*!�!�( 1-&�'�/�+ ,$""(. �� G1 '&���!+- � (!.��'!

% ��( ����#2! �( &)/� 7!3! &�'  �,(!*9�'! 7 WD40  &(!(".5 ��. ��

&)/� :! � ('�2� �()(���)*9�!�(� (&� 2!(  &(!("(�1(!�� !� ���*1�

�)'&��,+!��-(%&()����$ �62�� (WD), %'!�"���$ �.��'� 27-45 (��!�62/!, 

%�� �2"�� ��' �()1�6'� "���$ ��'� +�)�' (Garcia-Higuera et al., 1996). 

�� G# '&���!+- � (7-8.5 kDa) -�(,2)�'! & )�%%�� )� � �(6$ ��'� (&�

��� �� G1 �(� ���)+9�!�(� (&� 27% 2/� 76% (��!�6��. ���"�#*(. 
��!

 � )��)�� ). �(�+%�(%�, � G1 '&���!+-(  ,+&� �(� ��%� � �� (��!�� "���

+�)�, �%� �(� �  �� �(�2! � 02% �� %��! & )���. GTP/GDP &)�%- %�� ���

G( '&���!+-(�.  (- "��� �-.� G# '&���!+-(  *!(� %� !+  !%/�(�/�2!�

%��!  &�,+! �( ��� G1 '&���!+-(� �(� - ! 2)� �(� %  &(,. � �� G(. ��
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G1# '&���!+- �  *!(� &)/� :! �, �� �&�* � &)�%-2!�!�(� %��! &"(%�(���.

� �1)+!� �2%/ � �+-� �(,)(%���3! �)�&�&��.% /!. 
'#� �)��2!(, �� G#

'&���!+- � -�(02��'! %�� �()1�6'� "��� ��'� +�)� �� %'!��)��2!�

(""�"�'�*( Cys-Ala-Ala-x, � �&�*( " ���')# * /� 02%� &) !'"*/%��, ��(

�)�&�&�*�%� �/! &)/� 7!3! &�'  *!(� (&()(*���� #�( ��!  !��&�%�� ��'�

%�� � �1)+!�.  %$9 '6� �/! G1# '&���!+-/! � �� G(  *!(� (&()(*����

#�( �� %��� '%� ��' G1# %'�&"���' %�� � �1)+!� (Oldham and Hamm, 

2008).  

� )�"�� �/! G1# '&���!+-/! ()���+ 0 /) *�� ��� .�(! !( -� '��"$! �

�� %$9 '6� ��' G(1#  � )��)�� )�$� %��'� GPCRs �(� !( " ���')# * /�

(!(%��"2(� ���  ! )#����(� ��� G( '&���!+-(�. 
.� )(  *!(� &"2�!

(&�- - �#�2!� �(� #!/%�� ��� ��  " $0 )� G1# %$�&"��� 2� � ��! ��(!����(

!( )'0�*9 �,  6*%�' � �� G( '&���!+-(, �� -)+%� -�(,�)/! � " %�3!, 

�&/�  *!(� �  PLC1, �� ���Ks, -�+,�) � �%���),2� ��� AC, �(!+"�( ��!�/!

�(� � ��3-��!+%�, � �(6$ +""/! (����!( 6). �('���)�!(,  *!(� % 02%� !(

(""�" &�-)+ � ��'� '&�-�� *�, �2%/ ��� �()1�6'� "��.� & )���.� �/! 1

�(� # '&���!+-/!, �(� !( &)�%-2! �(� %��! �'��()��. � �1)+!�, 

" ���')#3!�(� /� ��)*/�( #�( �� -����')#*( %'�&"��/! � +"" � &)/� :! �. 

�6*9 � !( %�� �/0 * ��� �� G1# -�� )2� - ! 2� � �+&��( �(�("'���. & )���. �(�

%'! &3� )'0�*9 � �� %��(��-���%� �2%/ &)/� 7!��3! (""�" &�-)+% /!

(Smrcka, 2008).   6 $) %� ��� -��.� �/! G1# '&���!+-/! 2- �6 ���

�'%�(%���+ '&+)� � &�"$ ���). -�(,�)+ %��! %'!�"��. -��. �/! G1#, 

(&�'%*( �(� &()�'%*( ��� &)�%- �2!�� G( '&���!+-(� . +""/!

&)/� 7!3! (Sondek et al., 1996).  &)�,(!.� 2"" �5� %��(!���3! (""(#3!

%�� -�(��),/%� �/! G1# '&���!+-/! �(��&�!  ! )#�&�*�%�� �/! G 

&)/� 7!3! 2� � �-�#.% � %�� %'�&2)(%�( ��� �� (""(#2� &�' %'�1(*!�'!

%�� -�(��),/%� ��� G( '&���!+-(� � �+ ��!  ! )#�&�*�%. ��� �-�#�$!

%��! (&��+"'5� ��� %��(��-����.�  &�,+! �(� ��' G1# %'�&"���' (Smrcka, 

2008). 

8�%�, "��&�!, �+0  � )��)�� ).� G &)/� :!� �&�) * !(  &+# �

��'"+��%��! -$� %��(��-����+ ��!�&+��(, 2!( �2%/ ��� ( '&���!+-(� �(�

2!( - $� )� �2%/ ��' 1# -�� )�$�. �!��$����, � � #("$� )�� ()�0��� �/! 1#

-�� )3! &�'  &+#�'! �'��()��2� (&��)*% �� &)�2)��!�(� �')*/� (&� �(

 � )��)�� ). ��� G(i/� ����#2! �(� (Landry et al., 2006). �()��� ��
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& )�%%�� ) � G1 �&�)�$! !( (""�" &�-)+%�'! � ��� & )�%%�� ) � G#

'&���!+- �, %��! &)+6� - ! 2��'! &()(��)�0 * �(� �� 60 &�0(!�* -�� ) *�

%'!-'(%��*. �&�&"2�!, ()� �+ G1# %$�&"��( �&�)�$! !( (""�" &�-)�$!

� ��! *-�( �%���),. ��� G( '&���!+-(�, # #�!�� &�' '&�-�"3! � ��� ��%�

� -�(,�) ���. 2�,)(%�, �%� �(� � '&��'��()��. ��'� �(�(!��. &(*9�'!

%��(!���� )�"� %�� )$0��%� ��� %��(��-���%�� �/! G &)/� 7!3! (Oldham 

and Hamm, 2008).  


����� 6. ����*�-" % � ��'!�; ���� �%� ��" G$� �% ! ��,�". �� G1#

'&���!+- � )'0�*9�'! ��( % �)+ � " %�3! %��!  &�,+! �( �/! �'��+)/!, 

%'�& )�"(�1(!��2!/! -�(,�)/! �%���),3! ��� (- !'"��.� �'�"+%��, 

�(!("�3! (%1 %�*�' �(� ��� ,/%,�"�&+%�� C1, � �(6$ +""/!. �)�%,(�(, 

 !��&*%���(! !2 � (""�" &�-)3% � &)/� :! � &�' � �+#�'! G1#- 6()�3� !(

%.�(�( % +""( '&��'��()��+ -�(� )*%�(�(, �&/� %�� %'%� '. Golgi [&)/� 7!��.  

��!+%� D (PKD)], %�� �'��()�&"(%�( [(&�(� �'"+%� �/! �%��!3! 5 (HDAC5), 

'&�-��2(� ���  ! )#�&����2!�� C ��!+%�� 1 (RACK1), SNAP '&�-��2(� (SNARE, 

soluble NSF attachment protein receptor)], �(03� �(� %��! &').!( [RGS7-

&)�%- !�� !� &)/� :!� (R7BP), &)/� :!� &)�%- !�� !� %��!  !�%�'�. �/!

"�&��'��+)/! (AEPB1), '&�-��2(� #"'����)���� �-3! (GR) �(� HDAC5)]. �(

&()(- *#�(�( &�' &()�'%�+9�!�(�  *!(� (!��&)�%/& '���+ �(� - ! & )�"(�1+!�'!

�"�'� ��'� G1# � " %�2� (Dupré et al., 2009).  
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�� G1# '&���!+- � �'%�(%���+ " ���')#�$! /� ��(  !�(*( �!�����(, 

�2%/ (""�" &*-)(%�� �/! (��!�� "��3! ��'� +�)/!, � �&�*( %'!.0/�

%'�1(*! � � �� 1�.0 �( %'!�-3! ��)*/!. �%��%�,  *!(� %(,2� ��� �(� �� -$�

&(*9�'!  6*%�' %��(!���� )�"� %�� )$0��%� �/! � " %�3!. �( &)3�(

%���� *( #�( 2!(! " ���')#��� )�"� ��� G# '&���!+-(� %��!  ! )#�&�*�%�

 !�� � " %�.  �,(!*%���(! �� 2003, ��(! (&�- *�0�� ��� �� �()1�6'� "���

+�)� ��� G#2 .�(! (!(#�(*� #�( ��!  ! )#�&�*�%� �/! Kir3 �(!("�3! (Peng 

et al., 2003). �&�&"2�!, �� G1# '&���!+- � (""�" &�-)�$! +� %( � ��(

% �)+ GPCRs, %'�& )�"(�1(!��2!/! �/! �2 �(� �3 ��'%�()�!��3!, �/! 1-

(-) ! )#��3! �(03� �(� �/! �- �(� -- �&�� �-3! (Wu et al., 1998; Galés et al., 

2005; Georgoussi et al., 2006). �� G1# '&���!+- � %'�� �2��'!  &*%�� %��

%�)(��"�#�%� �/! GRKs %��'�  ! )#�&����2!�'� '&�-�� *� (Wu et al., 

1998).  

  ! )#�&�*�%� ��' G1# -�� )�$� �&�) * !( %'�1 *  &*%�� (&�'%*(

'&�-��2(, . (!�(""(#.� !�'�" ���-*/! ��� G(1#, �2%/ ��� (& '0 *(�

(""�" &*-)(%�� � ��! &)/� :!� AGS8 �/)*� !( &)�;&�02� � ��!

(&�%$9 '6� ��' G(1#  � )��)�� )�$� (Sato et al., 2006; Yuan et al., 2007). 

8!(� +""�� ���(!�%��� &�' 2� � &)��(0 * #�( ��!  ! )#�&�*�%� �/! G1#

'&���!+-/! (&�'%*( '&�-��2( & )�"(�1+! � �� ,/%,�)'"*/%� ���

�%��-*!�� 266 ��� G1 '&���!+-(� (&� �� -�,/%,�)��. ��!+%� !�'�" �%�-*/!

(NDPK).  ,/%,�)��. ��+-( � �(,2) �(� %�� %'!2� �( %�� GDP ��� G(

'&���!+-(�, &()+#�!�(� 2�%�  ! )#. G(-GTP '&���!+-(, �/)*� !(

(&(�� *�(� � &()�'%*( ��' '&�-��2( (Cuello et al., 2003).  

�&'!�*� ��" !�������" !� �� !�* ��$�*� ��� ���� ���!���� G 

%����(���

�"�03)( � " �3! 2� � - *6 � ��� �  ! )#�&�*�%� �/! '&�-��2/! &�'

%'9 $#!'!�(� �  G &)/� :! � %'�!+ �(�(".# � %�� )$0��%� -�(,�)/!

� �(#)(,��3! &()(#�!�/! �(� %'!-)'0��%�3! ��� � �(#)(,.�. �& �-. �(

,+)�(�( &�' %��� $�'! %��'� GPCRs (!��&)�%/& $�'! 2!( %��(!����

�2)�� �/! 0 )(& '���3! �'%�3! &�' �)�%���&���$!�(� %.� )(,  *!(�

%��(!���� !( �(�(!�.%�'� �� )�"� &�' -�(-)(�(�*9 � �  ! )#�&�*�%� �/!

GPCRs %��! 2�,)(%� -�(,�)/! #�!�-*/!. �� GPCRs � ��� - %� '�2! �

 � )��)�� ) *� G &)/� :! � )'0�*9�'! �� � �(#)(,. #�!�-*/! �2%/
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&�"$&"��/! -���$/! %��(��-���%��. �'�+ �( ��!�&+��( %��(��-���%��

2��'! � " ��0 *  �� !3� �(� - *�!�'! ��� �� �2%% )�� '&�����#2! � � �/! G(

�(� G1# '&���!+-/! �)�%���&���$! ���!+ (""+ �(� ��!(-��+ ��!�&+��( &�'

�-�#�$! %�� � �(#)(,��. )$0��%� (Ho et al., 2009). 

G

%����:��"

��������.

%���� ���"


�,��!�*�

!����

�&% "

������ �

0�'��

���� �����
���� ��

G�s CREB AC, PKA � ')3! �
�!.�� �(�
�+0�%�

Shaywitz and 
Greenberg, 

1999 

STAT3 
MAPKs, Ras, 
JNK, JAKs, 

Src 
�!�1"+%� �

�'��()����
� �(%��-
�(��%���

Liu et al., 
2006 

G�i/o NF-�� ERK, Src 
SH-SY5Y 

! ')�1"+%�/�(

�& " '02-
)/%�

�'����!3!,  
(!("#�%*(

Kam et al., 
2003;  

Chen et al., 
2006(

STAT3 Rap1, Src 
Neuro-2A 

! ')�1"+%�/�(
� ')����.
(!+&�'6�

Fricker et al., 
2005; 

He et al., 
2005 

G�q NF-��
ERK1/2, c-
Src, PLC1

AR4J &(#�) (����
�()�*!/�(

�" #��-
!3- ��

(&��)*% ��

Liu and 
Wong, 2005(

STAT1/3,  
c-fos 

PLC1, 
ERK1/2, c-
Src, JAK2/3 

HEL  
 )'0)�" '�(��*(

 Lo and 
Wong, 2004; 
2006; Lo et 

al., 2006 

G�12/13
AP-1, c-Jun, 

NF-��
Ras, Rac, 
JNK, p38 

�!�1"+%� �

�'��()����
&�""/%���
�(� � �(!+-

%� '%�

Dermott et 
al., 2004; 

Goulimari et 
al., 2005 

STAT3 
PI3K, JAK, 

Src 
�!�1"+%� �

�! )#�-
&�*�%� ��'

PDGF(

Kumar et al., 
2006; Kelly et 

al., 2007 

G$� c-Jun 
Src, PLC1, 

JNK 
U87 (%�)��$�/�(

8�,)(%�
�'����!3!

Kam et al., 
2007 

MEF2C HDAC5 HEK293 �$��()(

	� '��-
"'!%� ���
MEF2C-
� %�"(-
1�$� !��

� �(#)(,.�

Spiegelberg 
and Hamm, 
2005; 2007 

G$2�2  

GR 
+� %�

&)�%- %�
GH3 �$��()(

�(�(%��".
��� GRE-
� %�"(-
1�$� !��
#�!�-�(�.�
� �(#)(,.�

Kino et al., 
2005 

0�����" 1. �$0��%� ��� � �(#)(,��.� -)(%��)�����(� �2%/ �/! G( �(� G1#

'&���!+-/! �/! G &)/� 7!3!. 
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��""2� (!(,�)2� -�"3!�'! ��� � %��(��-���%� �2%/ �/! G 

&)/� 7!3!  �&"2� �(� %��! &�""(&"(%�(%��, %�� -�(,�)�&�*�%� �(� % 

&�""2� +"" � �'��()��2� -� )#(%* �. ��( &()+- �#�(, � ($6�%� ���

&()(#/#.� cAMP, � �+ ��!  ! )#�&�*�%� ��� '&�����#2! �(� �/! Gs 

'&���!+-/!,  ! )#�&�� * ��! � �(#)(,��� &()+#�!�( CREB �2%/ PKA-

� %�"(1�$� !/! ,/%,�)'"�3% /! �(�  &�) +9 � �� )$0��%� �/! ����

��!�&(��3! �(� /�  � ��$��' �(0�-��3! � �(#)(,��3! &()(#�!�/!, �&/�

 *!(� � STAT3 (�*!(�(� 1) (Shaywitz and Greenberg, 1999; Liu et al., 2006).  


�� ! ')��� %$%���(, �)�%�2!�� GPCRs &�' %'9 $#!'!�(� �  G(i/o 

'&���!+- �,  ! )#�&���$! -�+,�) � ��� ��!+% � �(�  &+#�'! ��

� �(#)(,��.  ! )#����( �/! &()(#�!�/! STAT3, NF-�B �(� c-Jun (�*!(�(�

1) (Kam et al., 2003; Fricker et al., 2005; He et al., 2005; Chen et al., 2006(). 

�&� ��! +""� &" ')+, �� '&�-�� *� �/! ('6����3! &()(#�!�/!

�)�%���&���$! �2"� ��� Gi/o '&�����#2! �(� #�( !(  &+#�'!  ) 0*%�(�( &�'

%'�1+""�'! %��! �'��()��.  &�1*/%� �2%/ ��� Akt ��!+%�� (Wu and Wong, 

2005).  G(o &�' 1)*%� �(� % (,0�!*( %��'� ! ')3! � �(�  !��&*9 �(�

%��'� ('6�����$� �3!�'� �/! (!(&�'%%�� !/! ! ')��3!, &(*9 � �'%�(%����

)�"� %�� ! ')����. (!+&�'6� (He et al., 2006; Bromberg et al., 2008). 

&)/� :!� ('�. (G(o)  *!(� (&� ��� &)3� � G( '&���!+- � &�' 1)20�� !(

 ! )#�&���$! ��! STAT3 � �(#)(,��� &()+#�!�( �2%/ ��� Src ��!+%��

(Ram et al., 2000),  !3 - -��2!( - ��!$�'! ��� �(� � G(i2, � &()�����

�)�&� �&/� � G(o, � %�"(1 * %��!  ! )#�&�*�%� ��� STAT3 (Corre et al., 

1999). � "2� � 2- �6(! ��� �  ! )#�&�*�%� ��' '&�-��2( ��� % )���!*!�� 5-

�1� �(� ��' �(!!(1�!� �-�$� CB1 �-�# * %�� ,/%,�)'"*/%� �(�

 ! )#�&�*�%� ��� STAT3 �2%/ �/! G(i/o &)/� 7!3!, # #�!�� &�' �-�# *

%�� ! ')����. (!+&�'6� �/! Neuro-2A �'��+)/! (Fricker et al., 2005; He et al., 

2005).  

�()���� � � "2� � % '&�-�� *� &�' %'9 $#!'!�(� � �2"� ��� Gq 

'&�����#2! �(� 2- �6(! ��� �� Gq '&���!+- �  &+#�'! ��!  ! )#�&�*�%�

� �(#)(,��3! &()(#�!�/!, �&/�  *!(� � NF-�B �(� �� STAT1 �(� STAT3, 

�2%/  !�� &�"$&"���' -���$�' &�' (&�� " *�(� (&� -�+,�)( %��(��-����+

 !-�+� %( ��)�( (�*!(�(� 1) (Liu and Wong, 2005(; Lo and Wong, 2006; Lo 

et al., 2006). ��( &()+- �#�(, �  ! )#�&�*�%� ��� STAT3 (&� ��! --�&�� �-.

'&�-��2( �2%/ ��� G(14 (&(�� * 2!( %��(��-����� ��!�&+�� &�'
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& )�"(�1+! � ��! PLC1, ��! PKC �(� ��� ��!+% � c-Src �(� JAK2/3 (Lo and 

Wong, 2004). �&� ��! +""� &" ')+, �(� �( -$� �2"� ��� G(12/13 

'&�����#2! �(�  ! )#�&���$! -�+,�) � ���)2� GTP+% �, �� �&�* �  ���� (&�

�� )�"� &�' &(*9�'! %��! �)#+!/%� ��' �'��()�%� " ��$  ! )#�&���$!

-�+,�)( � �(#)(,��+ # #�!��( �2%/ �/! ��� ��!(%3!, . )'0�*9�'!

� �(#)(,���$� &()+#�!� �, �&/�  *!(� � STAT3, � c-Jun �(� � NF-��

(�*!(�(� 1) (Dermott et al., 2004; Goulimari et al., 2005; Kumar et al., 2006; 

Kelly et al., 2007; Ho et al., 2009).  


����� 7. ��������" ��� " ��� G$� �% ! ��,�� *�� �&'!�*� ��" � ��,���"

-����*�".  %��(��-���%� �2%/ ��' G1# %'�&"���'  &�) +9 � ��! 2�,)(%�

#�!�-*/! �2%/ -�(,�)/! �"(%��3! ��!�&(��3!, %�( �&�*( %'�� �2��'! �( 2!9'�(

PLC1 �(� AC, �(� �(�+ %'!2& �( � &()(#/#. �/! - '� )�# !3! (## "��,�)/! Ca2+

�(� cAMP, �(03� �(� �  ! )#�&�*�%� �/! MAP ��!(%3!. �)�%,(�(, 2��'!

& )�#)(, * ()� �2� +� % �,  !-�&')�!��2� %'!-2% �� � �(6$ �/! G1# '&���!+-/!

�(� ��� � �(#)(,.� #�!�-*/!, �2%/ (""�" &�-)+% /! � ��'� � �(#)(,���$�

&()+#�!� � MEF2C �(� GR, �(03� �(� ��'� %'!-)'0��%�2� ��� � �(#)(,.� HDAC5 

�(� AEBP1 (adipocyte enhancer binding protein 1). 

�� )�"�� ��' %'�&"���' 1# �/! G &)/� 7!3! %�� � �(#)(,��. )$0��%�

 *!(�  ,+��""�� � ('��$� �/! G( '&���!+-/!. ���!�* � " %�2�, �&/� �

PLC1 �(� �%���),2� ��� (- !'"��.� �'�"+%�� (AC) )'0�*9�!�(� -�(,�)��+

(&� �� G1# -�� )2� �(� %'! &3�  &+#�'! -�(,�) ���+ �(�())�7�+

� �(#)(,��+ # #�!��(. �( � " '�(*( �)�!�(, 2!(� ('6(!�� !�� ()�0���
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 )#(%�3! (&�- ��!$ � ��! %��(!���� " ���')#��� )�"� �/! G1# '&���!+-/!

%�� )$0��%� -�(,�)/! � �(#)(,��3! &()(#�!�/! (�*!(�(� 1). ��(

&()+- �#�(, �� G1# -�� )2�, �� �&�*�  !��&*9 �(� �(� &')�!��+, (""�" &�-)+

+� %( � ��! (&�(� �'"+%� �/! �%��!3! HDAC5 �(� � ('�� ��! �)�&�

&() �&�-*9 �(� � � �(#)(,��. �(�(%��". ��' &()+#�!�( MEF2C (myocyte-

specific enhancer factor 2C) (����!( 7) (Spiegelberg and Hamm, 2005). 

�'%�(%���+, � G1#-HDAC5 (""�" &*-)(%� -� '��"$! � �(�  !�%�$ � ��

MEF2C-� %�"(1�$� !� #�!�-�(�. � �(#)(,. (Spiegelberg and Hamm, 2007). 

8!(� +""�� &')�!���� &()� !2) ��' G1# %'�&"���'  *!(� � '&�-��2(� �/!

#"'����)���� �-3! (GR) (����!( 7).   ! )#�&�*�%� ��' '&�-��2( ���

%/�(��%�(�*!�� %  GH3 �$��()(  &+# � ��! &')�!��. � �(��&�%� �/! G1#

'&���!+-/! �(� ��! (""�" &*-)(%. ��'� � ��! GR, &() �&�-*9�!�(� 2�%�

�� � �(#)(,��. -)(%��)�����( ��' � " '�(*�' (Kino et al., 2005).   

�6��%�� */��  *!(� �� # #�!�� ���  ���� (&� ��� G1# �(� �� G(

'&���!+- �  !��&*9�!�(� % -�+,�)( �'��()��+ -�(� )*%�(�(,  ���� ���

&"(%�(���.� � �1)+!��, �&/�  *!(� �� �'��()�&"(%�( �(� � &').!(�, �&�', 

�&/� 2� � - ��0 *, -�(-)(�(�*9�'! 2!( %��(!���� " ���')#��� )�"� % 

-�+,�) � �'��()��2� -� )#(%* �. ��( &()+- �#�(, �� �'��()�&"(%�(���2� G 

&)/� :! � %'!-2�!�(� � ��'� ���)�%/"�!*%��'� ��' �'��()�%� " ��$, �(� � 

('�� ��! �)�&� %'�� �2��'! ��%� %��! �'��()��. -�(*) %� �%� �(� %��

-�(,�)�&�*�%� (Willard and Crouch, 2000; Sarma et al., 2003). �( � " '�(*(

�)�!�( 2� � %�� �/0 * %��(!���. &)��-�� %��! �(�(!��%� �/! " ���')#��3!

(""�" &�-)+% /! �/! G &)/� 7!3! � ��'� ���)�%/"�!*%��'�, �(� �(

 ').�(�( &�' &)�2�'5(! (&� ��� � "2� � ('�2� - *�!�'! ��� ��%� �� G( �%�

�(� G1# (""�" &�-)�$! � ��! ��'�&�'"*!� �/! ���)�%/"�!*%�/! �(�

%'�� �2��'! %��!  6()�3� !� (&� ��'� ���)�%/"�!*%��'� �*!�%� �/!

� !�)�%/�+�/!/�)/��%/�+�/! �(�+ ��! �'��()��. -�(*) %�. � ��! �)�&�

('��  &��'#�+! �(� 2!(� !2�� ���(!�%��� &�' %'�� �2� � %��!

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

�� ! ')/!��. -�(,�)�&�*�%�, -�(-��(%* � %��� �&�* �  *!(� %��(!���. �

-����. &"(%�������( &�' &()2��'! �� ���)�%/"�!*%��� #�( �� %���(��%��

�/! %'!(&���3! %'!-2% /! �(� �� � �+-�%� ��' %.�(��� (Roychowdhury 

and Rasenick, 2008). 
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2. �0��
��
�# 30���4
�# ��� �0��
��� 0
0�����

�( �&�� �-. �)�%���&���$!�(� ��"�+- � �)�!�( �3)( #�( �� 0 )(& *( ��'

�62�� �(� �)�!��' &�!�'. �)�%,(� � %�(��%���2� (!("$% �� - *�!�'! ���

& )*&�' �� 90% �/! (%0 !3! � �)�!�� &�!� "(�1+!�'! �&�� �-. /�

0 )(& *( (Trescot et al., 2006). �()�"( ('�+, � ��).#�%� �&�� �-3!  &�,2) �

�(� �*( % �)+ (! &�0$���/! &() ! )# �3!, ��%� %�� ! ')���, �%� �(� %�(

& )�, )��+ %'%�.�(�(. �� &�� ���!2� &() !2)# � � &�' &)��("�$! �(

�&�� �-. & )�"(�1+!�'! !+)�/%�, 9("+-(, !('�*(, 2� ��, -'%���"�����(, 

,'%��.  6+)��%�, (!��. �(� �(�(%��". ��' (!(&! '%����$ %'%�.�(���

(Benyamin et al., 2008). 

�(  !-�# !. �&�� �-. & &�*-�( &�' &()+#�!�(� �2%( %��! �)#(!�%��

&)�2)��!�(� (&� �)*( (! 6+)���( #�!*-�(, �( �&�*( �/-���&���$! �) ��

&)�-)�� � &)/� :! �, #!/%�2� /� &)�-�&��� "(!���)�*!� (POMC), &)�-

 #� ,("*!� (PENK) �(� &)�--'!�),*!�. �&� �( &)�-)��( ('�+ ��)�(

&()+#�!�(� �( &�� (!��&)�%/& '���+  !-�# !. �&�� �-. & &�*-�( &�'  *!(� �

1- !-�),*!� #�( ��! �-OR, �� Met- �(� Leu- #� ,("*! � #�( ��! --OR �(� ��

-'!�),*! � #�( ��! �-OR (Mansour et al., 1995(). 	$�  &�&"2�! & &�*-�(, ��

 !-���),*! � 1 �(� 2, (&�� "�$!  &*%��  !-�# ! *� �&�� �- *� &)�%-2� �, 

 &�" �����$� #�( ��! �-OR (Zadina et al., 1997).  

��  !-�# !2� �&�� �-2� %$%���( ( !-�# !. �&�� �-. & &�*-�( �(�

�&�� �- *� '&�-�� *�)  *!(� #!/%�� ��� &(*9 � %��(!���� )�"� % &�""2�

&�'�2� ��� ,'%��"�#*(� �(� ��� ! ')�1��"�#*(� (Kreek, 2010). �(�(!2� �(�

 ')2/� %��'� � !�)���$� �(� & )�, )���$� ! ')3! �, %�� ! ')� !-��)�!���

�(� (!�%�&������� %$%���(, %�( 1" !!�#�!( �$��()( �(� % &�""+ +""(

%'%�.�(�( ��' �)#(!�%��$. �'�. �  ') *( �(�(!��. ��' %� �*9 �(� � ��!

%��(!���� )�"� &�' �� %$%���( �/! �&�� �-3! &(*9 � % 2!( &".0��

,'%��"�#��3! " ���')#�3! �(� (&��)*% /! �&/�  *!(� � &�!�� �(� �

(!("#�%*(, � (!��. �(�  6+)��%�, � �!.�� �(� �+0�%�, ��  !-��)�!���

%$%���(, �� ! ')��2� -�(�()(�2� �(� � ! ')�,'%��"�#*(, �� �()-�(## �(�2� �(�

(!�%�"�#��2� (&��)*% ��, � &25� �(� � (!(&!�. (Bodnar, 2009).  

�� �&�� �- *� '&�-�� *�  ! )#�&���$!�(� ��%� (&�  !-�# !3�

&()(#�� !( �&�� �-. & &�*-�(, �%� �(� (&�  6/# !3� ��)�#�$� !( �&�� �-.

(!+"�#(, �&/�  *!(� � ��),*!� �(� � �)/*!�, �( �&�*( - ! 2��'! ��!�
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(!("#����. -)+%�, (""+ &)��("�$! �(� 2!��!�  6+)��%�. �� �&�� �- *�

'&�-�� *� (!.��'! %�� � #+"� '& )����#2! �( �/!  &�( "��� �-3!

'&�-��2/!. �� �"(%���* GPCRs (&�� "�$!�(� (&� 2!(  6/�'��()���

(��!�� "��� +�)�, 7 -�(� �1)(!��+  "��� �-. ��.�(�(, 3  6/�'��()��2� �(� 3 

 !-��'��()��2� 0�"�2� &�'  !3!�'! ��� -�(� �1)(!��2� 2"�� �, �(� 2!(

 !-��'��()��� �()1�6'� "��� +�)� (����!( 8). �� G &)/� :! � &)�%-2!�!�(�  

%�� �()1�6'� "��� +�)� ��' '&�-��2(, %��! 3�  !-��'��()��. 0�"�+ �(� %��

DRY ���*1� ��� 2��  !-��'��()��.� 0�"�+�.   ! )#�&�*�%� �/! �&�� �-3!

'&�-��2/! �-�# * %��!  ! )#�&�*�%� �/! G &)/� 7!3!, �� �&�* �

)'0�*9�'! &"�03)( � " %�3!. ��  ! )#�&����2!�� �&�� �- *� '&�-�� *�

,/%,�)'"�3!�!�(� (&� ��� GRKs �(� " ���')#�$! /� '&�%�)/�( #�( ���

()) %�*! �, �� �&�* � ��'� �-�#�$! % ��!�&+��(  %/� )*� '%�� �(�

(& '(�%0���&�*�%�� (Marie et al., 2006).   


����� 8. � ! ���  %� ��,�� �% , .-��. �+0 -�(� �1)(!��. 2"��(

(!(#!/)*9 �(� � 2!(! "(��!��� ()�0��. �� " '��* � !�* �$�"�� (!��&)�%/& $�'! ��-

%'!��)��2!( (��!�62( � �(6$ �/! �-OR, --OR, �-�R �(� ORL-1. �� " '��*

� 2!( #)+��( �$�"�� (!��&)�%/& $�'! �('��%��( (��!�62( � �(6$ �/! � %%+)/!

�&�� �-3! '&�-��2/!. �� �/1 �$�"�� - *�!�'! & )(��2)/ �('�����( � �(6$ �/!
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�-OR, --OR �(� �-�R. �� &)+%�!�� �$�"�� ��!*9�'! �( '5�"+ %'!��)��2!(

�(�+"��&( � �(6$ �/! GPCRs ��� ����#2! �(�, %��! �&�*( (!.��'! �� �&�� �- *�

'&�-�� *�. �� �*�)�!�� �$�"�� (& ���!*9�'! ��� -$� %'!��)��2! � �'%� :! � %���

 6/�'��()��2� 0�"�2� 1 �(� 2, �� �&�* � %���(�*9�'!  ��( -�%�'",�-��. #2,')(. IL = 

 !-��'��()��. 0�"�+, EL =  6/�'��()��. 0�"�+.   

�) �� - �( �* �  �� !3! ,()�(��"�#��3! � " �3! (&��+"'5(! ��!

$&()6� -�(,�) ���3! '&��$&/! �/! �&�� �-3! '&�-��2/! (Lord et al., 

1977). 
'#� �)��2!(, 2��'! �"/!�&���0 * 4 �&�� �- *� '&�-�� *�, � - (--OR), 

� � (�-OR), � � (�-OR) (Li et al., 1993) �(� � ORL-1 (opioid receptor-like 1) 

(Mollereau et al., 1994). �� �&�� �- *� '&�-�� *� �"/!�&��.0��(! %��� ()�2�

��� - �( �*(� ��' 1990 �(�  �� ! *� ,()�(��"�#��2� � "2� � �()(��.)�%(!  

��'"+��%��! 12 '&��'&�'� �/! �-, -- �(� �- �&�� �-3! '&�-��2/! (�1, �2, �3, 

-1, -2, �1a, �1b, �2a1, �2a2, �2b1, �2b2, �3) (Snyder and Pasternak, 2003; 

Pasternak, 2005). � )���* (&� ('��$� ��'� '&��'&�'� (&�� "�$! &)�7�!�(

 !(""(�����$ �(�*%�(���,  !3 +""�� (!��&)�%/& $�'!  � )�-�� ). �/!

�&�� �-3! '&�-��2/!, �( �&�*(  �,(!*9�'! 6 �/)�%�� ,()�(��"�#���

&)�,*" �(� -�(,�) ���. %��(��-���%� (Tso and Wong, 2003). �( #�!*-�( �/!

�-, -- �(� �- �&�� �-3! '&�-��2/! 2��'! &()����( -��., � �&�*(

�()(���)*9 �(� (&� �)*( �-�(*� )( %'!��)��2!(  63!�(, # #�!�� &�'

'&�-�"3! � ��� &�0(!3�  6 "*�0�%(! (&� 2!( ���!� &)�#�!��� #�!*-�� (Law 

et al., 2004). 
$#�)�%� ��� (��!�6��.� (""�"�'�*(� �/! �, - �(� � '&�-��2/!

(&��("$&� � & )*&�' 60-70% (��!�6��. �('�����(, �-�(*� )( %���

 !-��'��()��2� 0�"�2� (86-100%) �(� ��� -�(� �1)(!��2� & )���2� (73-76%) 

(����!( 8). �!�*0 �(, �(  6/�'��()��+ ��.�(�(, %'�& )�"(�1(!��2!/! �/!

�)�3!  6/�'��()��3! 0�"�3! (14-72%) �(� ��' (��!�� "���$ +�)�' (9-10%), 

�(0�)*9�'! ��!  &�" ��������( �/! '&�-��2/! ('�3! #�( -�+,�)�'�

&)�%-2� � (Kieffer and Evans, 2009). � ORL-1 &()�'%�+9 � � #+"� ���"�#*(

(& )*&�' 65%) � ��'� '&�"��&�'� �&�� �- *� '&�-�� *� (""+  �,(!*9 �

&�"$ ���). %'##2! �( #�( �"�'� ��'� �"(%%���$� (#/!�%�2� �/! �, - �(� �

'&�-��2/! (Surratt and Adams, 2005).  

��! � " '�(*( - �( �*( 2��'! �(�(%� '(%� * -�(#�!�-�(�+ &�!�*��(, %�(

�&�*( 2��'! (& ! )#�&���0 * �( #�!*-�( &�' �/-���&���$! ��'� �-, -- �(� �- 

�&�� �- *� '&�-�� *� (knockout, ��), �(03� �(� �( #�!*-�( &�' �/-���&���$!
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��'�  !-�# ! *� �&�� �- *� (#/!�%�2� (Kieffer and Gaveriaux-Ruff, 2002). 

��!�*��( &�' %� )�$!�(� 2!( ��!� '&��'&� '&�-��2(, . (���� �(� �)�&"+

knockout &�!�*��(,  *!(� 1�3%��( �(� #�!��( �(� - ! &()�'%�+9�'! �(!2!(

 �,(!2� (!(&�'6�(�� &)�1"��( (Kieffer and Gaveriaux-Ruff, 2002). 

,- %� ��," �% , .-�"

� --�&�� �-.� '&�-��2(� ��' &�!����$ .�(! � &)3��� �&�� �-.�

'&�-��2(� &�' �"/!�&��.0��  (Evans et al., 1992; Kieffer et al., 1992). 

�()+ ��! $&()6�  !�� --OR #�!�-*�' %�( 0�"(%���+, in vivo ,()�(��"�#��2�

� "2� � 2��'! &)�� *! � ��! $&()6� -$� '&��$&/! ��' '&�-��2(, �/! -1 �(�

-2 (Jiang et al., 1991; Mattia et al., 1991; Sofuoglu et al., 1991; Vanderah et 

al., 1994). � -1-'&�-��2(� 0 /) *�(� ���  ! )#�&�� *�(� (&� �( & &�*-�( [D-

Pen2, D-Pen5]- #� ,("*!� (DPDPE) and [D-Ala2, D-Leu5]- #� ,("*!� (DADLE) 

�(� �&"��+) �(� (&� ��! [Ala2, Leu5, Cys6] #� ,("*!�. � -2-'&�-��2(� 2� �

&)��(0 * ���  ! )#�&�� *�(� (&� �� - "��),*!� �� (deltorphin II) �(� �� & &�*-��  

[D-Ser2, Leu5]- #� ,("*!�-Thr6 (DSLET) �(� � -)+%� ��' &() �&�-*9 �(�

&()�'%*( ��� !("�)�!��"�� (naltrindole-5>-isothiocyanate). �� --�&�� �- *�

(#/!�%�2� (&�� "�$!  "�'%���2� ,()�(� '���2�  !3% �� #�( �� 0 )(& *( ��'

&�!�', - -��2!�' ��� &()�'%�+9�'! �%�'). (!("#����. -)(%��)�����( � 

%� ���+ "*# � &() !2)# � �. 

  ! )#�&�*�%� ��' --OR  �&"2� �(� % �()-��&)�%�(� '���2� (Gross 

et al., 2004), (!���(�(0"�&���2� (Jutkiewicz, 2006) �(� ! ')�&)�%�(� '���2�/ 

! ')�# ! ���2� -)+% �� (Narita et al., 2006). �)+#�(�� �  ! )#�&�*�%� ��'  !

"�#/ '&�-��2( �-�# * %��!  &�1*/%� �/! PC12 �'��+)/!, (""+ �(�

! ')3!/! ��' � !�)���$ ! ')���$ %'%�.�(���, ��'� �&�*�'� &)�%�(� $ �

(&� �'��()��� 0+!(�� (Borlongan et al., 2004; Narita et al., 2006). 

�!("'����� )(, - *�0�� ��� �  ! )#�&�*�%� ��' --OR (&� ��! (#/!�%�.

SNC80 % %'!-�(""�2)# � � ! ')3!/!/#"�*(� ��' ,"���$ �(�(%�2"" � ��!

2�2- &(#�� !� &)/� �"'%� ��� �(%&+%�� 3 (Narita et al., 2006).  

�&�&"2�!, � ��).#�%� ��' --�&�� �-�$� & &��-*�' DADLE 1)20�� !(

&()(� *! � ��!  &�1*/%� & )�, )��3! �)#+!/!, �&/�  *!(� � &! $��!(�, �

�()-�+, �� .&() �(� �( ! ,)+ (Borlongan et al., 2004). 

� --OR .�(! 2!(� (&� ��'� &)3��'� GPCRs &�' ,+!�� !(

&()�'%�+9 � �-��%$%�(��  ! )#����(, ��%� ��(!  �,)+9 �(�  !-�# !3�, �%�
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�(�   6/# !3� (Costa and Herz, 1989). � �+ �� ��).#�%� (#/!�%�., � --OR 

,/%,�)'"�3! �(� (&� ��� GRKs (Ser 363, Thr 358) (Guo et al., 2000), (""+

�&�) *  &*%�� !( ,/%,�)'"�/0 *  �(� (&� ��! &)/� 7!��. ��!+%� C (Ser 344) 

(Xiang et al., 2001) �(� �� Src �')�%�!��. ��!+%� (Tyr 318) (Kramer et al. 

2000).  ,/%,�)'"*/%� ��' --OR �-�# * %�� %�)(��"�#�%� �/! 1-

()) %��!3!, � (&��2" %�( ��!  %/� )*� '%� ��' '&�-��2( (Zhang et al., 

2008(). � )'0��� ���  &(#�� !�� (&� ��! (#/!�%�.  %/� )*� '%�� ��' --

OR ,(*! �(� !(  *!(� �(�$� )�� (&� ��� �/! �- �(� �-�&�� �-3! '&�-��2/!. 

� �+ ��!  %/� )*� '%�, � --OR '&�� ��(� % %��(!���. (&�))$0��%�, �

�&�*( �, *" �(� �(�+ �$)�� "�#� %��! (&����-���%� ('��$ %�( "'%�%3�(�(

(Ko et al., 1999).  

�)�%���&��3!�(�  �-��+ (!��%3�(�( 1)20�� ���, '&� �(!�!��2�

%'!0.� � �����%�(%��, �� --'&�-�� *� �(�(!2��!�(� %�� �'��()�&"(%�( �/!

! ')3!/!,  !3 ��!� 2!( ���)� '&�%$!�"� �/! '&�-��2/! ('�3!

 !��&*9 �(� %��! &"(%�(���. � �1)+!� (Cahill et al., 2001). 	����')#*(

," #��!.� . &()(� �(�2!� ��).#�%� ��),*!�� �&�) * !( �-�#.% � % 

� �(!+%� '%� �/! --'&�-��2/! %��! �'��()��.  &�,+! �(. �%��%�, %�(

'1)�-��+ �$��()( NG108-15 (! ')�1"+%�/�( X #"�*/�() �(� % %�(0 )+

 &���"'%�2! � �'��()��2� % �)2�, � --OR 1)*%� �(� �(�+ �$)�� "�#� %��!

 &�,+! �( �/! �'��+)/! (Wang et al., 2008). �� --�&�� �- *� '&�-�� *�

 �,)+9�!�(�  ')2/� % �"� �� � !�)��� ! ')��� %$%���( ( &��"�!.� &').!(�, 

(�'#-("., �%,)������ 1�"1��, ,"����, 0+"(���, '&�0+"(���, �&&��(�&��) 

(Mansour et al., 1993), (""+  !��&*9�!�(�  &*%�� �(� % & )�, )���$� �%��$�, 

�&/� % - )�(���+ �$��()( (Bigliardi et al., 2009), % � �(� � % �)2�

" �,��'��+)/! (Gavériaux et al., 1995), %��'� � )(�� �- *�, %�( 1"2,()( �(�

�( � *"� (Wenk and Honda, 1999). 

�( &�!�*��( %�( �&�*( 2� � (& ! )#�&���0 * �� #�!*-�� &�' �/-���&�� *

��! --OR  *!(� 1�3%��(, #�!��( �(� - ! &()�'%�+9�'! (!(�����2� (!/�("* �. 

�&� ��! +""� &" ')+, &()�'%�+9�'! ���)�� )� (!��. %�� ��),*!� % %�2%�

� ('�+ ��' (#)*�' �$&�' &�!�*��( (Zhu et al., 1999).  (&("��,. ��' --OR 

#�!�-*�' ('6+! � ��! ��!��������( �/! &�!���3! (Filliol et al., 2000) �(� ��!

�(�(!+"/%� ("���" (Roberts et al., 2001). --OR-knockout &�!�*��( - *�!�'!

('6��2!� +#��� �(� �(�(0"�&���. %'�& )�,�)+ (Filliol et al., 2000),  !3 2� �

(&�- ��0 * ��� ��%� � ," #��!3-��, �%� �(� � ! ')�&(0������ &�!��  *!(�
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 !��!�� )�� %�( --OR- "" ���(���+ &�!�*��( (Nadal et al., 2006; Gavériaux-

Ruff et al., 2008). �)�%,(�(, (!(�("$,0��  &*%�� ��� � (&("��,. ��' --OR 

#�!�-*�' % &�!�*��( � �(1+"" � �� -�(,�)�&�*�%� ��' -2)�(��� �(�

�(0'%� ) * ��!  &�$"/%� �)('�+�/! (Bigliardi-Qi et al., 2006) . 

!- %� ��," �% , .-�"

�� �-�&�� �- *� '&�-�� *� 1)*%��!�(� �')*/� %��  #� ,("��� %�2" ���

�(� %��! 2%/ 0+"(��, (""+  �,)+9�!�(�  &*%�� �(� % �$��()( ��'

(!�%�&�������$ %'%�.�(��� (Mansour et al., 19951; Sharp, 2006). 

�!��&)�%/& $�'! ��'� �$)��'� ��)�(��$� %����'� ��� ��),*!�� in vivo �(�

� %�"(1�$! %���  ' )# ���2� (""+ �(� %��� ()!����2�  &�&�3% �� �/!  ')2/�

�)�%���&���$� !/! �&�� �-3! (!("�#/! (Matthes et al., 1996). �*!(�

'& $0'!�� #�( ,(�!�� !( �&/� � (!("#�%*(, � (!(&! '%���. �(�(%��"., �

 ',�)*(, � � �/�2!� ��!��������( ��' #(%�) !� )���$ %/".!( �(� ,'%��+ �

 6+)��%�. �� -$� �$)��� �-OR '&��'&�� & )�"(�1+!�'! ��'� �1 �(� �2, �&�'

� �1 %� �*9 �(� � (!("#�%*(,  ',�)*(, �(� �) �*(,  !3 � �2  �&"2� �(� %��!

(!(&! '%���. �(�(%��"., ��! �!�%��, ��! (& " '02)/%� &)�"(��*!��, ��!

 6+)��%� �(� ��! (!�) 6*( (Trescot et al., 2008). �� 2003 & )�#)+,�� 2!(�

 &�&"2�! �-OR '&��'&��, � �3, � �&�*�� (!�(&��)*! �(�  &�" ����+ ��!� %�(

�&��$�( ("�("� �-. (&.�. ��),*!�) �(� ��� % �&�� �-. & &�*-�( (Cadet et al., 

2003). �!(""(����� �+��%�( ��' �()1�6'� "���$ +�)�' ��' �-�&�� �-�$�

'&�-��2( &()(��) *�(�  ')2/� %�� � !�)��� ! ')��� %$%���( �(� �)�%�2!��  

 !(""(����+ �(��%�2!�� �-OR '&��'&�� -�(,2)�'! %�� %��(��-���%� �(�

%��!  !-��'��()��. �'�"�,�)*( ��'� (Pasternak, 2004; Oldfield et al., 2008).  

� �-OR, % (!��%����*( � ��! --OR,  �,(!*9 � �-��%$%�(��  ! )#����(

%�( SH-SY5Y �$��()(, %�( �&�*(  �,)+9 �(�  !-�# !3�, �(� �� *-��

%'�1(*! � � �+ ��! 2�,)(%. ��' %�( ��293 �$��()( (Waldhoer et al., 2004). 

�()(� �(�2!� 2�0 %� ��' �-OR % -�+,�)�'� (#/!�%�2�, �-�# * %��

,/%,�)'"*/%. ��' (&� ��� ��!+% � �/! GPCRs (GRKs) �  &(��"�'0�

-2%� '%� �/! ()) %��!3! %��! '&�-��2(. � �+ �� %$9 '6. ��' � ��� 1-

()) %�*! � � �-OR �(� '0$! �(� %�(  !-�%3�(�(, �&�'

(&�,/%,�)'"�3! �(� �(� %�� %'!2� �( (!(�'�"3! �(�,  &(! )��� !��

« '(�%0���&����2!��» %��! &"(%�(���. � �1)+!�, 2������ #�( 2!(! !2�

�$�"�  ! )#�&�*�%�� (Corbett et al., 2006). � �-OR, � �&�*��, % (!�*0 %� � 
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��! --OR,  !��&*9 �(� �')*/� %��! &"(%�(���. � �1)+!�, �()(���)*9 �(� /�

2!(� �(�2/� (!(�'�"�$� !�� '&�-��2(� (Wang et al., 2008). 
 (!�*0 %� � 

�( & )�%%�� )( &)�(!(, )02!�( �-�&�� �-. & &�*-�(, �  ! )#�&����2!�� � 

�� ("�("� �-2� ��),*!� �-OR  �,(!*9 � ��!(-��+ �()(���)�%���+, �(03� - !

,/%,�)'"�3! �(� (&� ��� GRKs �(� �$� %�)(��"�# * (&�� " %�(���+ ���

()) %�*! �, &()��� 1)*%� �(� %  ! )#. -�(��),/%�. �&�&"2�!, � ��),*!�

(-'!(� * !( &)�+# � ��!  !-��'��+)/%� ��' �-OR, ��%� % �'��()��2�

�(""�2)# � �, �%� �(� %��'� ! ')3! �, % (!�*0 %� � ��'�  !-�# ! *�

& &��-���$� &)�%-2� � �(� �( & )�%%�� )(  6/# !3� ��)�#�$� !( �&�� �-.

,+)�(�( (Waldhoer et al., 2004).   

�"" ���(���+ &�!�*��( /� &)�� ��! �-�&�� �-. '&�-��2( 2��'!

&()(�0 * % &�""+ -�(,�) ���+  )#(%�.)�(. 
�( ��!�2"( ('�+,  6(" *,�!�(�

�" � ��  &�-)+% �� ��� ��),*!��, �&/�  *!(� � (!("#�%*(, �  6+)��%�, �

(!(&! '%���. �(�(%��". . � (!�%��(�(%��".. �&�&"2�!, �( �-OR-knockout 

&�!�*��(,  ���� ��' ��� - ! (!�(&��)*!�!�(� %��! ��),*!�, - *�!�'! � �/�2!�

(*%0��( (!�(���1.� �(� % &�""2� +"" �  0�%���2� �'%* �. �'�� (&�- ��!$ �

��! 1(%��� )�"� &�' � �-OR -�(-)(�(�*9 � %�� �$�"/�( (!�(���1.� %��

! ')��� %$%���( (Waldhoer et al., 2004). 

�- %� ��," �% , .-�"

�� �-�&�� �- *� '&�-�� *�  �,)+9�!�(� % &�""2�  #� ,("��2� & )���2�, 

%'�& )�"(�1(!��2!/! ��' %� "2��'� �(� ��' !/��(*�' �' "�$. �� '&�-�� *�

('��* &(*9�'! %��(!���� )�"� %��! (!("#�%*(, (""+ -����')#�$!, �&/� �(�

�� �-ORs, &�""2� (! &�0$��� � &() !2)# � �, �&/�  *!(� � -$%&!��(, �

 6+)��%�, � -'%,�)*( �(� � �(�(%��". (Trescot et al., 2008). � "2� � 2��'!

- *6 � ��� % '& )!/��(*�  &*& -� � &)�%- %� �/! �-�&�� �-3! (#/!�%�3!

%��'� �-'&�-�� *� &)��(" * (!'&�,�)� -'%,�)*(. �!�*0 �(, ��(! �� �-

(#/!�%�2� & )��)*9�!�(� %��! & )�,2) �(,  ���� ��' � !�)���$ ! ')���$

%'%�.�(���, (!(��',*9�'! . &)�"(�1+!�'! ��! &�!�, (&�, $#�!�(� ���

&() !2)# � � &�' %� �*9�!�(� � �� ��
 (Vanderah, 2010). �� �-�&�� �- *�

(#/!�%�2� 2��'! &)�%,(�( � " ��0 * #�( ��� 0 )(& '���2� ��'� -'!(����� �

2!(!�� ��'  0�%��$. �( - -��2!( 2- �6(! ��� � -'!�),*!�, �  !-�# !.� �-

(#/!�%�.� (&�� " * 2!(! ,'%��� ���(!�%��  "2#��' ��' %3�(��� %��!

 0�%�� (Frankel et al., 2008). �&�&"2�!, &�""�* �-�&�� �- *� (#/!�%�2�
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 &�- ��!$�'! ! ')�&)�%�(� '���. -)+%� % & )�&�3% �� '&�6*(� �(�

�%�(��*(�, '&�- ��!$�!�(� ��! �-OR /� 2!(! !2� 0 )(& '���� %����

(Zeynalov et al., 2006).  

�� �-'&�-�� *�, % (!��%����*( � ��'� -, 1)*%��!�(� �(�+ �$)�� "�#� % 

 !-��'��()��+ -�(� )*%�(�( �(� � �(��&*9�!�(� %��! &"(%�(���. � �1)+!�

/� (&��)�%� %�( -�+,�)(  ) 0*%�(�( (Corbett et al., 2006; Wang et al., 

2008).   ! )#�&�*�%� ��' �-OR ,(*! �(� !( (!�(#/!*9 �(� &�""2� (&� ���

 &�-)+% �� ��' �-OR %��!  #�2,("�, %'�& )�"(�1(!��2!/! ��� (!("#�%*(�, 

��� (!��.�, ��' (�%0.�(��� (!�(���1.� �(� �/! " ���')#�3! �!.��� �(�

�+0�%�� (Pan, 1998). 

��""2� -�(,�) ���2� ��+- � 2��'! &)�� *! � ��! $&()6� �)�3! �-OR 

'&��$&/!, �/! �1, �2 �(� �3, (""+ - !  *!(� %(,2� &3� �� '&��'&�� ('��*

%� �*9�!�(� � �(6$ ��'�, �(03� - ! '&+)��'!  �-���* &)�%-2� � #�( ��! �+0 

'&��'&� (Corbett et al., 2006). � �"/!�&����2!�� �-OR ,(*! �(� !(

(!��%���� * %��! '&��'&� �1. 8� �  &*%�� &)��(0 * ��� � �2 '&�-��2(�

&)�2)� �(� (&� ��!  � )�-�� )�%�� �/! �- �(� -- �&�� �-3! '&�-��2/! (Devi, 

2001). �2"��, �( �-OR-knockout 93( &�' 2��'! &()(�0 * - !  &�- ��!$�'!

 �,(! *� -�(,�)2� %��! (!�*"�5� 0 )����$ . ���(!���$ &�!�', (""+ - !

&()�'%�+9�'! -'%,�)*( � �+ �� ��).#�%� �-OR- &�" ����3! (#/!�%�3!

(Waldhoer et al., 2004). 

0��.-" ��"  %� ��, &" ,��*�": �������� *�!�� ,���*�, 

,��� � % ��*� ��� ���������" % ���%��*��*!�"

�� �&�� �- *� '&�-�� *� &()+#�'! ��� �'��()��2� (&��)*% �� ��'�

�')*/� �2%/ %$9 '6�� � ���  '(*%0�� � %��! ��6*!� ��' ���*�� (���) Gi/o 

&)/� :! �, �� �&�* � (!(%�2""�'! �(�+ �$)�� "�#� ��! AC �(� /�  � ��$��'

��! &()(#/#. ��' cAMP (Georgoussi et al., 1993; Georgoussi et al., 1995; 

Georgoussi et al., 1997; Law et al, 2000; Morou and Georgoussi, 2005). 

�()+""�"(, 2� � - ��0 * &/� �� �&�� �- *� '&�-�� *� )'0�*9�'! �(� 2!(

&".0�� +""/! � " %�3! �&/� �� ,/%,�"�&+%� C (PLC), �� ��!�&+�� �/!

MAP ��!(%3!, �(!+"�( ��!�/! �(� +""( %��(��-����+ ��)�( (Belcheva et al., 

1998; Law et al., 2000) (����! � 9, 10). 


'#� �)��2!(, �� �&�� �- *� '&�-�� *�  *!(� #!/%�� ���  ! )#�&���$!

-�+,�)( �(!+"�( �("*�', %'�& )�"(�1(!��2!/! �/! �(!("�3!  %/� )��.�
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(!�)0/%�� &�'  ! )#�&���$!�(� (&� ��� G &)/� :! � (GIRK), �/!

 ! )#�&���$� !/! (&� �� (%12%��� �(� �/! �(!("�3! M-�$&�' (Williams et 

al., 2001). <&/� �(� � +""( �2"� ��� ����#2! �(� �/! Gi/Go-%'9 '#�2!/!

'&�-��2/!, �� �&�� �- *� '&�-�� *� 2� � (&�- ��0 * ��� (!(%�2""�'! �(

�(!+"�( (%1 %�*�'. �()(-�6/� ��/�, % �)�%�2!�'� �$&�'� �'��+)/!, �

 ! )#�&�*�%� �/! �&�� �-3! '&�-��2/! �&�) *  &*%�� !( &)��("2% �

($6�%� ��� %'#�2!�)/%��  " $0 )�' (%1 %�*�' �2%( %�( �$��()(, 

(& " '0 )3!�!�(� (%12%��� (&� ���  !-��'��()��2� (&�0.� �, .

 !�%�$�!�(� ��!  *%�-� (%1 %�*�' %�( �$��()( (Samways and Henderson, 

2005).  

�� �&�� �- *� '&�-�� *�,  ���� (&� �� !( -)�'! �2%/ �/! Gi/o 

&)/� 7!3!, 2� � - ��0 * !(  ! )#�&���$! �(� G( '&���!+- � (! 6+)��� � ���

��� -)+%��, �&/�  *!(� � Gz �(� �2"� ��� Gq '&�-����#2! �(� (����!( 9) 

(Tso and Wong, 2003). ��( &()+- �#�( � --OR  ! )#�&�� * �� Gz '&���!+-(

&)�� ��2!�' !(  (!(%� *" � ��! AC �(� !(  ! )#�&��.% � ��! PLC �(� ���

ERK1/2 (Tsu et al., 1995; Tso et al., 2000),  !3 ��%� �  �-OR �%� �(� � --OR 

%'9 $#!'!�(� � �� G16 � %���� ��!  ! )#�&�*�%� ��� PLC (Offermanns and 

Simon, 1995; Lee et al., 1998).  

 ��).#�%� �&�� �-3! (!("�#/! �-�# *  &*%�� %�� ,/%,�)'"*/%�

�/!  ! )#�&���$� !/! (&� ����#�!( &)/� 7!��3! ��!(%3! ERK1/2 �(� p38, 

��!�&+��( �( �&�*(  "2#��'! -�(-��(%* � �&/� � -�(,�)�&�*�%� �(� �

 &�1*/%� �/! ! ')3!/! (Zhang et al., 1999; Przewlocki, 2004; Schulz et al., 

2004). �&�&"2�!, �  ! )#�&�*�%� �/! �&�� �-3! '&�-��2/! 2� � %'!- 0 * � 

��!  ! )#�&�*�%� %��(��-����3! ��!�&(��3! &�' & )�"(�1+!�'! ���

&)/� :! � Cdc42, Rac, Ras, ��� ��!+% � Akt, Raf1 �(� Src, '&�-�� *� � 

-)+%� �')�%�!��.� ��!+%�� �(� ��'� � �(#)(,���$� &()+#�!� � STAT3 �(�

STAT5A (Kam et al., 2003; Lo and Wong, 2004; Yuen et al., 2004; Mazarakou 

and Georgoussi, 2005; Archer-Lahlou et al., 2009). 

�&�&"2�!, 2� � - ��0 * ��� �( �&�� �-. (!(%�2""�'! ��! (& " '02)/%�

! ')�-�(1�1(%�3!, �&/�  *!(� � (� �'"���"*!� �(� � !�)(-) !("*!�, %��

��
.  (& " '02)/%� ��' #"�'�(����$, ��' #-(��!�1�'�')���$ �62��

(GABA) �(� ��� #"'�*!�� % �"� �� ��
 �&�) * !(  �&�-�%� * (&� �&�� �-.

(!+"�#(  �-��+ #�( �+0 '&��'&� �&�� �-�$� '&�-��2( (Williams et al., 

2001). �! �(� � �$)�( -)+%� �/! �&�� �-3! %�� ! ')��� %$%���(  *!(�
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(!(%�("���., % ()� �2� & )���2� ��'  #� ,+"�' &�'  *!(� %��(!���2�  *� #�(

��! '& )!/��(*( (!("#�%*( (&.�. periaqueductal grey, PAG),  *� #�( ��

(*%0��(  ',�)*(�/(!�(���1.� (&.�. ventral tegmental area, VTA) �( �&�� �-.

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

!��&(��! )#���$� ! ')3! � %��! ���"�(�. /�)+ %,(*)( (VTA) �(� ('6+!�'!

��! (& " '02)/%� ��� !��&(�*!�� %��!  &��"�!. &').!(, &)��("3!�(� 2!(

(*%0��(  '�()*%��%�� (Przewlocki, 2004). 


����� 9. ���� � % ��*� ���  %� ��,�� *�!����. �� �&�� �- *� '&�-�� *�

�)�%���&���$! ��%� ��� PTX- '(*%0�� �, �%� �(� ��� PTX-(! 6+)��� � G &)/� :! �

#�( !( )'0�*%�'! ��( &"�03)( � " %�3!. AC = (- !'"��. �'�"+%�, STAT3 = Signal 

Transducer and Activator of Transcription 3, PLC = ,/%,�"�&+%� C, MAPK = 

&)/� 7!��. ��!+%�  ! )#�&���$� !� (&� ����#�!(, PI3K = ��!+%� 3 ���

,/%,(�*-'"�-�!�%���"��, GRK = GPCR ��!+%�, Btk = Bruton’s �')�%�!��. ��!+%�, 

JNK = ��!+%� ��' �2- � "���$ +�)�' ��' c-Jun. 

 -�(,�)�&�*�%� �/! ! ')3!/!  *!(� ��( &�"$&"��� -�(-��(%*( &�'

 !%/�(�3! � &�""+ %.�(�( &)�� ��2!�' !( �(�(".6 � %��� (&()(*��� �

�" ��)�,'%��"�#��2�, ��),�"�#��2� �(� � �(#)(,��2� (""(#2� (Bromberg et 
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al., 2008). � "2� � 2��'! - *6 � ��� �(�+ �� -�+)� �( ��� (!+&�'6�� �(

�&�� �-. )'0�*9�'! ��! (!+&�'6� �(� -�(,�)�&�*�%� �/! ! ')3!/! (Hauser 

and Mangoura, 1998).  �(�(!��%� �/! ���(!�%�3!  � *!/!, � ��'�

�&�*�'� �( �&�� �-. �(� �� '&�-�� *� ��'�  �&"2��!�(� %�� -�(,�)�&�*�%�

�/! ! ')3!/!  *!(� �-�(*� )�� %��(%*(�, "�#/ ��� �(0�"��.� &()�'%*(� �/!

�&�� �-3! �(�+ �� -�+)� �( ��� ,'%��"�#��.� (!+&�'6�� ��' ! ')���$

%'%�.�(���. �)+#�(��, 2� � - ��0 * ��� ��%� �(  !-�# !. �&�� �-. & &�*-�(

�%� �(� �( �&�� �-. ,+)�(�(  &�) +9�'! ��! (!+&�'6� ��' ! ')���$

%'%�.�(���  &�-)3!�(� %��!  &�1*/%�, ��! &�""(&"(%�(%�� �(� ��

-�(,�)�&�*�%� �/! ! ')��3! �'��+)/! (����!( 10) (Hauser and Stiene-

Martin, 1993; Tegeder and Geisslinger, 2004; Sargeant et al., 2008). 
��

&"(*%�� ��� �&�� �-�$� %��(��-���%�� %�� )$0��%� ��' �'��()���$

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

MAP ��!(%3! 2� � �-�(*� )� %��(%*( (Persson et al., 2003). �( ��!�&+��( �/!

MAPKs )'0�*9�'! ��! �'��()��� &�""(&"(%�(%�� �(� �� ! ')/!��.

-�(,�)�&�*�%�  �1)'7�3! 1"(%���3! �'��+)/! (Sargeant et al., 2008). �&�

��! +""� &" ')+, �( �&�� �-.  &+#�'!  &*%�� �� ,/%,�)'"*/%� �/! ERKs 

% ! ')3! � �&&��(�&�'  !."��/! 93/!, %  �1)'7�+ 1"(%���+ �(� % 

! ')�#"��(�+ �$��()( (Persson et al., 2003; Sargeant et al., 2008). �&�&"2�!, 

�  ! )#�&�*�%� �/! -- �(� �- �&�� �-3! '&�-��2/! 2� � - ��0 * &/�

& )��)*9 � ��!  &(#�� !� (&� �%�(��*( 1"+1� %��! �&&��(�&� ()�')(*/!

�(� ��� #!/%���2� -�(�()(�2� &�' ('�. &)��(" * (Charron et al., 

2008). 	��(*/�, "��&�! �� �&�� �-2� %$%���( 0 /) *�(� /� 2!(� )'0��%�.�

��� ! ')�#2! %�� �(� ��� (!+&�'6�� ��'  #� ,+"�' (Sargeant et al., 2008). 

�*( +""� 1��"�#��. (&��)�%� &�' 2� � - ��0 * !( &)��("�$! �(

�&�� �-.  *!(� � �'��()��.  &�1*/%� (Tegeder and Geisslinger, 2004). 

� %�"(1�$� !� (&� �( �&�� �-. �'��()��.  &�1*/%� ,(*! �(� !( )'0�*9 �(�

�2%/ +� %��  ! )#�&�*�%�� ��' PI3K/Akt %��(��-�����$ ��!�&(���$ � �+

��!  ! )#�&�*�%� �/! �&�� �-3! '&�-��2/! (Chen et al., 2008) (����!( 10). 

�)+#�(��, �� �-�&�� �- *� (#/!�%�2� �&/�  *!(� � ��),*!� �(� �� & &�*-��

DAMGO &)�+#�'! ��!  &�1*/%� �/! SH-SY5Y �'��+)/! � �+ (&� %�2)�%�

�)�$ �2%/  ! )#�&�*�%�� ��' PI3K/Akt ��!�&(���$. �&� ��! +""� &" ')+ �

 ! )#�&�*�%� ��' �-OR � �� DAMGO �-�# * %��!  &�1*/%� �/! ! ')3!/!

��' ,"���$  �1)$/! &�!���3! �2%/  !�� ���(!�%��$ &�' & )�"(�1+! � ���
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Gi/o &)/� :! � �(� ��! ��3 ��!+%� (Iglesias et al., 2003). �()���*/�, %�(

NG108-15 '1)�-��+ �$��()( �� (#/!�%�2� ��' --OR DPDPE �(�  ��),*!�

 &�- ��!$�'! �'��()�&)�%�(� '���. -)+%�, � %�"(1�$� !� (&� ��!

 ! )#�&�*�%� ��' PI3K/Akt %��(��-�����$ ��!�&(���$ (Heiss et al., 2009). 


����� 10. �%� % ��!-�� �%������*� ��� ! � %����� *�!�� ,���*�" ���

 %� ��,�� �% , .-��. AC = (- !'"��. �'�"+%�, OR = �&�� �-.� '&�-��2(�, TF 

= � �(#)(,���� &()+#�!�(�, Pol II = RNA &�"'� )+%� II. 

0 ���%�-" �����-" ,��! ���*��" ��� ���� ����� �%������������

(«biased agonism») ���  %� ��,�� �% , .-��: % ��%� ������ ��"

 %� ��, &" *�!�� ,���*�"

�� �&�� �- *� '&�-�� *� &)�%-2!�'! -�(,�) ����$� &)�%-2� � �(� ('��

��'� �(0�%�+ ,()�(��"�#��+  � )�# ! *�. 8!(� � #+"�� ()�0��� - -��2!/!

'&�%��)*9 � ��� �� �&�� �- *� '&�-�� *� %���(�*9�'! -�+,�) �  ! )#2�

-�(��),3% ��,  6()�3� ! � (&� ��  *-�� ��' (#/!�%�. &�' &)�%-2! �(� % 

('��$� (Piñeyro and Archer-Lahlou, 2007). ��-���� )(, � "2� �

,(%�(��%��&*(� %'!��!�%��$ &"(%��!*/!-�'�(��-�#�$ (plasmon-

waveguide resonance spectroscopy, PWR) 2- �6(! ��� (&���!/�2!�� --ORs 

%�(0 )�&���$!�(� % -�(,�) ���2� -�(��),3% �� (!+"�#( � ��  *-�� ��'
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 �+%��� (#/!�%�. (Salamon et al., 2002), �(� �� %�(0 )2� ('�2�

-�(��),3% �� &�' %���(�*9�!�(� "�#/ �/! -�(,�) ���3! (#/!�%�3! - !

 *!(� &+!�( *-� � (Alves et al., 2004). � �)+�(�( �(� '0'!�� !��

� �(""(6�#2! %�� 2- �6(! ��� -����+ -�(,�) ����* --(#/!�%�2� (""�" &�-)�$!

� -�(,�) ���+ (��!�62( %��! 3�  6/�'��()��. 0�"�+ ��' --OR, &)�+#�!�(�

-�(,�) ���2�  ! )#2� -�(��),3% �� ��' '&�-��2( &�' ��! �-�#�$! !(

(""�" &�-)+ � -�+,�) �  !-��'��()��2� &)/� :! �, �� �&�* � )'0�*9�'! ��

-)(%��)�����( �(�  &�) +9�'! ��! �'��()��. ��' (&��)�%� (Varga et al., 

2004; Piñeyro and Archer-Lahlou, 2007). � �-OR, (&� ��! +""� &" ')+

 �,(!*9 �  &�" ����. -)+%�, �(03� �  ! )#�&�*�%. ��'  &+# � -�(,�) ���+

%��(��-����+ ��!�&+��( � %'! &(��"�'0� -�(,�) ���2� �'��()��2�

(&��)*% ��,  6()�3� ! � (&� ��  *-�� ��' (#/!�%�. � ��! �&�*� ('���

(""�" &�-)+. 
��! & )*&�/%� ��' �-OR, � ��),*!� �)�%���&�� * ��

��!�&+�� ��� &)/� 7!��.� ��!+%�� C (PKC) #�( �� ,/%,�)'"*/%� �/! ERK, 

 !3 �  ��),*!� �(� �� DAMGO �)�%���&���$! �� ��!�&+�� �/! 1-()) %��!3!, 

&()�"� &�' �(� �� �) �� (#/!�%�2�  ! )#�&���$! ��� ERK %��! *-�� 1(0��. ��  

,/%,�)'"�/�2! � (&� �� ��),*!� ERK &()(�2!�'! %�� �'��()�&"(%�(, 

 !3 ��(!  ! )#�&���$!�(� (&� ��!  ��),*!�, �2%/ �/! 1-()) %��!3!, 

� �(��&*9�!�(� %��! &').!( (Zheng et al., 2010). �(*! �(� "��&�! ��� ��

%$�&"��� &)�%-2��-�&�� �-�$� '&�-��2(  *!(� ('�� �� �&�*� �(0�)*9 � ��

,'%��"�#��. �'��()��. (&��)�%�, �(� ��� � *-��� � '&�-��2(�.  

�&�&"2�! � "2� � %��(��-���%�� % -�+,�) � �'��()��2� % �)2�

 &�1 1(�3!�'! ��� �  ! )#�&�*�%� �/! �&�� �-3! '&�-��2/! �(� �

 &(��"�'0� )$0��%� ��� " ���')#*(� ��'� (%'�& )�"(�1(!��2!/! ���

,/%,�)'"*/%�� �(� ���  %/� )*� '%�� ('�3!)  6()�3!�(� % � #+"� 1(0��

(&� �� ,$%� ��' (#/!�%�. (Arden et al., 1995; Keith et al., 1996). �)+#�(��, 

� #+" � -�(,�)2�  6()�3� ! � (&� ��! (#/!�%�. &()(��)�$!�(� ��%� %��!

&)�%- %� ��' '&�-��2( � ��� G &)/� :! � �(� %�� )$0��%� �/! � " %�3!, 

�(03�  &*%�� �(� %�( ��!�&+��( ,/%,�)'"*/%��,  %/� )*� '%�� �(�

(&�))$0��%�� ��' --OR (Varga et al., 2004). �� Marie et al. (2003) 2- �6(!

��� %�( SK-N-BE �$��()( ��%� � ��!����. �%� �(� �� &)�,*"  %/� )*� '%��

��' (!0)3&�!�' --OR  6()�3!�(� (&� �� �����. -��. ��' (#/!�%�.

(& &�*-�� 2!(!�� ("�("� �-�$�). 
��! *-�( � "2��, �)�%���&��3!�(�

���)�%��&*( ,0�)�%��$, - *�0�� ���  !3 � ��).#�%� & &��-��3! (#/!�%�3!
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(< 4 3) �) �-�# * ��! (!0)3&�!� --OR %�( "'%�%3�(�(, � &)�%- %� ���

 ��),*!�� (("�("� �-2�) �-�# * ��! '&�-��2( �(�+ &)��*��%� %�(

(!(�'�"�$� !(  !-�%3�(�( (Marie et al., 2003). 

8!(� +""�� "�#�� ���  � )�#2! �(� &�' &()�'%�+9�'! �� �&�� �- *�

'&�-�� *�  *!(� �� �'��()��� & )�1+""�! %�� �&�*� ('��* 1)*%��!�(�. 

2�,)(%� �/!  � )��)�� )3! G &)/� 7!3! -�(,2) � (!+� %( % -�+,�)�'�

�'��()���$� �$&�'�, � (&��2" %�( � %$9 '6� �/! �&�� �-3! '&�-��2/! � 

('�2� !( �-�# * % &�""(&"+ &�0(!+ %��(��-����+ ��!�&+��(. �� &���*"��

('��* %'!-'(%��* �/! G(1# '&���!+-/! �(� �( -*��'( %��(��-���%�� &�'

('��*  &+#�'! -����')#�$! �$��()�- �-��2� . �%��- �-��2� (&��)*% ��. ��

�&�� �- *� '&�-�� *�  ! )#�&���$! �(� (""�" &�-)�$! � -�(,�) ����$�

'&��'&�'� �/! G '&���!+-/! %��!  #�2,("� (""+ �(� %  � )�"�#(

�'��()��+ %'%�.�(�( 2�,)(%��. � 1(0��� %'##2! �(� � ��! �&�*� ��

�&�� �- *� '&�-�� *� (""�" &�-)�$! � ��! �+0  G &)/� :!�  6()�+�(� (&�

��!   �+%��� (#/!�%�. �(� �� �'��()��� %$%���( &�'  6 �+9 �(� (Piñeyro and 

Archer-Lahlou, 2007). �2���( - -��2!( 2��'! (!(, )0 *, #�( &()+- �#�(, #�(

��!  !-�# !. --OR %��! SK-N-BE �'��()��. % �)+ ! ')�1"(%�3�(���. 


'#� �)��2!(, �� & &�*-�� DPDPE  ! )#�&�� * �%����( �� G(i2 �(� ��� G(

'&���!+- � &�' - !  6()�3!�(� (&� ��! ��6*!� ��' ���*�� (PTX), �(� % 

���)�� )� 1(0�� �� G(o2 (G(i2 = G(PTX-(! 6+)��� � > G(o2),  !3 � - "��),*!� �

(deltorphin I)  ! )#�&�� * �(�+ �$)�� "�#� �� G(o2 �(� "�#�� )� �� G(i2 

'&���!+-( (G(o2 > G(i2) (Allouche et al., 1999). �&� ��! +""� &" ')+, �

 ��),*!� (etorphine), 2!(� ��  &�" ������ �-OR/--OR (#/!�%�.�, - !

 ! )#�&�� * �� G(o2 (""+ �� G(i2 �(� ��� PTX-(! 6+)��� � &)/� :! � �(� � 

&�"$ ���)�� )� (&�� " %�(�������( �� G(i3 '&���!+-( (G(i2 = G(PTX-

(! 6+)��� � » G(i3) (Piñeyro and Archer-Lahlou, 2007). ���*/�, %��! & )*&�/%�

��' �-OR 2� � (&�- ��0 * ��� -�+,�)��  �-���* &)�%-2� �, �&/� � ��),*!� �(�

� 1�'&) !�),*!� (buprenorphine) �)�%���&���$! ��� G(i2 �(� G(z 

'&���!+- �,  !3 � �)/*!� �(� � � 0(-�!�  �&"2��'! ��� G(i2 �(� G(z, (""+

�(� ��� G(i1 �(� G(oA % ,(�!�� !( (!("#�%*(�, �&/� 2� � - ��0 * % � "2� �

&�' 2#�!(! % &�!�*��( (Sanchez-Blazquez et al., 2001). 

�&*%��, &�""2� )'0��%���2� &)/� :! � (""�" &�-)�$! +� %( � ���

 !-��'��()��2� & )���2� �(� �( �()1�6'� "��+ +�)( �/! �&�� �-3!

'&�-��2/!,  &�) +9�!�(� �� ,()�(��"�#*( ��'� �(�  &+#�!�(�
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%��(��-����+ ��!�&+��( (! 6+)���( �/! G &)/� 7!3! (Georgoussi, 2008; 

Georgoussi et al., 2011). ���+9 �(� ��� �� (""�" &�-)+% �� ('�2� �&�) * !(

)'0�*9�!�(� (&� ��!  �+%��� &)�%-2��, # #�!�� �� �&�*� - ! 2� � (����

-� '�)�!�%� * &".)/�. 8!(� +""�� &�0(!�� )'0��%�.� ��� " ���')#*(� �/!

�&�� �-3! '&�-��2/! �(� &�#. &����"���),*(� %�� %��(��-���%� ('�3!

 *!(� � �"�#�� )�%��� ��'� � '&�-�� *� *-�(� . -�(,�) ���.� ����#2! �(�, 

�&/� (!("$ �(� &()(�+�/ (Jordan and Devi, 1999). 

������%�,��*��" ���  %� ��,�� �% , .-�� !� ,��� ��" %����:��"

 1��%$!0 %�, � �'��()����  !��&�%���, � %��(��-���%� �(� �

 !-��'��+)/%�/(&����-���%� �/! '&�-��2/! (&�� "�$! -�(-��(%* � &�'

� %�"(1�$!�(� (&� (""�" &�-)+% �� � -�(,�) ���2� &)/� :! �, �&/�  *!(�

�� &)/� :! � ��' �'��()�%� " ��$, %��(��-����+ ��)�(, 2!9'�( �(� ��!+% �, 

� �(6$ +""/!. �(�+ �� -�+)� �( �/! � " '�(*/! �)�!/!, 2!(� � #+"��

()�0��� � " �3! �-.#�% %��! &)�%-��)�%�� !2/! &)/� 7!3!, �� �&�* �  

(""�" &�-)�$! � ��'� �&�� �- *� '&�-�� *� �(� -�(-)(�(�*9�'! � )+%���

)�"� %�� " ���')#*( �(� ��� (&��)*% �� ('�3! (Milligan, 2005; Georgoussi, 

2008; Alfaras-Melainis et al., 2009; Georgoussi et al., 2011).  

��""+ - -��2!( (&�- ��!$�'! ��� �(� �� �) �� '&��'&�� �/! �&�� �-3!

'&�-��2/! �&�)�$! !( %���(�*9�'! -'!(���+ %$�&"��( � +"" �

&)/� :! �,  ���� �/! G &)/� 7!3!. �)+#�(��, (&�� "2%�(�( (&� in vitro

& �)+�(�( %'!-�(�(�).�!�%�� � �� �).%� %'!��#�2!/! &)/� 7!3! 2- �6(!

���  �� $-����*����" (1 �(� 2) %'!-2�!�(� � ��! �)*��  !-��'��()��. 0�"�+ �(�

��! �()1�6'� "��. �')+ ��' --OR (Cen et al., 2001). �()���� � � "2� � � 

��! �-OR 2- �6(! ��� �� �()1�6'� "��� +�)� ('��$ ��' '&�-��2( - %� $ � ��

1-()) %�*!� 1 � �)�&� &�'  6()�+�(� (&� �� ��).#�%� (#/!�%�. (Cheng et 

al., 1998). �)�%,(�� 2) '!( %��! �&�*( �)�%���&�� *�(� � � �!��. BRET % 

�"��"�)( �$��()( 2- �6 ��� � 1-()) %�*!� 2 (""�" &�-)+ � ��'� �- �(� --

�&�� �- *� '&�-�� *� (Molinari et al., 2010). 

�&�&"2�!, ��%� � --OR, �%� �(� � �-OR (""�" &�-)�$! +� %(, �2%/

��� �)*���  !-��'��()��.� ��'� 0�"�+�, � ��! ���! , ����� (calmodulin), �

�&�*( (!�(#/!*9 �(� ��! &)�%- %� �/! G &)/� 7!3! %��! '&�-��2( �(�

�-�# * % � �/�2!�  ! )#�&�*�%. ��'� (Wang et al., 1999). �*( +""�

(""�" &�-)3%( &)/� :!� ('�3! �/! -$� �&�� �-3! '&�-��2/! (--OR, �-
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OR)  *!(� � ���� %����:�� �6a, � �&�*(  �&"2� �(� %��!  !-��'��+)/%�

�(� (!(�$�"/%� �/! '&�-��2/! (Wu et al., 2007).  ��$ � ���� �

(ribophorin I), ��( (!(&�%&(%�� � �1)(!��. &)/� :!� ��' (-)�$

 !-�&"(%�(����$ -���$�', (""�" &�-)+ �(� � ��'� �) �� '&��'&�'� �/!

�&�� �-3! '&�-��2/! �(� )'0�*9 � �� ��!�&+�� 1��%$!0 %.� ��'� (Ge et al., 

2009). �2"��, �( �()1�6'� "��+ +�)( �/! --OR �(� �-OR (""�" &�-)�$! � 

��!  �$�� ������, � �&�*(  '0$! �(� #�( ��! (&����-���%� �/! '&�-��2/!

(Petaja-Repo et al., 2001; Li et al., 2008).   

�()(��).% �� (&� in vitro & �)+�(�( %'!-�(�(�).�!�%�� &)/� 7!3!

2- �6(! ��� � �)*��  !-��'��()��. 0�"�+ ��' --OR �(� � �#-�� 2"��( %�(

�()1�6'� "��+ +�)( �/! �-OR �(� --OR (""�" &�-)�$! +� %( � ��! RGS4

(Georgoussi et al., 2006).  RGS4 (!.� � %��! ����#2! �( B/R4 �/! RGS 

&)/� 7!3! �(� ,(*! �(� !(  �,)+9 �(�  &�" ����+ %�� � !�)��� ! ')���

%$%���( �(� ��! �()-�+ (Bansal et al., 2007).  �-��%$%�(� � ('�2�

(""�" &�-)+% ��  &�1 1(�30��(! % ��293 �$��()( &�'  �,)+9�'! ��! �-

OR . ��! --OR �(� �('���)�!( - *�0�� ��� �  ! )#�&�*�%� �/! �- �(� -- 

�&�� �-3! '&�-��2/! �-�# * %�� � �(��&�%� ��� RGS4 %��! &"(%�(���.

� �1)+!�, �&�' %'!- !��&*9 �(� �(� � ��'� -$� �&�� �- *� '&�-�� *�

(Leontiadis et al., 2009; 	�-(���)��. -�(�)�1. �. � �!��+-�, �.�.�.�., 2012). 


��! *-�(  )#(%*(, �� %'##)(, *� -� ) $!�%(! & )(��2)/ �� �(�+ &�%�! �

2�,)(%� ��� RGS4 &)�/0 * ��'� '&�-�� *� !( -����')#.%�'! 9 $#� � 2!(

%'#� �)��2!� &"�0'%�� �/! G &)/� 7!3!. 8�%� - *���� ��� %  HEK293 

�$��()( &�'  �,)+9�'! ��! �-�R, � RGS4 %'9 $#!'�(� � �&��(-.&�� (&�

���  !-�# ! *� G &)/� :! � &�'  "2#����(!,  !3 (!�*0 �(, � RGS4 �&�) * !(

)'0�*9 � -'!(���+ ��!  &�" ��������( ��' --�&�� �-�$� '&�-��2( #�(

%'#� �)��2! � G &)/� :! �, (���� �(� (&�'%*( (#/!�%�. (Leontiadis et al., 

2009). �'�� (&�� " * �� &)3�� &()+- �#�( ��(� RGS- &(#�� !��

 &�" ����.� (""�" &*-)(%��  !�� GPCR � 2!(! %'#� �)��2!� &"�0'%��

�/! G &)/� 7!3!, (!+"�#( � ��! �(�+%�(%�  ! )#�&�*�%�� ��' - -��2!�'

'&�-��2( %�( �$��()(. �2"��, �( & �)+�(�( ��� *-�(� � "2��� 2- �6(! &/� �

RGS4 " ���')# * /� (!�(#/!�%�.� �/! � " %�3! �/! -$� ('�3! �&�� �-3!

'&�-��2/! �(�  &��(�$! � �� )'0��  %/� )*� '%�� ��' --OR � �+ ��

��).#�%� (#/!�%�. (Leontiadis et al., 2009).  
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� --OR (""�" &�-)+ �(� � ��( % �)+ +""/! &)/� 7!3!, �&/�  *!(� �

GASP (GPCR associated sorting protein), � �&�*( 2� � &)��(0 * &/�

�(0�)*9 � ��! &�) *( (&����-���%�� ��' '&�-��2( (Whistler et al., 2002). 

�(�+ �( &)3�( %�+-�( ��� 1��#2! %.� ��' � --OR (""�" &�-)+ �(� � ��

SERCA2b (sarco(endo)plasmic reticulum Ca2+ ATPase 2b), � �&�*( -�(��) *

'5�". %'#�2!�)/%� Ca2+ %��! ('"� ��'  !-�&"(%�(����$ -���$�', 

%'�1+""�!�(� %��! /)*�(!%� ��' '&�-��2( (Tuusa et al., 2007). ��( +� %�

(""�" &*-)(%� � �(6$ ��� %� ��.�������" (protachykinin) �(� ��' --OR 2� �

 &*%�� (!(, )0 * �(� (&�- ��0 * !(  '0$! �(� #�( �� -�("�#. �/! '&�-��2/!

% � #+"( �'%�*-�( (LDCVs, large dense-core vesicles), �( �&�*(

 6/�'��()3!�!�(� 3%� !( ('6+!�!�(� �(  &*& -( ��' '&�-��2( %��!

 &�,+! �( �/! �'��+)/! (Guan et al., 2005).  ��������� (calnexin), ��(

+,0�!�, (!(&�%&(%�� � �1)(!��.  ,/%,�&)/� :!� ��'  !-�&"(%�(����$

-���$�' �/!  '�()'/���3! �'��+)/!, ,+!��  &*%�� !( (""�" &�-)+ +� %(

� ��! --OR (Leskela et al., 2007). �&�&"2�!, � Snx1 (sorting nexin 1) 2� �

- ��0 * &/� &)�%-2! �(� %��! �()1�6'� "��. �')+ ��' --OR �(�  �&"2� �(�

%�� "'%�%/���. %��� '%� ��' '&�-��2( (Heydorn et al., 2004). �2"��, �

+� %� (""�" &*-)(%� ��' --OR � ��! EAAC1 (excitatory amino-acid carrier 

1), 2!(!  �-��� � �(,�)2( �/! ! ')3!/!, �&�) * !( � �3% � �� " ���')#*( ��'

� �(,�)2(,  !3 �  ! )#�&�*�%� ��' '&�-��2( &() �&�-*9 � ('�. ��!

(!(%�("���. (""�" &*-)(%� (Xia et al., 2006). 

� �-OR, % (!��%����*( � ��! --OR, (""�" &�-)+  &*%�� � ��( � #+"�

�(��#�)*( &)/� 7!3! &�' &(*9�'! )�"� % -�+,�) � &�'�2� ���

" ���')#������(� �(� %��(��-���%.� ��'. ��( &()+- �#�(, (""�" &�-)+ � ��

����!��� � (filamin A), ��( &)/� :!� ��' �'��()�%� " ��$, � �&�*( &(*9 �

)�"� %��! �'�"�,�)*( ��' '&�-��2( (Onoprishvili et al., 2003). 	$� +"" � �-

OR-(""�" &�-)3% � &)/� :! � &�'  �&"2��!�(� %��! �'�"�,�)*( ��'

'&�-��2(  *!(� � #"'��&)/� :!� *���%� ��*��� (synaptophysin) �(� �

��*� ��%�*� D2, �� �&�* � ,(*! �(� !(  !�%�$�'! ��!  !-��'��+)/%� ��'

�-OR (Koch et al., 2003; Liang et al., 2007). �!�*0 �(, (&��2" %�( ���

(""�" &*-)(%�� ��'  �-OR � ��! &)/� :!�-��)*/�( RanBPM (Ran Binding 

Protein in the Microtubule-Organizing Center)  *!(� � � */%� %�(  &*& -( ���

&)�%-2��- &(#�� !��  !-��'��+)/%�� ��' '&�-��2( (Talbot et al., 2009). 

%���%������ (periplakin), ��( &)/� :!� %$!- %�� � ��! (��*!� �(� �(
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 !-�+� %( �!*-�(, &)�%-2! �(� %��! �#-�� 2"��( ��' �()1�6'� "���$ +�)�'

��' �-OR (�(� (%0 !2%� )( %��! --OR) �(� &() �1(*! � %��! � %�"(1�$� !�

(&� ��! �&�� �-. (#/!�%�.  ! )#�&�*�%� �/! G &)/� 7!3! (Feng et al., 

2003). �)�%���&��3!�(� 2!( %$%���( -$� '1)�-*/! %�� 9$�� (!(�("$,0�� 

��� ��( (""�" &�-)3%( &)/� :!� ��� &)/� 7!��.� ��!+%�� C (PKCI) 

(""�" &�-)+  &*%�� � ��! �()1�6'� "��. �')+ ��' (!0)3&�!�' �-OR 

(Guang et al., 2004).  *%�� ������ (spinophilin), �*(  ')2/�  �,)(9�� !�

&)/� :!� &�' &(*9 � )�"� ��)�3�(���, 1)20�� ��� (""�" &�-)+ � ��! �-OR, 

&)�/03!�(� ��!  %/� )*� '%� �(� (!(%�2""�!�(� �� %��(��-���%� ��'

'&�-��2( (Charlton et al., 2008). � "2� � 2- �6(!  &*%�� ��! (""�" &*-)(%�

��'  �-OR � �� %'!�-� &)/� :!� Hlj1, �2"�� ��� ����#2! �(� �/! &)/� 7!3!

0 )����$ %�� 40 (HSP40), � �&�*( %'�� �2� � %��� -�(-��(%* � /)*�(!%�� �(�

(&����-���%�� ��' '&�-��2( (Ancevska-Taneva et al., 2006). �2"��, 2!(

+""� �2"�� ��� RGS ����#2! �(�, � RGS9 �(� %'#� �)��2!( � '&��'&��

RGS9-2 &�' (!.� � %��! '&�-����#2! �( C/R7 �/! &)/� 7!3! ('�3!, 2� �

(&�- ��0 * !(  �&"2� �(� %�� -)+%� �/! �&�� �-3! �(� !( (""�" &�-)+ � 

��! �-OR (Zachariou et al., 2003). �)!����. )$0��%� ��� �&�� �-�$� -)+%��

(&� ��! RGS9-2 2� � (!(, )0 * % in vivo � "2� � &�' �)�%���&���$! ��!

(!��!���(���. � �!�"�#*( (antisense) �(� &�!�*��( � (& ! )#�&����2!� ��

#�!*-�� ��� RGS9 (Garzon et al., 2005; Psifogeorgou et al., 2007). 

�)��#�$� ! � � "2� � ��'  )#(%��)*�' �(� (&��+"'5(!  &*%�� ��!

+� %� (""�" &*-)(%� ��' �-�&�� �-�$� '&�-��2( � ��! � �(#)(,���

&()+#�!�( STAT5A �(� �� � �(#)(,��.  ! )#�&�*�%� ��' � " '�(*�' � �+

��!  ! )#�&�*�%� ��' �-OR (Mazarakou and Georgoussi, 2005). ��

1��"�#��2� %'!2& � � ��� (""�" &*-)(%�� ('�.� - !  *!(� %(, *�, (""+ ��

STAT � �(#)(,���* &()+#�!� � 2� � (&�- ��0 * ��� &(*9�'! %��(!���� )�"�

% &�""2� �'��()��2� " ���')#* �, %'�& )�"(�1(!��2!/! ���  &�1*/%��, ���

(!+&�'6�� �(� ��� -�(,�)�&�*�%�� (Levy and Darnell, 2002). �'�� ��  *-��

���(!�%��$ ��� � �(#)(,��.�  ! )#�&�*�%�� �2%/ +� %�� (""�" &*-)(%��

 !�� � �(#)(,���$ &()+#�!�( � 2!(! GPCR  *!(� ��!(-��� #�( ��'�

�&�� �- *� '&�-�� *� �(� �&�) * !( -�(-)(�(�*9 � %��(!���� )�"� %��!

(""(#. ��� 2�,)(%�� %'#� �)��2!/! #�!�-*/!-%���/!. 

�2"��, -$� &)/� :! � &�' (""�" &�-)�$! (&��" �%���+ � ��

�()1�6'� "��� +�)� ��' �-OR  *!(� � EBP50/NHERF (Ezrin-radixin-moesin 
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[ERM]-binding phosphoprotein 50 / Na+/H+ exchanger regulatory factor), �

�&�*( ('6+! � �� )'0�� (!(�$�"/%�� ��'  %/� )�� '�2!�' �-OR �(� � GEC1, 

� �&�*( )'0�*9 � �� 1��%$!0 %� �(� ��! �'�"�,�)*( ��' *-��' '&�-��2( (Li et 

al., 2002(; Chen et al., 20061).

8!( +""�  &*& -� &)/� 7!��3! (""�" &�-)+% /! &�' �-�#�$! %��

-�(,�)�&�*�%� ��� " ���')#*(� �/! �&�� �-3! '&�-��2/! &()2� �(� (&�

��! ���-. 2� )�- -�� )�%�� ��'�, � �&�*��  &�) +9 � �� " ���')#*( �(� ���

�-����� � �/! '&�-��2/! ('�3!. � -�� )�%��� � �(6$ �/! �&�� �-3!

'&�-��2/! 2� � (&�- ��0 * ��� �-�# * % (""(#2� %�� ,()�(��"�#*( ��'�, 

%��! �'�"�,�)*( ��'� �(� %�� %$9 '6. ��'� � ��'� - '� )�# ! *�

(## "��,�)�'� (Corbett et al., 2006). � "2� � 2��'! - *6 � ��� �(� �� �) ��

'&��'&�� �/! �&�� �-3! '&�-��2/! ���--�� )*9�!�(� �(� ��� � --OR �&�) *

!(  � )�-�� )*9 �(� � ��'� �-OR �(� �-OR,  !3 � �-OR -�� )*9 �(� � ��!

ORL-1, %���(�*9�!�(� %$�&"��( '&�-��2/! &�'  �,(!*9�'! !2 �

,()�(��"�#��2� �(� " ���')#��2� �-����� �, -�(,�) ���2� (&� ('�2� �/!

��!�� )3! (Levac et al., 2002; van Rijn et al., 2010). 
'#� �)��2!(, � --OR 

(-2 '&��'&��) %���(�*9 � 2� )�-�"�#�� ). � ��! �-OR, %�( �&�*(  6(�) ���+

 &�" �����* %'!0 ����* (#/!�%�2� ��' �+0 '&�-��2(  �,(!*9�'! � �/�2!�

-)(%�������(. �( �---2� )�-�"�#�� ).  &�- ��!$�'! '5�"�� )� %'##2! �( �(�

(&�� " %�(�������( (""�" &*-)(%�� � �� G(z 2!(!�� ��� G(i '&���!+-(�

(Hasbi et al., 2007). �  � )�-�� )�%��� � �(6$ �/! --OR �(� �-OR .�(! ��

&)3��  � )�-�� )2� �&�� �-2� %$�&"��� &�' (!(#!/)*%���   (Jordan and 

Devi, 1999). �)� �+ - -��2!( - *�!�'! ��� ('�� ��  � )�-�� )2� (&�� " *�(�

(&� ��'� '&��'&�'� -1 �(� �2 (Jordan and Devi, 1999; Bhushan et al., 2004). 

�&�&"2�!, ()� �2� � "2� � 2��'! - *6 � ��� �� �&�� �- *� '&�-�� *� �&�)�$!

!(  � )�-�� )*9�!�(� �(� � +""�'� GPCRs, �&/�  *!(� �� 12-,  (1�- �(� (2�-

(-) ! )#���*, � ��1 (neurokinin-1), � �(!!(1�!� �-.� CB1 �(� '&�-�� *� �/!

��� ����!3!, � �(6$ +""/! (Gomes et al., 2001; Rios et al., 2001; 2004; 

Chen et al., 2004; Hereld and Jin, 2008; van Rijn et al., 2010). 

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

  ! )#�&�*�%� �/! �&�� �-3! '&�-��2/!  &�) +9 � ��

%'!(&��%/���. &"(%�������( �(� �� ,'%��"�#*( �/! �'��+)/! %�� ! ')���

%$%���( �2%/ (""(#3! %��! 2�,)(%� %'#� �)��2!/! #�!�-*/! (Christie, 
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2008). �'�2� �� (""(#2� %�� #�!�-�(�. 2�,)(%�  *!(� &�0(!� !( %� �*9�!�(� � 

��! (!+&�'6� �/! ! ')3!/!, �(03�  &*%�� �(� � ,(�!�� !( (!��.� �(�

 6+)��%�� &�' &()(��)�$!�(� � �+ �� ".5� !()�/���3! �'%�3!.  2�0 %�

% �&�� �-. &)��(" * # ! ����  &(!(&)�#)(��(��%�� ��� " ���')#*(� �/!

! ')3!/!. ��( &()+- �#�(, &�""2� (&� ��� &)�%()��#2� �(�

-�(,�)�&��.% �� &�' %'�1(*!�'! � �+ �� ��).#�%� �&�� �-3!, �&/�  *!(� ��

(""(#2� %��! ()��� ���!��. �/! ! ')3!/! �(� �/! %'!+5 /!, %��

��),�"�#*( �/! - !-)��3! �(� %��� -�(�"(-3% �� �/! ! ')��3! (6�!/!, 

 6()�3!�(� (&� ��� � �(#)(,��2� (&��)*% �� ��' &()+#�!�( CREB (cAMP 

response element-binding potein) . +""( � �(#)(,��+ # #�!��(, �&/�  *!(� �

 &(#/#. ��' � �(#)(,���$ &()+#�!�( 	-fos-B (Guitart et al., 1992; 

Zachariou et al., 2006). 

� �)+�(�( #�!�-�(�.� 2�,)(%��, &)�%-��)�%(! �2"� #�!�-*/! -�(,�)/!

����# ! �3!, �/! �&�*/! � � �(#)(,. )'0�*9 �(� � �+ �� ".5�  0�%���3!

,()�+�/! (Pollock, 2002). 
 �)+ � " �3! 2- �6 ��� �  ! )#�&�*�%� �/!

�&�� �-3! '&�-��2/! �-�# * %��!  ! )#�&�*�%� �/! ��� ��!(%3! �(� %��

,/%,�)'"*/%� �(�  ! )#�&�*�%� &���*"/! � �(#)(,��3! &()(#�!�/!, 

�&/�  *!(� �� CREB, AP-1 (Activator Protein) �(� NF-kB, � �(6$ +""/!, ��%�

%�� ! ')��� �%� �(� % +""( �'��()��+ %'%�.�(�( (�*!(�(� 2) (Ma et al., 

2001; Williams et al., 2001; Tso and Wong, 2003; Martin-Kleiner et al., 2006). 

  ! )#�&�*�%� ��' cAMP- ! )#�&���$� !�' � �(#)(,���$ &()+#�!�(

CREB  �&"2� �(� % � #+"� 1(0�� %�� %'!(&���. &"(%�������(, � �&�*(

 6()�+�(� (&� ��! (!+&�'6� ��' %'!-)���' %�2)�%�� %�( �&�� �-. (Nestler, 

2001; Bailey and Connor, 2005),  !3 �(� �  ! )#�&�*�%� �/! MAPKs 

%� �*9 �(� � ��! &"(%�������( �/! ! ')��3! %'!+5 /! (Sweatt, 2004). 

�&�&"2�!, � %$!- %� �/! �&�� �-3! '&�-��2/! � ��� MAPKs &()2� � %��'�

�&�� �- *� '&�-�� *� ��! &)�%0 �� -'!(�����( !( )'0�*9�'! �� #�!�-�(�.

� �(#)(,. �2%/  !�� ()�0��$ � �(#)(,��3! &()(#�!�/!, �&/�  *!(� �� AP-

1, Elk-1 �(� c-jun (����!( 11) (Tso and Wong, 2003).  

�!("'����� )(, �  ! )#�&�*�%� ��' --OR � - "��),*!� (deltorphin) .

DADLE 2� � /� (&��2" %�( ($6�%� %��!  ! )#����( ��' &')�!���$

� �(#)(,���$ &()+#�!�( AP-1 (activator protein 1), %  Jurkat T . %�(

NG108-15 �$��()(, (!�*%����( (Hedin et al., 1997; Tencheva et al., 1997). �

 ! )#�&����2!�� --OR �-�# *  &*%�� %��!  ! )#�&�*�%� ��' ATF-2 
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(activating transcription factor 2) % %&"�!��$��()( &�!����$ �(� ('6+! � �(

� �+#)(,( ��' c-fos %  Jurkat T �$��()( (Liu et al., 2003; Shahabi et al., 

2003) (�*!(�(� 2). 

�%� ��,"

�% , .-�"  

�����������"

%���� ���"

#&*��!�

!��-��"
���� ��

,-OR AP-1 ?
NG108-15 �$��()(

Jurkat T �$��()(

Tencheva et al., 1997 

Hedin et al., 1997 

c-fos ? Jurkat T �$��()( Liu et al., 2003 

STAT3 ?
��293/HEL 

�$��()(
Lo and Wong, 2004 

ATF-2 ?

&"�!��$��()(

&�!����$
Shahabi et al., 2003 

!-OR CREB ?
NG108-15 �$��()(

Neuro-2A �$��()(

Bilecki et al., 2000 

Bilecki et al., 2004 

	-fos-B ? �&��"�!.� &').!(� Zachariou et al., 2006 

AP-1 ?

AP-1 @

� ')3! � ��'
,"���$ ()�')(*�'

Neuro-2A �$��()(

�'���$��()(
&�!����$

Hou et al., 1996 

Bilecki et al., 2004 

Roy et al., 1997 

NF-�� ?

NF-�� ?@

� ')3! � ��'
,"���$ ()�')(*�'

SH-SY5Y �$��()(

�(�)�,+#(
�$��()(

Hou et al., 1996 

Liu and Wong, 20051

Roy et al., 1998 

c-fos @

�(��(*( �2)(�(
�' "�$ ()�')(*�'

�'���$��()(
&�!����$

Tateyama et al., 2002  

Roy et al., 1997 

STAT3 ? SH-SY5Y �$��()( Yuen et al., 2004 

STAT5A ?
HEK293/SH-SY5Y 

�$��()(
Mazarakou and 

Georgoussi, 2005 

GATA-3 ? 
&"�!��$��()(
&�!����$

Roy et al., 2004 

�-OR CREB ?
�(1-/�� %3�(

&�!����$
Bruchas et al., 2007 

Sp1 
P19  �1)'��+

�()��!��+ �$��()(
&�!����$

Li et al., 20021

0�����" 2. �$0��%� ��� � �(#)(,��.� -)(%��)�����(� (&� ��'� �&�� �- *�

'&�-�� *�. 
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<&/� ,(*! �(� %��! �*!(�( 2, � �-�&�� �-.� (#/!�%�.� DAMGO  &+# �

��! &)�%- %� ��' � �(#)(,���$ &()+#�!�( AP-1 %�� DNA �(� ��!

 ! )#�&�*�%� ��' &')�!���$ &()+#�!�(-�B (NF-�B) % ! ')3! � ()�')(*�'

(Hou et al., 1996). �(  &*& -( mRNA ��' c-fos % -�+,�) � & )���2� ��'

 #� ,+"�' ()�')(*�' ('6+!�!�(� �(�+ ��! +� %� ��).#�%� ��),*!��

(Gutstein et al., 1998).  �!�*0 �(, % 0'���$��()( &�!����$, �( �&�*( 2��'!

 ! )#�&���0 * � �!� )" '�*!� 1, � ��),*!� (!(%�2"" � �� %$!0 %� �/!

� �(#)(,��3! &()(#�!�/! c-fos �(� AP-1 (Roy et al., 1997). ���*/� �(� ��

 !-���),*! � �(�(%�2""�'! ��! 2�,)(%� ��' c-fos %�( )(��(*( �2)(�( ��'

�' "�$ ()�')(*/! (Tateyama et al., 2002). �&�&"2�!, � ��),*!� �-�# * % 

,/%,�)'"*/%� ��' CREB �(�  &+# � �� � �(#)(,��.  ! )#����( ��' AP-1 % 

�(""�2)# � � ! ')��3! �'��+)/! (Bilecki et al., 2000; 2004).   ! )#�&�*�%�

��' �-OR � ��),*!� 2� �  &*%�� /� (&��2" %�( ��! ($6�%� �/!

&)/� 7!��3!  &�&2-/! ��' � �(#)(,���$ &()+#�!�( GATA-3 (Trans-acting 

T-cell-specific transcription factor) �(� �� %$!- %� ��' � " '�(*�' � �� DNA 

% %&"�!��$��()( &�!����$ (�*!(�(� 2) (Roy et al., 2004).  ��),*!�, �2"��, 

('6�)'0�*9 � ��! 2�,)(%� ��' � �(#)(,���$ &()+#�!�( KLF7 (Kruppel-like 

factor 7) % (!0)3&�!( " �,��$��()( (Suzuki et al., 2003). 

�&� ��! +""� &" ')+, �  &(#/#. ��' �-OR #�!�-*�' (&� �� ) ��!�7��

�6$ 2� � /� (&��2" %�( ��! ('6��2!� -2%� '%� ��' � �(#)(,���$

&()+#�!�( Sp1 %��! '&���!��. ��' �-OR %  P19  �1)'��+ �()��!��+ �$��()(

&�!����$, �(03� �(� ��! (!(%��". ��' ERK ��!�&(���$ (Li et al., 20021). 

 ! )#�&�*�%� ��' �-�&�� �-�$� '&�-��2( %��! (!0)3&�!� % �)+

��!��'��+)/! THP-1 �-�# * %�� G(i- 6()�3� !�  ! )#�&�*�%� ��� JNK, �

�&�*( � %�"(1 *�(� (&� ��� ��!+% � Src �(� FAK (Focal adhesion kinase, 

��!+%�  %��3! &)�%��""�%��) �(� ��� &)/� :! � Rac, Sos �(� Cdc42 (Kam et 

al., 2004(). <"�� �� �&�� �- *� '&�-�� *�, %'�& )�"(�1(!��2!�' �(� ��'

ORL-1, �&�)�$! !(  ! )#�&��.%�'! ��! JNK �(� !( )'0�*%�'! ��!

 ! )#����( ��' � �(#)(,���$ &()+#�!�( c-Jun, (""+ �2%/ -�(,�) ���3!

 !-�+� %/! %��(��-����3! ��)*/! (Chan and Wong, 2000; Kam et al., 2003; 

20041). ��( &()+- �#�(, �� ��!�&+��  ! )#�&�*�%�� ��� JNK (&� ��! --OR 

& )�"(�1+! � ��� G1# '&���!+- �, �� Src ��!+%� �(� ��� ���)2� GTP+% � Rac 

and Cdc42,  !3 �  ! )#�&�*�%� ��� JNK �(� �  &(��"�'0�  ! )#�&�*�%�

��' c-Jun (&� ��! ORL-1 (&(�� * ��� Ras/Rac ���)2� G &)/� :! � �(�
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&"�03)( -�(,�) ���3! G( '&���!+-/! (Chan and Wong, 2000; Kam et al., 

2003). <" � �� &)�(!(, )0 *% � (6��"�# � (!(,�)2� - *�!�'! ��� ��

�&�� �- *� '&�-�� *�  �&"2��!�(� % &�""(&"+ %��(��-����+ ��!�&+��(, �(

�&�*( �-�#�$! % (""(#2� %��! 2�,)(%� #�!�-*/!-%���/! (����!( 11 �(�

�*!(�(� 2). �)�%,(� � � "2� � 2��'!  &*%�� (&�- *6 � ��� ��%� � �-OR �%�

�(� � --OR, ��(!  ! )#�&���$!�(� % �'��()��2� % �)2�, �&�'  �,)+9�!�(�, 

,/%,�)'"�3!�'! �2"� ��� ����#2! �(� �/! STAT (Signal Transducer and 

Activator of Transcription) � �(#)(,��3! &()(#�!�/! �&/� �� STAT3 �(� ��

STAT5A (�*!(�(� 2) (Lo and Wong, 2004; Yuen et al., 2004; Mazarakou and 

Georgoussi, 2005).  


����� 11. #�!�� , ���� ! � %���� % � *��,- �� � �"  %� ��,��" �% , .��"

!� �� !�������. AC = (- !'"��. �'�"+%�, PKA = cAMP- 6()�3� !� &)/� 7!��.

��!+%�, CREB = cAMP response element-binding protein, ERK1/2 = ��!+% �

)'0��9�� ! � (&�  6/�'��()��+ %.�(�(,  JNK, ��!+%� ��' �2- � "���$ +�)�' ��' c-

Jun, MEF2 =  !�%�'����� &()+#�!�(� 2 �/! �'��'��+)/!, MEK . MKK = ����

��!+%�, MLK = mixed lineage kinases,  p90 RSK = p90 )�1�%/���. S6 

��!+%�, STAT1 = Signal Transducer and Activator of Transcription 1, SRF = 

&()+#�!�(� (&��)�%�� % �)� (serum response factor), Elk-1 = Eph-like kinase 1, 

ATF2 = activating transcription factor 2,  A =  ! )#�&�*�%�, —B = (!(%��"., - - - = 

��  &�1 1(�/�2! � (""�" &�-)+% ��. 



52 

3. �
�����+����  0�����1�
#  STAT  (SIGNAL 

�RANSDUCERS AND ACTIVATORS OF TRANSCRIPTION) 

0������� ��� , !��� .��������*���� ��� STATs 

�� STAT (Signal Transducers and Activators of Transcription) &)/� :! �

(!(�("$,0��(! �� - �( �*( ��' ’90 /� &)/� :! �-�" �-�+ %�� %��(��-���%�

�/! �'����!3!. <&/� (&��("$&� � �(� �� �!��+ ��'�, �� &()+#�!� � ('��*

2��'! ��! ��(!����( !( � �+#�'! �(  ) 0*%�(�( (&� ��! �'��()��. � �1)+!�

%��! &').!( �(� !(  ! )#�&���$! �� � �(#)(,. #�!�-*/!, (&��" *�!�(� 2�%�

�� � %�"+1�%� - '� )�# !3! ��!'�+�/!.   ! )#�&�*�%. ��'�

�()(���)*9 �(� (&� �� � �+1(%. ��'� (&� "(!0+!�'% � �'��()�&"(%�(���2�

&)/� :! � %  ! )#+ ��)�(, ��(!+ !( )'0�*9�'! �� � �(#)(,.

%'#� �)��2!/! #�!�-*/!-%���/!. 
�( 0�"(%���+ 2��'! 1) 0 *, �2�)� %.� )(, 

 &�+ -�(,�) ���2� STAT &)/� :! �, �� �&�* � �!��+9�!�(� STAT1, 2, 3, 4, 5�, 

5� �(� 6, �(� �/-���&���$!�(� (&� 7 #�!*-�(, �( �&�*( �)#(!3!�!�(� % �)*(

-�(,�) ���+ �)/��%3�(�(. 
'#� �)��2!(, �� (!0)3&�! � STAT3, STAT5A, 

�(� STAT5B �()��#)(,�$!�(� %�� �)/��%/�( 17, �� STAT1 �(� STAT4 %��

�)/��%/�( 2 �(� �� STAT2 �(� STAT6 %�� �)/��%/�( 12 (Tan and 

Nevalainen, 2008). 	�(,�)��� �+��%�( �(� &)/� �"'���2�  & 6 )#(%* �

('6+!�'! & )(��2)/ ��! &����"���),*( ��� �'��()��.� " ���')#*(� �/!

STATs. ���"�#( #�!*-�( �/! STATs 2��'!  &*%�� (!(�("',0 * �(� % +""(

 *-� (Drosophila melanogaster, Dictyostelium discoideum, Caenorhabditis 

elegans, Anopheles gambiae, Xenopus laevis) (Lim and Cao, 2006). 

�� STAT &)/� :! � 2��'! �.��� & )*&�' 750-900 (��!�62( (90-115 

kDa) �(� ���)+9�!�(� ()� �2� " ���')#��2� & )���2� (����!( 12). 


'#� �)��2!(, -�(02��'! �( (��"�'0( ���!+ �()(���)�%���+: 1) 2!(

%'!��)��2!� (��!�� "��� +�)� &�'  �&"2� �(� % &)/� 7!��2�

(""�" &�-)+% ��, %'�& )�"(�1(!��2!/!  � *!/! &�' �-�#�$! %��

%���(��%�� STAT -�� )3! �(� � �)(� )3!, 2) 2!( ��.�( � -��.

��'"�')�(%�2!�� %& *)(� (coiled-coil) &�' � %�"(1 * % &)�%0 � �

(""�" &�-)+% �� � +"" � &)/� :! �, 3) ��! & )���. -2%� '%�� %�� DNA, 4) 

��! SH3 . & )���. %$!- %�� (linker) ��� SH2 � �� ��.�( -2%� '%�� %��

DNA, 5) ��!  6(�) ���+ %'!��)��2!� SH2 (Src Homology 2) & )���., 



53 

'& $0'!� #�( �� -�� )�%�� �/! STATs �(� #�( ��! &)�%- %. ��'� %��'�

 ! )#�&����2!�'� '&�-�� *� �(� 6) �� "�#�� )� %'!��)��2!� & )���.

� �(#)(,��.�  ! )#�&�*�%�� %�� �()1�6'� "��� +�)�, � �&�*( (""�" &�-)+

� -�+,�) � &)/� :! � �(�  �&"2� �(� %�� � �(#)(,��. ���(!. (����!( 12). 

�� & )���2�, �� �&�* � 2��'! (!(, )0 * !(  �&"2��!�(� %��!

 �%(#/#./ 6(#/#. (&� ��! &').!(  *!(� �� (��!�� "��� ��.�(, � & )���.

&)�%- %�� %�� DNA �(� � coiled-coil & )���.. �(� �� 7 STAT &)/� :! �

& )�2��'! 2!( %'!��)��2!� �(�+"��&� �')�%*!�� %�� �()1�6'� "��� +�)�, ��

�&�*� ,/%,�)'"�3! �(� ��(!  ! )#�&���0�$! �(� � %�"(1 * %�� %���(��%��

STAT -�� )3! � ��! SH2 & )���. ��� (""�" &�-)3%(� &)/� :!��. ��

(""(#2� %�� -�(��),/%� �/! STATs � �+ �� ,/%,�)'"*/%� %��  ! "�#/

�(�+"��&� �')�%*!�� &()2��'! %�( STAT -�� ). ��! ��(!����( !(

- %� $�!�(� % %'#� �)��2! � DNA (""�"�'�* �-%����'�. �&�&"2�!, �

%���(��%��� STAT � �)(� )3!  !�%�$ � �(� %�(0 )�&�� * ��� STAT-DNA 

(""�" &�-)+% �� �(� 0 /) *�(� (&()(*����� #�( �� �2#�%�� � �(#)(,��.

 ! )#�&�*�%. ��'�. �2"��, �" � �� &)/� :! � ��� STAT ����#2! �(�,  ����

�/! STAT2 �(� STAT6, & )�2��'! �(� 2!( %'!��)��2!� �(�+"��&� % )*!��

%�� �()1�6'� "��� +�)� �� �&�*�  &*%�� ,/%,�)'"�3! �(� �(� �-�# * %��

�2#�%�� � �(#)(,��.  ! )#�&�*�%� ('�3! �/! STAT � "3! (Levy and 

Darnell, 2002; Lim and Cao, 2006). 

� �+ ��!  ! )#�&�*�%� ��' �(�+""�"�' '&�-��2(, ��  ')�%��� ! � %��

�'��()�&"(%�( STATs ,/%,�)'"�3!�!�(� �(�$�(�( �(� � �(!(%� $�'! %��!

&').!(, (""�" &�-)3!�(� � -�("'��$� � �(,�) *�. 
�� %'!2� �(, 

&)�%-2!�!�(� %  DNA )'0��%���2� (""�"�'�* � (Sadowski et al., 1993). 

&()(&+!/ " ���')#*( �/! STATs 2� � � " ��0 *  �� !2%�(�(. 8�%�, 1)20�� 

��� �� STATs - %� $�!�(� % -$� �$&�'� )'0��%���3! %���� */!: �� &)3��

 *!(� �� ISRE (AGTTTN3TTTC) �(� �� - $� )� �� GAS (#-interferon activation 

sequence) (TTCN2-4GAA) (Lim and Cao, 2006). �!(""(����+, ��

,/%,�)'"�/�2! � STATs �&�)�$!  &*%�� !( -)+%�'! /� %'!-)'0��%�2�

��� � �(#)(,.�, �('���)�!( � +""�'� � �(#)(,���$� &()+#�!� �

(Bromberg, 2001). �� � �+-� �(,)(%���2� �)�&�&��.% �� �/! STAT 

&)/� 7!3! )'0�*9�!�(� (&� ��( &����"*( ���(!�%�3!.  ,/%,�)'"*/%� % 

�')�%*!� . % % )*!�, � (&�,/%,�)'"*/%� "�#/ ,/%,(�(%3!, �

�'1�����!*/%� �(� +"" � �)�&�&��.% �� ,(*! �(�  &*%�� ��� )'0�*9�'! �" � ���
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" ���')#* � �/! STATs.  ,/%,�)'"*/%� %��! %'!��)��2!� �')�%*!�  *!(�

(&()(*���� #�( ��!  ! )#�&�*�%� �/! STATs,  !3 � ,/%,�)'"*/%� ���

% )*!�� (&� ��!� ��� - !  &()� * #�( ��! &')�!��. � �(��&�%. ��'� (Lim 

and Cao, 2006). 


����� 12. � ! ��� ���� ����� ��� STAT %��� .��. �� (��!�� "��� +�)� �/!

STATs  �&"2� �(� %�� -�� )�%��, ��! � �)(� )�%�� �(� ��! &')�!��.  �%(#/#. �/!

 ! "�#/ ��)*/!. �� ��.�( � -��. ��'"�')�(%�2!�� %& *)(� (coiled-coil) 

%'�� �2� � %��! &)�%- %� �/! STATs %��'� '&�-�� *�, %��!  *%�-� ��'� &)�� �(�

��! 26�-� ��'� (&� ��! &').!(.  & )���. -2%� '%�� %�� DNA,  ���� (&� ��

" ���')#*( &�' ,(! )3! � �� �!��+ ���,  �&"2� �(� �(� %��! &')�!��.  *%�-� �(�

26�-� �/! STAT &)/� 7!3!.  SH3 & )���. &(*9 � )�"� %��! &)�%- %� �/! STATs 

%�� DNA, %��!  �%(#/#. ��'� %��! &').!( �(� %�� � �(#)(,��. ��'� -)(%��)�����(. 

�� ��.�( SH2  �&"2� �(� %��! (""�" &*-)(%� �/! STATs � ��'� '&�-�� *�, %��

-�� )�%�� �(� %�� -�(-��(%*(  6�-�' ��'� (&� ��! &').!(.  ,/%,��')�%*!�

%'�� �2� � %�� -�� )�%�� �(� ��! &)�%- %� �/! STATs %��'� '&�-�� *�.  & )���.

� �(#)(,��.�  ! )#�&�*�%�� %�� �()1�6'� "��� +�)� (TAD) &(*9 � )�"� %��

-�� )�%��, �� � �(#)(,��.  ! )#�&�*�%� �(� ��! 26�-� �/! STATs (&� ��! &').!(. 

�&�&"2�!, �" � �� & )���2�,  ���� (&� �� ��.�( &�' & )�2� � �� ,/%,�)'"�/�2!�

�')�%*!�,  %'�� �2��'! �(� % (""�" &�-)+% �� � -�+,�) � +"" � &)/� :! �. 

�� STATs  ! )#�&���$!�(� (&� ��( &"�03)( �'����!3!, �&/�

�!� ), )�! � �(� �!� )" '�*! �, �(03�  &*%�� �(� (&� ('6�����$� &()+#�!� �
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�(� �)��! � (Bromberg, 2001). 8��'! & )�#)(, * -�+,�)�� �)�&��

 ! )#�&�*�%�� �/! STAT &)/� 7!3!, � %'!�02%� )��  � �/! �&�*/!  *!(� ��

�"(%%��� JAK-STAT ��!�&+�� &�'  &+#�'! �� �'���*! � (Levy and Darnell, 

2002). �&�-�� *� � -)+%� ��!+%�� �')�%*!��, �&/� #�( &()+- �#�( �� EGF, 

PDGF, FGF, �&�)�$! !(  ! )#�&���$! ��� STATs +� %( . 2�� %( �2%/ �/!

JAK ��!(%3! (Garcia et al., 2001),  !3 +"" � ��!+% � �')�%*!��,

%'�& )�"(�1(!��2!/! �(� �/! ���3! �#��&)/� 7!3! (v-src), �-�#�$! % 

%'! �.  ! )#�&�*�%� �/! STATs (Garcia and Jove, 1998). �2"��, 2� � - ��0 *

��� �� '&�-�� *� &�' %'9 $#!'!�(� �  G &)/� :! � (GPCRs)  *!(� ��(!�* !(

 &+#�'! ��!  ! )#�&�*�%� �/! STATs % &���*"( �'��()��+ %'%�.�(�( �2%/

-�(,�) ���3! ���(!�%�3! (Marrero et al., 1995; Guillet-Deniau et al., 1997; 

Liang et al., 1999; Park et al., 2000). �&* &()(- *#�(��, � STAT5 

 ! )#�&�� *�(� (&� ��! ��� ���*!� SDF1( (Vila-Coro et al., 1999) �(� ��!

&()+#�!�(  ! )#�&�*�%�� �/! (���& �("*/! (PAF, platelet-activating factor) 

(Lukashova et al., 2001) �2%/ �/! JAK ��!(%3!. C"" � � "2� � (!(,2)�'!

��� �  ! )#�&�*�%� ��� STAT3 %  NIH-3T3 �$��()( %'�1(*! � �2%/ �/! G(o 

�(� G(i2 &)/� 7!3! (Corre et al., 1999; Ram et al., 2000),  !3 � )$0��%� ���

STAT3 (&� ��'� '&�-�� *� ORL1 �(� fMLP (N-formyl-methionyl-leucyl-

phenylalanine) � %�"(1 *�(� (&� ��� G(q '&���!+- � (Wu et al., 2003). 

�&�&)�%0 �(, 2� � - ��0 * ��� -�(�)��+ �2"� ��� ����#2! �(� �/! STAT 

&)/� 7!3!  (""�" &�-)�$! � -�+,�)�'� GPCRs. ��( &()+- �#�(, ��

STAT5A �(� STAT5B &)/� :! � ,/%,�)'"�3!�!�(� (&� ��! (## ��� !%*!� ��

�(� %'!-(!�%��(�(�)��!*9�!�(� � �� JAK2 �(� ��! '&�-��2( ���

(## ��� !%*!�� % �()-�(�+ �'��$��()( (McWhinney et al. 1998).  STAT3 

%'!-(!�%��(�(�)��!*9 �(� � ��! '&�-��2( ��� 0') ��)�&*!�� %  CHO 

�$��()( (Park et al., 2000),  !3 �  ! )#�&�*�%� ��' (1-(-) ! )#���$

'&�-��2( �-�# * %��! +� %� (""�" &*-)(%� ��'  ! "�#/ '&�-��2( � ��

STAT1 (Sasaguri et al., 2000). �����, 2� � - ��0 * ��� �� STAT5A/B 

&)�%-2!�!�(� %�� %'!��)��2!� YXXL ���*1�, �� �&�*� 1)*%� �(� %��

�()1�6'� "��� +�)� &�""3! GPCRs, %'�& )�"(�1(!��2!/! �(� �/!

�&�� �-3! '&�-��2/! (McWhinney et al., 1998). 

 -�+)� �( �(� �� �2# 0�� ���  ! )#�&�*�%�� �/! STAT � �(#)(,��3!

&()(#�!�/! )'0�*9 �(� % �'��()�&"(%�(���� �(� &')�!���  &*& -� �2%/

-�(,�)/! ���(!�%�3! (Lim and Cao, 2006). �(�’ ()�+�, ��%�
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�'��()�&"(%�(���2�, �%� �(� &')�!��2� ,/%,(�+% �, �&/� �� SHP-2 �(�

TCPTP, (&�,/%,�)'"�3!�'! �(� (& ! )#�&���$! ��� STAT &)/� :! �. 

8!(� - $� )�� ���(!�%��� )$0��%�� �/! STATs  *!(� ('��� &�'  �&"2� �

��'� (!(%��" *� �/!  ! )#�&����2!/! STAT &)/� 7!3! (PIAS), �� �&�*��, 

�2%/ (& '0 *(� (""�" &�-)+% /!, (!(%�2""�'! ��!  ! )#�&�*�%� �/!

STATs. 8!(� �)*��� ���(!�%��� � ��))$0��%�� ��� %��(��-���%�� �/!

STAT &)/� 7!3! & )�"(�1+! � ��'�  &(#�� !�'� (&� �'���*! � �(�(%��" *�

��� %��(��-���%�� �/! �'����!3! (SOCS, suppressors of cytokine signaling). 

�� SOCS  &+#�!�(� +� %( (&� ���  ! )#�&����2! � STATs �(� �&"��+)�'!

�� %��(��-���%� �/! �'����!3! (!(%�2""�!�(� ��� JAKs, . �2%/

(!�(#/!�%���.� -2%� '%�� � ��'� ,/%,�)'"�/�2!�'� '&�-�� *�, 2�%� 3%� 

!( (&��" *�'! & )(��2)/ -2%� '%� �/! STATs % ('��$�. �2"��, � "2� �

2��'! - *6 � ��! &)/� �"'���. (&����-���%� �/! STATs �2%/ ��'

��!�&(���$ �'1���'��*!��-&)/� (%3�(���, (&��("$&��!�(� 2!(!  &�&"2�!

���(!�%�� (&�))$0��%�� �/! STATs (Lim and Cao, 2006).   

+�*� � ����" ��� " ��� ���� ����� ��� STAT %����(���

� ���(!�%��� �2%/ ��' �&�*�'  ! )#�&���$!�(� �� STATs  *!(�

�-�(*� )( %'!��)��2!�� % &�""+ -�(,�) ���+  *-� (&.�. +!0)/&�� �(�

Drosophila) �(� %'�1+"" � %�� )$0��%� &���*"/! �'��()��3! -� )#(%�3!.  ��

1��"�#��2� �(� ,'%��"�#��2� " ���')#* � %��� �&�* � %'�� �2��'! �� STATs 

& )�"(�1+!�'! ��!  �1)'7�. �(� �'��()��. (!+&�'6�, �� -�(,�)�&�*�%�, ��!

&�""(&"(%�(%��, ��!  &�1*/%� �(� ��! (&�&�/%�, ��! (## ��#2! %�, ��!

(!�%�"�#��. (&��)�%�, �� ," #��!., ��! �'��()��� � �(%���(��%�� �(� ��!

�()��!�#2! %�, � �(6$ +""/! (Calo et al., 2003; Desrivières et al., 2006). 

�()�"( ('�+ �(� &()+ �� # #�!�� ��� �"( �( �2"� ��� STAT ����#2! �(�

���)+9�!�(� ���!2� " ���')#��2� & )���2�, '&+)��'! ()� �2� -�(,�)2� � �(6$

��'�. �� STAT1, STAT2, STAT4 �(� STAT6 (%��$! &�� %'#� �)��2! �

1��"�#��2�  &�-)+% ��, �&/� (!("$ �(� %�� %'!2� �(,  !3 �� STAT3 �(�

STAT5  �,)+9�!�(� %��'� & )�%%�� )�'� �'��()���$� �$&�'� �(�  �,(!*9�'!

&" ���)�&���$� )�"�'� (Lim and Cao, 2006).  

�( ��!�&+��(  ! )#�&�*�%�� �/! STAT &)/� 7!3!  �&"2��!�(� % 

&���*"�'� �'��()���$� ,(�!��$&�'� �(� )'0�*9�'! -�(,�) ���+ #�!*-�(-

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

)'0�*9�!�(� (&� ��� STAT &)/� :! �  *!(� ()  � *!( &�' �/-���&���$!

&()+#�!� � �'��()��.�  &�1*/%��, �&/�  *!(� � Bcl-2 (B-cell lymphoma 2) 

����#2! �( &)/� 7!3!, 1)  � *!( &�'  �&"2��!�(� %��! &�""(&"(%�(%�� �/!

�'��+)/!, �&/� � �'�"*!� D1 �(� �� myc, �(� #) &)/� :! � &�'  �&"2��!�(�

%��! (## ��#2! %� �(� �� � �+%�(%� �&/�  *!(� � ('6������ &()+#�!�(� ��'

(## �(��$  !-�0�"*�' (Bromberg, 2002).  

�� STATs  �,)+9�!�(� �(�+ ��! (!+&�'6� ��%� %��'� ! ')3! � �%� �(�

%�� #"�*( (Cattaneo et al., 1999). 
��!  !."���  #�2,("� �� STATs '&�

,'%��"�#��2� %'!0.� �,  *!(� (! ! )#2�,  ! ��$���� 2� � - ��0 * ��� ()� �+

�2"� �/! STAT &)/� 7!3!, �&/� �� STAT1, 3 �(� 5,  ! )#�&���$!�(� � �+

(&� �+&��( 1"+1� (Dziennis and Alkayed, 2008). ��%� $ �(� ��� 2!(� �$)���

���(!�%���  ! )#�&�*�%�� �/! STATs %��!  #�2,("� �, *" �(� %��! ($6�%�

�/!  ��)�!�� !/! �'����!3! �(� ('6����3! &()(#�!�/! &�'

(& " '0 )3!�!�(� � �+ (&� �)('�(��%��. �%��%�, �� STATs 

 ! )#�&���$!�(�  &*%�� (&�  " $0 ) � )*9 �, ! ')�-�(1�1(%�2� �(� +"" �

," #��!3- �� �'%* � &�' &()+#�!�(� % 2!(! �(� %�)(��2!� ! ')��� �%��

(Ahn et al., 2006). �!-�(,2)�! &()�'%�+9 � �� # #�!�� ��� -�(,�) ���2�

STATs ,(*! �(� !( -�(-)(�(�*9�'! -�(,�) ����$� )�"�'�. ��( &()+- �#�(, 

 !3 �� STAT3 �(� STAT5 2��'! ! ')�&)�%�(� '���� )�"� � �+ (&� �%�(�����

 #� ,("���  & �%�-�� . �)('�(��%�� ! ')3!(, �  ! )#�&�*�%� ��� STAT1 

2� � %'!- 0 * � �'��()��� 0+!(�� �/! ! ')3!/! (Takagi et al., 2002; Sola et 

al., 2005; Zhang et al., 2007; Dziennis and Alkayed, 2008). �� STAT3 �(�

STAT5 &)�/0�$! ��!  &�1*/%� �/! ! ')��3! �(� +""/! �'��+)/!, 

 &+#�!�(� ! ')�&)�%�(� '���+ . (!�*-(&�&�/���+ #�!*-�(,  !3 � STAT1 

�-�# * % ! ')� �,'"�%��  &+#�!�(� #�!*-�( &�' &)�/0�$! ��! (&�&�/%�

. ��! �'��()��� 0+!(�� (Takagi et al., 2002; Battle and Frank, 2002; Um and 

Lodish, 2006; Dziennis and Alkayed, 2008).  

 %'! �.�  ! )#�&�*�%� . � ('6�)$0��%� %��!  ! )#����( �"/! �/!

,/%,�)'"�/�2!/! STATs 2� � %� ��%� * %'�!+ � (%02! � � �&/�  *!(� �

�()�*!�� (Calo et al., 2003). �()�*!�� ��' �(%��$, ��' ��%�,+#�', ��'

&)�%�+�� �(� & )�&�3% �� " '�(��*(� 2��'! %� ��%� * �')*/� � ���

,/%,�)'"�/�2! � STAT1, STAT3 �(� STAT5 (Dolled-Filhart and Rimm, 2003; 

Tan and Nevalainen, 2008). 
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�-�� ��"  �� �-����" ��� STAT %����(���

STAT1  �! STAT2 

�� STAT1 �(� ST��2 � %�"(1�$! ��� (&��)*% �� �/! �!� ), )�!/!, �(�

/�  � ��$��'  *!(� (&()(*��� � #�( ��! �(�(&�"2��%� �/! ��# !3! �(�

1(���)�(�3! "���36 /!.  ,'%��"�#��. %��(%*( ('�3! �/! � �(#)(,��3!

&()(#�!�/! 1)20�� � � "2� � (&� 93(  "" ���(���+ /� &)�� �� STAT1 .

�� STAT2, �( �&�*( #*!�!�(� �-�(*� )(  &�)) &. %��� ��"$!% �� (Reich, 2007). 

	 -��2!�' ��� � &() ��"*!�'%( %��(��-���%� �/! �!� ), )�!/! �-�# * % 

," #��!3- �� !�%�'�, �� ST��1 �(� STAT2 (&�� "�$! '&�0 ����$� %����'�

#�( 0 )(& '���. &()2�1(%� % ," #��!3- �� -�(�()(�2�. �&�&"2�!, %��

ST��1 2��'! (&�-�0 * (!�*-&�""(&"(%�(%���2� �-����� � �(� 0 /) *�(� ���

 ! )# * �#���(�(%�("���+, �(03� (!(%�2"" � ��! (!+&�'6� �()��!��3!

�'��+)/! �(� &)�+# � ��! (&�&�/%. ��'� (Berg, 2008). �&� ��! +""�

&" ')+, � STAT2  *!(� �� ��!(-��� �2"�� �/! ST��s �� �&�*� - !

- %� $ �(� %  GAS )'0��%���2� (""�"�'�* �. ���9'#� (&("��,. ��� STAT2 

%'!�- $ �(� (&�  �1)'7�. 0!�%������(, # #�!�� &�' '&�-�"3! � ��

%��(!���� )�"� &�' &(*9 � %�� ,'%��"�#��. (!+&�'6� ��' �)#(!�%��$ (Calo 

et al., 2003). 

STAT3 

 STAT3  ! )#�&�� *�(� �')*/� (&� �'���*! � �(� ('6�����$�

&()+#�!� �, %'�& )�"(�1(!��2!/! � "3! ��� ����#2! �(� ��� �!� )" '�*!��-

6 �(� ��'  &�- )����$ ('6�����$ &()+#�!�(.  STAT3  �&"2� �(� %��!

(!+&�'6� !2/! �'7�3! �!3!, %��!  &�1*/%� �(� %��! �#��#2! %�, �(03� �(�

%��! &("�!-)���%� ��' �(%����$ (-2!( %�� ,'%��"�#��� �2# 0�� � �+ ��!

��� �� (involution). �&�&"2�!, � STAT3 )'0�*9 � �� � �(#)(,. (!�*-

(&�&�/���3! %���� */!, �&/�  *!(� �( Bcl-xL, Mcl-1 �(� � (!(%��"2(� ���

(&�&�/%�� survivin (Desrivières et al., 2006; Lim and Cao, 2006). 

�� (�)�1 *� " ���')#* � ��� STAT3  *!(� -$%��"� !( &)�%-��)�%��$!

(&� knockout (��) &�!�*��(,  - -��2!�' ��� �( 2�1)'( & 0(*!�'! !/)*� �(�+

�� -�+)� �( ��� &)3����  �1)'�#2! %�� &)�! (&� �� %�+-�� ���

#(%�)�-*/%�� (Desrivières et al., 2006). �()�"( ('�+, �%��- �-��. #�!�-�(�.
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%��� '%� (&2- �6 �� )�"� ��� STAT3 %��!  &�$"/%� �/! &"�#3! % 

� )(��!��$��()(, %��! (!(#2!!�%� ��' .&(��� �(� %��!  &�1*/%�, (!+&�'6�

�(� &�""(&"(%�(%��  &�""3! �'��()��3! �$&/! (Lim and Cao, 2006). 

�-��%$%�(��  ! )#�&�*�%� ��� STAT3 2� � 1) 0 * % 2!(  ')$ ,+%�(

(!0)3&�!/! �#�/! �(� �()��!��3! �'��()��3! % �)3!. 	 -��2!�' ��� �

(!(%��". ��� STAT3 %��(��-���%�� %�( �$��()( ('�+ 2� � (&�- ��0 * !(

�(�(%�2"" � ��! (!+&�'6� ��' �#��' �(� !(  &+# � ��! (&�&�/%� �/!

�()��!��3! �'��+)/!, � STAT3 0 /) *�(� /� 2!(� �%�')�� '&�5.,���

,()�(��"�#���� %����� #�( �� 0 )(& *( ��' �()�*!�' (Fletcher et al., 2008). 


 (!�*0 %� � �� STAT1, � STAT3  �,(!*9 � ��%� ," #��!3- ��, �%� �(�

(!��," #��!3- �� -)+% �� (Berg, 2008). 

STAT4 

 STAT4 � %�"(1 * ��� (&��)*% �� �/! &)�-," #��!/-3! �'����!3!

�(� %'#� �)��2!( �/! �!� )" '��!3! -12 �(� -23.  (!(%��". ��� STAT4 

%��(��-���%�� % &�!�*��( �(�(%�2"" � ��! (!+&�'6� ���  &(#�� !�� (&�

�� ��""(#�!� ()0)*��-(�, 3%� � STAT4 !( 0 /) *�(� &"2�! /� 2!(� &�0(!��

,()�(��"�#���� %����� #�( ��! (!��� �3&�%� ��� �)�!�(� ()0)*��-(� (Hildner 

et al., 2007). �&�&"2�!, % � �$��()(  ! )#�&����2!( � �!� )" '�*!�-12, �

STAT4  ! )#�&�� *�(� �(� �-�# * %��! &()(#/#. �!� ), )�!��-#. �'�� ��

��!�&+�� (&�� " * 2!(! �'%�(%���� )'0��%���� ���(!�%�� #�( ��! (!+&�'6�

�/! �-�'��()��3! (&��)*% /!. �( STAT4-KO &�!�*��(  *!(� 1�3%��( �(�

#�!��(, (""+  �,(!*9�'! -�(�()(�2� %��� & )�%%�� ) � " ���')#* � %���

�&�* �  �&"2� �(� � �!� )" '�*!�-12, �&/�  *!(� � &()(#/#. ���

�!� ), )�!��-#, � �'��()���� &�""(&"(%�(%��� �(� � -�(,�)�&�*�%� �/!

�1-1��0����3! �'��+)/! (Murray, 2007).

STAT5A  �! STAT5B 

� � �(#)(,���� &()+#�!�(� STAT5 ()���+ &)�%-��)*%��� %��!

�(%���� (-2!( ��' &�!����$ (Schmitt-Ney et al., 1991) &)�! ��! �"/!�&�*�%�

 !��  «&()+#�!�( ��' �(%����$ (-2!(» (MGF, mammary gland factor) (&�

��! (!�*%����� (-2!( ��' &)�1+��'. � MGF &)�%-��)*%��� /� � &)/� :!�

%��(��-���%�� &�' � %�"(1 * ��� (&��)*% �� ��� &)�"(��*!�� (Wakao et al., 

1994). 
$!���( 2#�! %(,2� ��� o MGF  �,+!�9 %��(!���. (��!�6��.
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���"�#*( � �( �2"� ��� STAT ����#2! �(� �(� 2�%� � ��!��+%��� %  STAT5 

(Wakao et al., 1994). �)#�� )(, (!(�("$,0�� %�� �(%���� (-2!( ��( +""�

�%���),. ��� STAT5, � �&�*( �/-���&�� *�(� (&� 2!( 6 �/)�%�� #�!*-�� (Liu 

et al., 1995). �'�� �� STAT5 ���"�#� #�!*-�� �!��+%���  STAT5B,  !3 �

()���. MGF 2, ) �� �!��( STAT5A. � )(��2)/ � "2� � 2- �6(! ��� �

STAT5B (&�� " * ��( %��(!���. &)/� :!� %��(��-���%�� &�' � %�"(1 *

%��� 1��"�#��2�  &�-)+% �� ��� ('6����.� �)��!�� (GH),  !3 � 1(%��.

" ���')#*( ��� STAT5A  *!(� !( � �+# � �( %.�(�( &�' 6 ��!�$! (&� ��'�

'&�-�� *� ��� &)�"(��*!��. �()+""�"(, (!(�("$,0�� �(� � �')�%�!��.

��!+%� &�' %� �*9 �(� � ��! '&�-��2( ��� &)�"(��*!��, � Janus ��!+%� 2 

(JAK2) (Rui et al., 1994). 

 STAT5A (94 kDa) �(� � STAT5B (92 kDa) (&�� "�$! -�(�)��2�, 

(""+ '5�"+ ���"�# � �%���),2� (93% �('�����( % &)/� 7!���  &*& -�), ��

�&�* � (&�� "�$!�(� (&� & )���2� -����+ �(� " ���')#��+ %'!��)��2! �

� �(6$ �"/! �/! STAT &)/� 7!3! (����!( 12) (Tan and Nevalainen, 2008). 


 (!�*0 %� � +""�'� � �(#)(,���$� &()+#�!� � �/! STATs &�'

 �,(!*9�'! & )��)�%�2!� &)�,*"  ! )#�&�*�%��, �� STAT5A/� � �+#�'!

%.�(�( &�'  &+#�!�(� (&� &�""(&"�$� &)�%-2� �. ����� (&� ��!

&)�"(��*!� �(� ��! ('6����. �)��!�, �� STAT5A/�  ! )#�&���$!�(�  &*%��

(&� ��� �!� )" '�*! � -2, -3, -5, -7, -9 �(� -15, ��! �!%�'"*!�, ��!

 )'0)�&����*!� �(� �� 0)��1�&����*!�, � �(6$ +""/! (Kazansky et al., 1999; 

Tan and Nevalainen, 2008).  

�( &)3�( - -��2!( %� ���+ � ��'� -�(�)���$� )�"�'� �/! STAT5A/�

% -�+,�) � 1��"�#��2� (&��)*% �� &)�."0(! �')*/� (&� � "2� � #�!�-�(�.�

%��� '%��. �( STAT5A- "" ���(���+ 0�"'�+ &�!�*��(  *!(�  "(��/�(���+ /�

&)�� ��!  6()�3� !� (&� ��! &)�"(��*!� (!+&�'6� ��' �(%����$ ��'� (-2!(

�(� ��! &()(#/#. #+"(����,  !3 �( STAT5A-�� ()% !��+ &�!�*��(

 �,(!*9�'!  "(��/�(����  &�0."�� ��' &)�%�+��. �&�&"2�!, �( STAT5A-��

&�!�*��( &()�'%�+9�'!  "(��3�(�( /� &)�� ��! &�""(&"(%�(%�� �/! �-

" �,��'��+)/!. �!�*%����(, �( STAT5B-�� &�!�*��( (-'!(��$! !(

(!�(&��)�0�$! (&�� " %�(���+ %��! ('6����. �)��!� �(�  *!(� �%�')3�

(!(����+, '&�- ��!$�!�(�  "(��/�(���. (���&�*�%� "�#/ ��� � �/�2!��

(&��)�%�� %��� (���&����*! �. �2"��, �( STAT5A/B -�&"+ knockout &�!�*��(, 

 �,(!*9�'! %�1()2� -�(�()(�2� %�� " �,��. (!+&�'6� �(� %��
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-�(,�)�&�*�%� �/! " �,��'��+)/!,  *!(� ���)�� )( (&� ('�+ ��' (#)*�'

�$&�',  !3 �( 0�"'�+ &�!�*��( - !  *!(� #�!��(. ��!�*��( %�( �&�*(

�"��"�)�� � STAT5 #�!�-�(��� ��&�� &�' & )�"(�1+! � �( Stat5a �(� Stat5b 

(""�"���),( (&(" *,0�� %�� #(� ���. % �)+ &20(!(! �(�+ ��! ��� ��, /�

(&��2" %�( %�1().� (!(��*(� �(� +""/! ,'%��"�#��3! (!/�("�3!

(Desrivières et al., 2006; Yao et al., 2006; Tan and Nevalainen, 2008).  

  ! )#�&�*�%� �/! STAT5�/� 2� � 1) 0 * ���  &+# � ��! �'��()��.

-�(,�)�&�*�%� �(� &)�%�(� $ � �( �$��()( (&� ��! (&�&�/%� (Um and 

Lodish, 2006). �()+""�"(, &(*9 � %��(!���� )�"� %��! 2�,)(%� #�!�-*/!

(&.�. Bcl-xL) &�' &)�+#�'! ��!  &�1*/%� -�(,�)/! �'��()��3! �$&/!

(Murray, 2007). �&�&"2�!, �� STAT5�/�  *!(� #!/%�� ��� )'0�*9�'! ��!

(���&������. -�(,�)�&�*�%�  �1)'7�3! 1"(%���3! �'��+)/! ��' &�!����$

�(� &)�/0�$! ��! ('��-(!(!2/%� �/! (���&������3! 1"(%���3! �'��+)/!, 

��� ��!� % ,'%��"�#��+, (""+ �(� % " '�(����+ �$��()( (Kato et al., 2005). 

�!�*0 �(, � (&3" �( " ���')#*(� ��� STAT5 �-�# * % %�1()2� �(�(%�+% ��

%'!-'(%�2!�� (!�%�(! &+)� �(� (Desrivières et al., 2006). 

  ! )#�&�*�%� �/! STAT5�/� ��%� %  &�0�"�(�+ �$��()( ��'

�(%����$ (-2!(, �%� �(� % (���&������+ �$��()( � �+ �� ��).#�%�

0)��1�&����*!�� �-�# * %�� � �(#)(,��.  &(#/#. ��� �'�"*!�� D1, � �&�*(

 �&"2� �(� %��! &)��-� ��' �'��()���$ �$�"�'. �()����(, �� STAT5�/�

 ! )#�&���$!�(� �(�())�7�+ ��' '&�-��2( ��� �!� )" '�*!��-2 �(�  &+#�'!

�� � �(#)(,. ��' #�!�-*�' ��� �'�"*!�� D2. �� STAT5�/� &)/� :! �

 !�%�$�'!  &*%�� ��! 2�,)(%� �(� +""/! )'0��%���3! %���� */! ��'

�'��()���$ �$�"�', �&/�  *!(� �( c-myc, p21, p27 �(� � �'�"*!� �. 8!( +""�

#�!*-�� &�' %'!-2 �(� %� !+ � ��! �'��()��� &�""(&"(%�(%��, �� Id-1 

(inhibitor of DNA binding gene), ,(*! �(�  &*%�� !(  &+# �(� �2%/ �/!

STAT5�/�. �&�&"2�!, �� STAT5�/� �-�#�$! %�� � �(#)(,. #�!�-*/! &�'

 �&"2��!�(� %�� )$0��%� ��� �'��()��.� -�(,�)�&�*�%��, �&/�  *!(� � �6�!�

&)/� :!� ��' �)�$ ��' #+"(����. �2"��, � ('6�)$0��%� �/!

(!�(&�&�/���3! Bcl-xL �(� Mcl-1 #�!�-*/!  *!(� %��(!���. #�( �� STAT5-

� %�"(1�$� !� �'��()��.  &�1*/%� (Buitenhuis et al., 2004; Desrivières et al., 

2006).  

8� � 1) 0 * ��� ��  STAT5 �%���),2� 1)*%��!�(� '&2)- ! )#�&����2! �

% ()� �+  *-� (!0)3&�!/! �#�/!, �&/� % " '�(��* �, �()�*!� ��' �(%��$, 
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�()�*!� ��� �.�)(� �(� ��' &)�%�+��, � �(6$ +""/! (Wittig and Groner, 2005; 

Tan and Nevalainen, 2008). ��( &()+- �#�(, � "2� � %  MCF-7 �$��()(

�()�*!�' ��' �(%��$ 2- �6(! ��� � '&�6*(, 2!( %'�!+ &()(��)�$� !�

,(�!�� !� ��' �()�*!�', �-�# * %��!  ! )#�&�*�%� �/! STAT5�/�.  

STAT6 

 STAT6  ! )#�&�� *�(� /� (&��)�%� %��! �!� )" '�*!� -4 �(03�

 &*%�� �(� %�� -13, �*( +""� �'���*!� &�' - %� $ �(� %��! ( ("'%*-( ��'

'&�-��2( ��� �!� )" '�*!��-4. � "2� � &�' 2#�!(! %  STAT6- "" ���(���+

&�!�*��( (&2- �6(! ��� � %'#� �)��2!� &)/� :!� %'�� �2� �  ! )#+ %��!

(!+&�'6� �/! �2-1��0����3! " �,��'��+)/! �(�  &+# � �� � �(#)(,��.

 ! )#�&�*�%� �/! IgE (!�%�%,(�)�!3! (Lim and Cao, 2006). �&�&"2�!, (&�

�(  ').�(�( �/! � " �3! ,+!�� ��� � STAT6 &(*9 � �)*%��� )�"� %��!

&(0�#2! %� ��' +%0�(��� �(� ��� � (!(%��". ��' ��!�&(���$  ! )#�&�*�%��

��� STAT6 0( �&�)�$% !( (&�� " * �*( !2( %�)(��#��. #�( �� 0 )(& *(

("" )#��3! -�(�()(�3! (Hebenstreit et al., 2006).  

����*�" ��� *���" % � �!%�-� ���� *�� ��*� �����*� ��� STAT 

%����(���

 JAK  !��"��


�( 0�"(%���+ '&+)��'! 4 JAK ��!+% �, �� JAK1-3 �(� � �')�%�!��.

��!+%� 2 (TYK2, tyrosine kinase 2), �� �&�* �, �  6(*) %� �� JAK3, 

 �,)+9�!�(�  ')2/� % �"�'� ��'� �%��$� (Levy and Darnell, 2002). ��  

'&�-�� *� &�' (&(���$!�(� #�( ��! (!+&�'6� �(� ��! &�""(&"(%�(%�� �/!

(���&������3! �'��+)/! �)�%���&���$! �� JAK2, �� & )�%%�� )�� '&�-�� *�

�/! �!� )" '��!3! &�' ,2)�'! #-("'%*-( �)�%���&���$! ��� JAK1 �(� JAK3 

 !3 +""�� '&�-�� *� �)�%���&���$! ��!� �� JAK1. �!�*0 �(, � (!0)3&�!�

TYK2 ,(*! �(� !(  *!(� (&()(*���� #�( �� %��(��-���%� �2%/  !��

 ')$� )�' ,+%�(��� '&�-��2/! �/! �'����!3! (Murray, 2007). �� JAK 

&)/� :! � (&�� "�$!�(� (&�  &�+ '5�"+ %'!��)��2! � JAK ���"�# �

& )���2� (JH1-JH7) �(� �'�(*!�!�(� % �2# 0�� (&� 120 2/� 135 kDa 

(����!( 13).   ! )#����( ��!+%�� �/! JAKs 1)*%� �(� %�� �()1�6'"��� ��'�

+�)� %��! & )���. JH1 (JAK homology domain 1). ��)�13� &)�! (&� ��!
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JH1  *!(� � JH2 & )���. 5 '-���!+%�� &�' ���+9 � � �� JH1 (""+ 2� �

()!����. )'0��%���. -)+%�. �� & )���2� &�' � %�"(1�$! %��!

(""�" &*-)(%� � ��'� '&�-�� *� �/! �'����!3!  *!(� �� JH3-JH7 %��

(��!�� "��� +�)� �/! JAKs (����!( 13) (Aaronson and Horvath, 2002; Levy 

and Darnell, 2002). 


����� 13. � ! ��� JAK ����*��. �� JAKs (&()�*9�!�(� (&�  &�+ JAK ���"�# �

& )���2�, ��� JH1-JH7.  JH1 ,2) � ��!  ! )#����( ��!+%��.  JH2 (!��&)�%/& $ �

�*( & )���. 5 '-���!+%��, � �&�*( ,(*! �(� !( )'0�*9 � ��! �(�("'���. -)+%� ���

JH1. �� JH3-JH7  �&"2��!�(�  %�� %$9 '6� �/! JAKs � ��'� '&�-�� *�.  

� -�� )�%��� �/!  '&�-��2/! �/! �'����!3!, &�'  &+# �(� (&� ��!

&)�%- %� ��' �(�+""�"�' (#/!�%�., ,2)! � -$� JAK ��)�( % ��%� ��!��!.

(&�%�(%� � �(6$ ��'� 3%� ('�+ !( +""�"�- ! )#�&���$!�(� � �(6$ ��'� �(�

%'#�)�!/� !( ,/%,�)'"�3!�'! %'#� �)��2!( ���*1( �')�%*!�� ��'

'&�-��2( (����!( 14). �( ,/%,�)'"�/�2!( �(�+"��&( �')�%*!�� �/!

'&�-��2/! " ���')#�$! /� & )���2� (#�')�1�"�%�� #�( ��� STATs, �

%�)(��"�#�%� �/! �&�*/!, �2%/ (""�" &*-)(%�� �/! SH2 & )���3! ��'�

� ��� ,/%,�)'"�/�2! � �')�%*! � �/! '&�-��2/!,  *!(� (&()(*���� #�( ��!

 ! )#�&�*�%� �/! STA�s. �� JAK ��!+% � ,/%,�)'"�3!�'! ��� STATs, ��

�&�* � (��"�$0/� -�� )*9�!�(�, �2%/ �/! SH2 & )���3! ��'�, �(�

� �(!(%� $�'! %��! &').!(, �&�' &)�%-2!�!�(� % %'#� �)��2! � DNA 

(""�"�'�* �-%����'�, � �(1+""�!�(� �� #�!�-�(�. 2�,)(%� (Aaronson and 

Horvath, 2002; Levy and Darnell, 2002). 
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����� 14. #�!�� ,���*� !-*� � � JAK-STAT ! � %��� &. � -�� )�%��� �/!  

'&�-��2/! �/! �'����!3!, &�'  &+# �(� (&� ��! &)�%- %� �(�+""�"�' (#/!�%�., 

�(�(".# � %��!  ! )#�&�*�%� �/! JAKs, �� �&�* �, � �� % �)+ ��'�, 

,/%,�)'"�3!�'! ��'� '&�-�� *� % %'#� �)��2!( �(�+"��&( �')�%*!��, �( �&�*(

" ���')#�$! /� & )���2� (#�')�1�"�%�� #�( ��� STATs. �� STATs 1)*%��!�(� %��

�'��()�&"(%�( % ��!�� ). ��),. �(� � �+ �� ,/%,�)'"*/%. ��'� (&� ���

 ! )#�&����2! � JAKs, ���- . 2� )�- -�� )*9�!�(� �(� � �(��&*9�!�(� &)�� ��!

&').!(, �&�' �(� - %� $�!�(� % %'#� �)��2! � DNA (""�"�'�* �.        

  

 Src  !��"��

�2�)� &)�! � )��+ �)�!�(, �� JAKs 0 /)�$!�(! /� �� ��!(-��2� ��!+% �

&�'  �&"2��!�(� %��!  ! )#�&�*�%� �/! STATs,  !��$����, 2!(� � #+"��

()�0��� � " �3! 2- �6 ��( +""� ����#2! �( ��!(%3!, ��� Src �')�%�!��2�

��!+% �, �� �&�* �  &*%��  ! )#�&���$! ��'� STAT � �(#)(,���$�

&()+#�!� � (Calo et al., 2003).  ����#2! �( �/! Src ��!(%3! (&�� " *�(�

(&�  !!2( �2"�: Lyn, Fyn, Lck, Hck, Fgr, Blk, Yrk, Yes �(� c-Src, � ��!

� " '�(*( !(  *!(� � & )�%%�� )� � " ���2!�. �� %'#� �)��2! � ��!+% �

&(*9�'! %��(!���� )�"� %��! �'��()��. -�(,�)�&�*�%�, ��!

&�""(&"(%�(%�� �(� ��!  &�1*/%� �/! �'��+)/! (Boggon and Eck, 2004). ��

&)/� :! � ��� ����#2! �(� Src  �,(!*9�'! ��( %'!��)��2!� -��., � �&�*(  
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(&�� " *�(� (&� 4 Src ���"�# � (SH) & )���2�, � �� �()1�6'� "��� ��'�

��.�( !( & )�2� � 2!( ()!����� )'0��%���� �(�+"��&� �')�%*!�� (Tyr530) 

(����!( 15�). �� Src ',*%�(!�(� %  ! )#. �(� (! ! )#. -�(��),/%�. 

()!����. )$0��%� %'�1(*! � �2%/ ,/%,�)'"*/%�� ��� Tyr530 (Tyr527 %��

c-Src), � �&�*( �" �-3! � ��! &)/� :!� % ��( �" �%�. -�(��),/%�, "�#/

 !-���)�(�3! (""�" &�-)+% /! � �(6$ ��� ,/%,�)'"�/�2!��  Tyr530 �(�

��� SH2 & )���.� (����!( 15�). �!�*0 �(, � (&�,/%,�)'"*/%� ��� Tyr530 

 &��)2& � %�� Src !( "+1 � ��( (!����. -�(��),/%�. ��( ��! &".)�

 ! )#�&�*�%� ��� ��!+%�� (&(�� *�(�   &�&"2�! � ('��,/%,�)'"*/%� ���

Tyr419 (Tyr416 %�� c-Src), � �&�*( 1)*%� �(� %��! �(�("'���. & )���. SH1 

(Roskoski, 2004; Aleshin and Finn, 2010).  

  


����� 15. � ! ��� Src ����*��. �-' , � ����� % ��*�" ���

�%����� % ��*�".  ,/%,�)'"*/%� ��� Tyr530 %�� �()1�6'� "��� +�)�

�" �-3! � ��! &)/� :!� % ��( �" �%�., (! ! )#. -�(��),/%�, � �&�*(

%�(0 )�&�� *�(� �2%/ (""�" &�-)+% /! � �(6$ ��� SH3 �(� ��� �(�("'���.�
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& )���.� ��� ��!+%�� (SH1).  (&�,/%,�)'"*/%� ��� Tyr530 �(� �

('��,/%,�)'"*/%� ��� Tyr419 �2%( %��! �(�("'���. & )���.  &��)2&�'! %�� Src 

!( (&���.% � ��( (!����.,  ! )#. -�(��),/%�. 

 &)3�� %'�� ���. �/! Src ��!(%3! %��!  ! )#�&�*�%� �/! STATs 

(&�- *�0�� %  Src-� �(%���(��%�2!( NIH3T3 �$��()(, �( �&�*( 1)20�� !(

 �,)+9�'! �-��%$%�(�(  ��( ,/%,�)'"�/�2!� ��),. ��� STAT3 (Cao et al., 

1996). �2�)� %.� )( -�+,�) �  ) '!����2� ��+- � (&2- �6(! ��� �� Src 

��!+% � ,/%,�)'"�3!�'! +� %( �2"� ��� ����#2! �(� �/! STAT 

� �(#)(,��3! &()(#�!�/! ��%� in vitro �%� �(� % �'��()��+ %'%�.�(�(

(Okutani et al., 2001; Calo et al., 2003). ��( &()+- �#�(, � c-Src ��!+%�  

 ! )#�&�� * �� STAT3 �(�+ �� -�+)� �( ��' &�""(&"(%�(%��$ (���&������3!

�'��+)/! � �� � %�"+1�%� ��� �!� )" '�*!��-3 (Chaturvedi et al., 1998), 

 !3 � *-�( ��!+%� ,/%,�)'"�3! � �� STAT5�, � %�"(13!�(� %��!

&�""(&"(%�(%�� (!0)3&�!/! � " �,��'��+)/! (Cayer et al., 2009). �2"��, 

2� � 1) 0 * ��� �  ! )#�&�*�%� -�(,�)/! GPCRs, �&/�  *!(� � '&�-��2(�

��� (## ��� !%*!�� �(� � �-OR, �-�# * %�� ,/%,�)'"*/%�/ ! )#�&�*�%� ���

c-Src ��!+%��, � �&�*( � �� % �)+ ��� ,/%,�)'"�3! � ��'� � �(#)(,���$�

&()+#�!� � STAT3 �(� STAT5�, (!�*%����( (Liang et al., 1999; Mazarakou 

and Georgoussi, 2005).  

  

�%� ��,��" �% , .��" ��� STAT !��������� � %���� ���"

 +� %� %�2%� �/! �&�� �-3! '&�-��2/! � ��!  ! )#�&�*�%� � "3!

��� ����#2! �(� �/! STAT � �(#)(,��3! &()(#�!�/! 6 �*!�% �� 2004, 

�&�' #�( &)3�� ,�)+ � ��+-( ��' Wong 2- �6 ��� � STAT3  ! )#�&�� *�(�

% ��293 �(� HEL �$��()( � �+ ��! &)�%- %� ��' --OR (#/!�%�. DPDPE. 


 ('�� �� %��(��-����� -*��'�  �&"2� �(� � G(14 '&���!+-( �(� &�""+

 !-�+� %( %��(��-����+ ��)�(, �&/�  *!(� �� ����s, � ,/%,�"�&+%� C1, ��

��!+% � JAK2 �(� c-Src �(� �)�%�2! � ���)�$ ��)�(��$ 1+)�'� G &)/� :! �

(Lo and Wong, 2004). �� *-�� �)�!��� -�+%���( -���%� $0��  &*%�� (&� ��!

*-�( ��+-( ��� � STAT3 ,/%,�)'"�3! �(� %�( SH-SY5Y �$��()( � �+ ��!

 ! )#�&�*�%� ��' �-OR, �2%/ �/! Gi/Go &)/� 7!3! � ��!  �&"��. �/!

���, JAK �(� Src ��!(%3! (Yuen et al., 2004). ��! *-�(  &��., &()+""�" �

� "2� � %��  )#(%�.)�� �'��()��.� 
��(��-���%�� �(� ��)�(�.�
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�()�(��"�#*(� ��' �!%����$��' ���"�#*(� %�� �.�.�.�.�. «	����)����» 

2- �6(! ��� � � �(#)(,���� &()+#�!�(� STAT5� ,/%,�)'"�3! �(� �(�

 ! )#�&�� *�(� � �+ ��!  ! )#�&�*�%� ��' �-OR � ��),*!� . DAMGO, ��%�

%  COS-7  &���"'%�2!( �%� �(� %�( SH-SY5Y �$��()(, �( �&�*(  �,)+9�'!

 !-�# !3� ��'� �- �(� --ORs (-�-(���)��. -�(�)�1. ��� �. �(9()+��', 

�.�.�.�., 2006).  �-OR- &(#�� !� ,/%,�)'"*/%� ��� STAT5� #*! �(� (&�

��( c-Src ��!+%� �(�  *!(� (! 6+)���� �/!  '(*%0��/! %��! ��6*!� ��' ���*��

(PTX) G &)/� 7!3!. �&�� "2%�(�( ��'  )#(%��)*�' �(� 2- �6(!  &*%�� #�(

&)3�� ,�)+ ��� � STAT5� (""�" &�-)+ (& '0 *(� � ��! �-OR ��%� in vitro

�%� �(� % �"��"�)( �$��()(.  (""�" &*-)(%� ('�.  !��&*9 �(� %��

�()1�6'� "��� +�)� ��' '&�-��2( (�#-�� 2"��() �(� - !  6()�+�(� (&� ��!

 &*-)(%� �&�� �-3! (!("�#/! (Mazarakou and Georgoussi, 2005). �(

(&�� "2%�(�( ('�+ �-.#�%(! %��!  6 $) %�  !�� !2�' %��(��-�����$

��!�&(���$, �2%/ ��' �&�*�' � �-OR ,(*! �(� !( )'0�*9 � �� � �(#)(,.

STAT5- &(#�� !/! #�!�-*/!-%���/!  (����!( 16).  


����� 16. 8!( &)�� �!�� !� %��(��-����� ��!�&+�� ��' �-OR &�' �-�# * %��!

 ! )#�&�*�%� ��� STAT5A (Mazarakou and Georgoussi, 2005). 
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�)�%,(�( ��(  !-�(,2)�'%( 2) '!( 2- �6  &*%�� ��� � ��).#�%�

��),*!�� % ��'!2"�( � �()-�(�. �%�(��*( &�' 2� � %(! (&��2" %�( ��!

 ! )#�&�*�%� ��' JAK2-STAT3 %��(��-�����$ ��!�&(���$ ('6+! � ��!

2�,)(%� ��� (!�*-(&�&�/���.� &)/� :!�� Bcl-2. �( (&�� "2%�(�( ('�+

- ��!$�'! ��� � %��(��-���%� �/! �&�� �-3! '&�-��2/!  �&"2� � �2"� ���

����#2! �(� �/! STAT &)/� 7!3! �(� -�(-)(�(�*9 � 1(%��� )�"� %��!

&)�%�(%*( ��' �'��()-*�' � �3!�!�(� ��! (&�&�/%� �/!

�()-���'��'��+)/! � �&�*( &)��(" *�(� "�#/ �%�(��*(� (You et al., 2010). 



69 

#��0�#

�� �&�� �- *� '&�-�� *�, �&/� &)�(!(,2)0�� ,  &+#�'! �� � �(#)(,.

-�(,�)/! #�!�-*/! �2%/  ! )#�&�*�%�� &���*"/! %��(��-����3!

��!�&(��3!, �( �&�*( & )�"(�1+!�'!, � �(6$ +""/!, ��'� � �(#)(,���$�

&()+#�!� � CREB, AP-1, NF-�� �(� �� ��!�&+�� �/! ��� ��!(%3! (Tso and 

Wong, 2003). �&� ��! +""� &" ')+ - -��2!( - ��!$�'! ��� &�""�* GPCRs 

 ! )#�&���$! �2"� ��� ����#2! �(� �/! STAT � �(#)(,��3! &()(#�!�/!

(Park et al., 2000; Zhang et al., 20081). �)��#�$� ! � � "2� � ��'

 )#(%��)*�' �(� �-.#�%(! %��! &)�%-��)�%��  !�� !2�' %��(��-�����$

��!�&(���$, �2%/ ��' �&�*�' �  ! )#�&����2!�� �-�&�� �-.� '&�-��2(� (�-

OR)  &+# � �� ,/%,�)'"*/%� ��' � �(#)(,���$ &()+#�!�( STAT5� (����!(

16) (Mazarakou and Georgoussi, 2005). 
'#� �)��2!(, �� � "2� � ('�2�

2- �6(! ��� � &()+#�!�(� STAT5� (""�" &�-)+ +� %( � �� �()1�6'� "���

+�)� ��' �-�&�� �-�$� '&�-��2(, (! 6+)���( (&� ��!  ! )#�&�*�%� ��'

'&�-��2(, �(� �)��02��%(! ��! (""�" &*-)(%� ('�. %�� YXXL %'!��)��2!�

���*1� ��' �()1�6'� "���$ +�)�' ��' �-OR. �� YXXL ���*1�, �� �&�*�

(&(!�+�(� %'�!+ %��'� GPCRs,  !��&*9 �(� �(� %��'� �) �� '&��'&�'� �/!

�&�� �-3! '&�-��2/! (�, -, �) �(� (&�� " * %�� *� (#�')�1�"�%�� ���

STAT5 (McWhinney et al., 1998; Mazarakou and Georgoussi, 2005).  

�(%�9�� !�� %�( &()(&+!/ - -��2!(, %����� ��� &()�$%(� � "2���

 *!(� !( &)�%-��)*%�'� �( %��(��-����+ ��!�&+��( &�' &')�-���$!�(� � �+

��!  ! )#�&�*�%� ��' --�&�� �-�$� '&�-��2( (--OR). � #!3��!( ��

# #�!�� ��� o --OR ,2) � %�� �()1�6'� "��� ��' +�)� �� %'!��)��2!�

(��!�6��. (""�"�'�*( YXXL, �(  )/�.�(�( &�'  # *)�!�(�  *!(� �(�+ &�%�!: 

() � ,/%,�)'"*/%� �/! STAT � �(#)(,��3! &()(#�!�/! (&�� " * ���!�

%��(��-����� ��!�&+�� �/! �- �(� -- �&�� �-3! '&�-��2/!,  

1) � --OR 2� � �� -'!(�����( !( (""�" &�-)+ � *-�( . %'## !. �2"� ���

����#2! �(� �/! STAT &)/� 7!3!, �(�  

#) �� �()1�6'� "��� +�)� ��' --OR " ���')# * /� &"(�,�)�( #�( ��!

%���(��%�� %��(��-����3! %'�&"��/! (signalosomes) � ��� STATs . +"" �

&)/� :! �.  
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�&�-�� *� &�' %'9 $#!'!�(� �  G(i/o &)/� :! �, �&/� � '&�-��2(�

��� % )���!*!�� 5-�1R �(� � �(!!(1�!� �-.� '&�-��2(� CB1R,  &+#�'! ��

! ')����. (!+&�'6� �/! Neuro-2A �'��+)/! �2%/  !�� ��!�&(���$ &�'

& )�"(�1+! � ��� G(i/o '&���!+- �, �� Src ��!+%� �(� ��! STAT3 � �(#)(,���

&()+#�!�( (Fricker et al., 2005; He et al., 2005). �&*%��, 2� � 1) 0 * ��� ��

G(i/o &)/� :! � �(� � Src ��!+%� '& ) �,)+9�!�(� %��'� ('6�����$� �3!�'�

�/! (!(&�'%%�� !/! ! ')3!/! (Bromberg et al., 2008). �&�&"2�!

& �)(�(���+ - -��2!( - ��!$�'! ��� �� �&�� �- *� '&�-�� *�  �&"2��!�(� %��!

(!+&�'6� �(� -�(,�)�&�*�%�, �(03� �(� %��!  &�1*/%� �/! �'��+)/!

(Hauser and Mangoura, 1998; Chen et al., 2008; Bodnar, 2009). 


��)�9�� !�� %�� # #�!�� ��� �(� � --�&�� �-.� '&�-��2(� �(� � STAT5 

 �,(!*9�'! ! ')�&)�%�(� '���. -)+%� (Zhang et al., 2002; Narita et al., 2006; 

Zhang et al., 2007), -� )/��0.�(�  &*%�� �(�+ &�%�! -) � --�&�� �-.�

'&�-��2(�,  ! )#�&��3!�(� �2"� ��� ����#2! �(� �/! STAT &)/� 7!3!, 

%'�& )�"(�1(!��2!�� �(� ��� STAT5, %'�1+"" � %��!  &�1*/%�, (!+&�'6�

�(� -�(,�)�&�*�%� ! ')��3! �'��+)/!. 

�( (&�� "2%�(�( ��� &()�$%(� -�(�)�1.�  ' "&�%��$� !( 1��0.%�'!

%�� -�(" $�(!%� �/! ���(!�%�3!  � *!/!, �2%/ �/! �&�*/! �� �&�� �- *�

'&�-�� *� �-�#�$! % (""(#2� %�� � �(#)(,��.  ! )#����( �/! STAT  

� �(#)(,��3! &()(#�!�/!, �(� �� �&�*��  '0$!�!�(� #�( �( ,(�!�� !( (!��.�

�(�  6+)��%�� &�'  �,(!*9�!�(� � �+ ��! &()(� �(�2!� ��).#�%� �&�� �-3!

�'%�3! �(03�  &*%�� �(� #�( ��� (""(#2� &�' &)��("�$! %�� %'!(&���.

&"(%�������( �(� %��!  &�1*/%�/-�(,�)�&�*�%� �/! ! ')3!/!.  
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II. ���� �� 	�#���
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II. 32��� ��� �
/����

1. 32���

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

�( �����+ (!��-)(%�.)�( &�' �)�%���&��.0��(! %��! &()�$%(

 )#(%*( #�( ��! &()(%� '. -�("'�+�/!  *!(� �(0()����(� (!("'����$

1(0��$ �(� (#�)+%���(! (&� ���  �(�) * � Sigma-Aldrich, Merck, Fluka �(�

Applichem. ��( ��! &()(%� '. �"/! �/! -�("'�+�/! �)�%���&��.0�� -��-

(& %�(#�2!� �(� (&��!�%�2!� ! )� (ddH20). 

<"( �(  !()��.)�( ��)�( (primers) &�' �)�%���&��.0��(! %��� � �!��2�

��)�(�.� 1��"�#*(� %'!�20��(! (&� ��!  �(�) *( Invitrogen,  !3 �"( �(

'&�"��&( (!��-)(%�.)�( �/! ��)�(�3! � 0�-/! &)���0 $���(! (&� ��!

Fermentas.  (!*�! '%� ��� (""�"�'�*(� �/! !�'�" ���-*/! (sequencing) 

&)(#�(��&��.0�� %��! ABI PRISM 310 Genetic Analyzer ��� Perkin Elmer 

(�.�.�.�.�. «	����)����»). �� PCR (!��-)+% �� 2#�!(! %��! 0 )����

�'�"�&����. iCycler ��� Bio-Rad. �( %'%�.�(�( (&���!/%�� &"(%��-�(��$

DNA .�(! (&� ��! Promega (mini-prep) �(� ��! Qiagen (midi-prep).  

��( ��� �(""�2)# � � �/!  '�()'/���3! �'��+)/!, �� 0) &���� '"���

DMEM (Dulbecco’s modified Eagle’s medium), �� �6�!� (!0)(���� !+�)�� �(�

�� -�+"'�( 0)'5*!��-EDTA (#�)+%���(! (&� ��!  �(�) *( Biochrom AG 

(Berlin, Germany).  #"�'�(�*!� �(� �( (!��1�����+ &)���0 $���(! (&� ��!

 �(�) *( ��� �(� � �)�� 1��� (&� ��! Invitrogen. �� 0) &���� '"��� Opti-

mem &�' �)�%���&��.0�� #�( ��! &()�-��.  &���"'!%� �/! �'��+)/!  *!(�

(&� ��!  �(�) *( GIBCO,  !3 �� 0) &���� '"��� �/! SH-SY5Y �'��+)/!

(RPMI-1640) (#�)+%��� (&� �� Sigma-Aldrich (St. Louis, USA). <"( �(

&"(%���+ (!("3%��(, �&/� �� ,�+" � �(� �( �)'1"*( �(""� )# �3!, ��

(&�%� �)/�2! � &"(%���2� &�&2� � ��(� �).% /� �(� �� &"(%����* %/".! �

�$&�' Eppendorf �(� Falcon, (#�)+%���(! (&� ���  �(�) * � Orange 

Scientific, Greiner �(� Sarstedt.  (!+&�'6� �/!  '�()'/���3! �'��+)/!

&)(#�(��&��.0�� %  &/(%���� 0+"(�� ���  �(�) *(� NAPCO �(� ��

�'��()��(""�2)# � � -� 6.�0�%(! %   0+"(�� !��(���.� )�.� Holten. 
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-�(�.)�%� �/! �'��+)/! % '#)� +9/�� 2#�! %��! %'%� '. 750 RS ���

Taylor-Wharton. ��( ��! &()(�.)�%� �/! �'��+)/! �)�%���&��.0�� 

,/��!��� ���)�%��&�� Zeiss Axiovert 25. �� (!��-)(%�.)�� turbofect &�'

�)�%���&��.0�� #�( ��! &()�-��.  &���"'!%� �/!  '�()'/���3! �'��+)/!

.�(! (&� ��! Fermentas.  

��( ��� ,'#�� !�).% �� �)�%���&��.0��(! ��  &��)(&29� � 5'��� ! �

,'#�� !�)�� Harrier 18/80 ��� SANYO �(� Hermle Z323 � -'!(�����(

(""(#.� � ,("3!, �� ���)�,'#�� !�)�� Eppendorf 5414 �(� 5415, � Sorvall 

RC5C (� ,("2� GS� �(� SS-34) �(� �� '& ),'#�� !�)�� ��� Beckman Optima 

(� ,(". MLA130) �(� L8-80M (� ,(". 75Ti). ��  &/+% �� �/! '#)3!

�(""� )# �3! 1(���)�(�3! �'��+)/! 2#�!(! '&� (!+- '%� % 0+"(�� ���

Daihan LabTech,  !3 #�( ��! (!+&�'6� % %� ) � '&�%�)/�(

�)�%���&��.0��  &/(%�.)(� ��� Gallenkamp. ��( ��� (&�%� �)3% �� '"��3!

�(� -�("'�+�/! �)�%���&��.0�� '#)�� �"*1(!�� (&�%� *)/%�� Tuttnauer 

3870E.  

��( �( & �)+�(�( &)�%- %�� ��' '&�-��2( �)�%���&��.0��(! ,*"�)(

�!3! '+"�' Whatman GF/B � �� �).%� ��� ('���(��&����2!�� %'%� '.�

-�.0�%�� BRANDEL . ��� %'%� '.� -�.0�%�� Millipore.  �2�)�%� 1-

(���!�1�"*(� 2#�! %��! � �)��. TRI-CARB 2100TR Liquid scintillation 

analyzer ��� PACKARD. 

�� ,(%�(��,/��� �)��2� � �).% �� &)/� 7!��3! - �#�+�/! 2#�!(! � ��

,(%�(��,/��� �)� �)(��$/'& )�3-�'�  Lambda 16 ��� Perkin Elmer,  !3 �

�2�)�%� !�'�" 7!��3! �62/! 2#�! %�� Nanodrop ND-1000. �� � �).% ��

,0�)�%��$ &)(#�(��&��.0��(! %�� "�'��!�� �)� TECAN Infinite M200.  

 �" ��)�,�)�%� ��' DNA 2#�! % %'%� '2� �)�9�!��(�

�" ��)�,�)�%�� (#()�9�� ��� Bio-Rad. ��( ��! �" ��)�,�)�%� �/!

&)/� 7!��3! - �#�+�/! �(� �� � �(,�)+ ��'� % � �1)+! � PVDF 

�)�%���&��.0��(! �� %'%� '2� Mini-Protean Tetra Cell �(� Mini Trans-Blot 

Electrophoretic Transfer Cell ��� Bio-Rad, (!�*%����(. �( -�("$�(�(

 �,+!�%�� %�( (!�%�(&��'&3�(�( �(�+ Western .�(! ���  �(�) *(� AGFA 

(G150 Developer �(� G354 Fixer).  



75 

����*�!���

�( (!��%3�(�( &�' �)�%���&��.0��(! %�( &"(*%�( ��� &()�$%(�

-�(�)�1.�  *!(� �( �+�/0�: 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� STAT5, % ()(*/%� 1:1000 

(()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� 2� � &()(�0 * 2!(!��  !��

& &��-*�' ��' �()1�6'� "���$ +�)�' ��� STAT5 &�!����$ (sc-835, Santa 

Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� STAT5�, % ()(*/%�

1:1000 (()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� 2� � &()(�0 * 2!(!��

 !�� & &��-*�' &�' 1)*%� �(� %�� �()1�6'� "��� +�)� ��� STAT5�

&�!����$ (sc-1081, Santa Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� ,/%,�)'"�/�2!�� STAT5 

(p-STAT5),  % ()(*/%� 1:500 (()���.� %'#�2!�)/%�� 0.2 mg/ml), ��

�&�*� (!(#!/)*9 � ��( ���). (��!�6��. (""�"�'�*( &�' & )�2� � ��

,/%,�)'"�/�2!� �')�%*!� 694 ��� STAT5� �(� �� ,/%,�)'"�/�2!�

�')�%*!� 699 ��� STAT5�, (!0)3&�!�� &)�2" '%�� (sc-11761, Santa 

Cruz Biotechnology) 

� ��!��"/!��� (!�*%/�( &�!����$ 2!(!�� ,/%,�)'"�/�2!/! �')�%�!3!

(p-Tyr), % ()(*/%� 1:500 (()���.� %'#�2!�)/%�� 0.2 mg/ml) (sc-508, 

Santa Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� Src, % ()(*/%� 1:1000 

(()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� 2� � &()(�0 * 2!(!��  !��

& &��-*�' ��' �()1�6'� "���$ +�)�' ��� Fyn p59 (!0)3&�!�� &)/� :!��

(sc-18, Santa Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� ,/%,�)'"�/�2!�� Src (p-

Src), % ()(*/%� 1:500, �� �&�*� (!(#!/)*9 � �� ,/%,�)'"�/�2!� %��!

�')�%*!� 416 Src (!0)3&�!�� &)�2" '%�� (#2101, Cell Signaling 

Technology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� JAK2, % ()(*/%� 1:1000    

(()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� 2� � &()(�0 * 2!(!��  !��

& &��-*�' &�' 1)*%� �(� %�� �()1�6'� "��� +�)� ��� JAK2 &)/� :!��

&�!����$ (sc-294, Santa Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� G1, % ()(*/%� 1:5000 

(()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� (!(#!/)*9 � ��( & )���. ��'
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�()1�6'� "���$ +�)�' ��� G1 &�!����$ (sc-378, Santa Cruz 

Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� G(i3, % ()(*/%� 1:1000 

(()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� (!(#!/)*9 � 2!( & &�*-��

%�� �()1�6'� "��� +�)� ��� G(i3 ()�')(*�' (sc-262, Santa Cruz 

Biotechnology) 

� ��"'�"/!��+ (!��%3�(�( ��'! "��$ 2!(!�� �/! G(o (OC1) �(� G(i2 

(SG3), % ()(*/%� 1:1000,  '# !��. &)�%,�)+ ��' �(0. G. Milligan, 

University of Glasgow, Scotland, U.K. 

� ��!��"/!��� (!�*%/�( &�!����$ 2!(!�� ��� S-�)(!%, )+%�� ���

#"�'�(0 ��!�� (GST), % ()(*/%� 1:5000 (()���.� %'#�2!�)/%�� 0.2 

mg/ml), �� �&�*� (!(#!/)*9 � ��( ���(�)��. &)/� :!� ��� GST (26 kDa) 

&�' �/-���&�� *�(� (&� 2!(! pGEX.3X (!(%'!-'(%�2!� ,�)2(

2�,)(%�� (sc-318, Santa Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��� �%��!�� 2�, % ()(*/%�

1:200 (()���.� %'#�2!�)/%�� 0.2 mg/ml), �� �&�*� (!(#!/)*9 � ��!

(!0)3&�!� 2� �%��!� (�� 1-126) (sc-10808, Santa Cruz Biotechnology) 

� ��"'�"/!��� (!�*%/�( ��'! "��$ 2!(!�� ��' flag  &���&�', % ()(*/%�

1:500, �� �&�*� (!(#!/)*9 � ��!  &*��&� %  flag-%'!��#�2! � &)/� :! �

(F7425, Sigma-Aldrich) 

� ��!��"/!��� (!�*%/�( &�!����$ 2!(!�� ��' flag  &���&�' (�2), �� �&�*�

�)�%���&�� *�(� #�( ��! (!�%��(�(�).�!�%� flag-%'!��#�2!/! &)/� 7!3!

(F1804, Sigma-Aldrich) 

� ��!��"/!��� (!�*%/�( &�!����$ 2!(!�� ��� (-��'�&�'"*!��, 

&)� )��� !� (&� �-5-1-2 '1)*-/�(, �� �&�*� &()+# �(� (&� �� %$!��6�

�' "/�(���3! �'��+)/! �(� %&"�!��'��+)/! (!�%�&����2!�' &�!����$, 

% ()(*/%� 1:1000 (�5168, Sigma-Aldrich) 

� ��!��"/!��� (!�*%/�( &�!����$ 2!(!�� 6 �%��-�!3! (6xHis), % ()(*/%�

1:500 (631212, BD Pharmingen) 

� �'%��"�#���� �)�� &�!����$ (��S) �(� ��'! "��$ (�RS) (sc-2025 �(�  sc-

2027, (!�*%����(, Santa Cruz Biotechnology) 

� �!��%3�(�( 2!(!�� �/! (!�%�%,(�)�!3! (IgG) ��' &�!����$ �(� ��'

��'! "��$ %'9 '#�2!( �  HRP, % ()(*/%� 1:10000 (KPL, Kirkegaard & 

Perry Laboratories, Inc.) 
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2.  �
/����

2.1  �3�������22�
��
�
#

2.1.1  ��22�
��
�
# 
3���35���51 �3����51  

2.1.1.1  ��������-" *���-"

�� �'��()��2� % �)2� &�' �)�%���&��.0��(! %�( &"(*%�( ��� &()�$%(�

� "2���  *!(� ��  6.�: 

1. �$��()( HEK293 (Human Embryonic Kidney), �( �&�*(  *!(�  &�0�"�(�+

� �(%���(��%�2!( �$��()( (&� (!0)3&�!� ! ,)�. 

2. �$��()( HEK293 &�' 2��'!  &���"'!0 * ��!��( � �� cDNA &�'

�/-���&�� * ��! (!0)3&�!� --�&�� �-. '&�-��2( (--OR), � �&�*��

,2) � %�� (��!�� "��� ��' +�)� 2!(! (!��#�!���  &*��&� flag #�( ��!

(!*�! '%. ��' (--HEK293). 

3. �$��()( Neuro-2A, �( �&�*(  *!(� ! ')�1"(%���+ �$��()( &�!����$. 

4. �$��()( Neuro-2A &�' 2��'!  &���"'!0 * ��!��( � �� cDNA &�'

�/-���&�� * ��! �-�&�� �-. '&�-��2( ()�')(*�' (MOR-1). 

5. �$��()( SH-SY5Y, �( �&�*(  *!(� (!0)3&�!( ! ')�1"(%���+ �$��()(

�(�  �,)+9�'!  !-�# !3� ��%� ��! �- �%� �(� ��! -- �&�� �-. '&�-��2(

(% (!("�#*( 3:1).  

2.1.1.2  #��'��" �����-�����"  

�&()(*���� &)�;&�0 %� #�( ��! -�(�.)�%� �/! �(""� )# �3!  *!(� �

$&()6� %� *)/! %'!0��3!.  �� �(""�2)# � � �/! �'��+)/! -� 6+#�!�(� % 

�(�+""�"� (&(#/#� (0+"(��� �+0 ��� !��(���.� )�.� (2)(, laminair air flow) 

� �" �%�� %$%���( ,�"�)()�%�2!�' (2)( &�'  �&�-*9 � ��!  *%�-�

���)��)#(!�%�3! %��! �(�&*!( (""+ �(� ��! 26�-� (&� ('�..  � ('�� ��!

�)�&� &)�%�(� $�!�(� ��%� �� �(""�2)# � � (&� &�0(!. ��"'!%�, �%� �(� �

� �)�%�.�.   (&�%� *)/%� �/! '"��3! #*! �(� % '#)� �"*1(!� #�( 25 " &�+

% 0 )���)(%*( 1200C �(� '&� &* %� 15 atm. �#)+ '"��+ &�'

�(�(%�)2,�!�(� % '5�"2� 0 )���)(%* � (&�%� �)3!�!�(� � �(�+""�"(

,*"�)( (Whatman, PuradiscTM 25 mm). 



78 

�( 0) &���+ '"��+ &�' �)�%���&���$!�(� #�( �� -�(�.)�%� �(� ��!

�(""�2)# �( �/! �'��+)/! (&�� "�$!�(� (&� 2!( )'0��%���� -�+"'�( ("+�/!, 

 �&"�'��%�2!� � (��!�62(, 1��(�*! � �(� '-(�+!0)(� �. 8�%� �( �$��()(

-�(��)�$!�(� % ,'%��"�#��2� %'!0.� � /%�/���.� &* %�� �(� pH,  !3

&()2� �(� % ('�+ � (&()(*���� %'#�2!�)/%� ��!�/!.  &)�%0.��

�(�+""�"/! (!��1�����3! %�� 0) &���� '"��� &)�%�(� $ � ���

�'��()��(""�2)# � � (&� &�0(!2� ��"$!% ��.  & !���"*!� &)�%�*0 �(� /�

(!(%��"2(� �(�+ �/! Gram 0 ���3! 1(���)*/! �(� � %�) &���'�*!� /�

(!(%��"2(� �(�+ �/! Gram ()!����3! 1(���)*/!. �&�&"2�!, &)�%�*0 �(� ��

(��!�6$ #"�'�(�*!� &�' " ���')# * /� ('6������ &()+#�!�(�, �(03�  &*%��

�(� �)��, � �&�*�� & )�2� � %'%�(���+ (&()(*���( #�( ��! (!+&�'6� �(� ��!

&�""(&"(%�(%�� �/! �'��+)/!, �&/� ('6�����$� &()+#�!� �, ��!�%���� *(, 

�)��! �, &)/� :! � �(� ��! �'%*( , ��':!�.  , ��':!� (&�� " * 2!( �"+%�(

��� 1-%,(�)*!��, � �&�*( 1��0+ %��! &)�%��""�%� �/! �'��+)/! % 

#'+"�! � �(� &"(%���2�  &�,+! � �.  

��( ��� �'��()��2� % �)2� HEK293 �(� Neuro-2A, /� )'0��%���� -�+"'�(

�)�%���&�� *�(� �� DMEM (Dulbecco’s modified Eagle’s medium) �(� #�( �(

SH-SY5Y �$��()( �� RPMI-1640 (Sigma). 
 �+0 )'0��%���� -�+"'�(

&)�%�*0 !�(� 10%  �1)'���� 1� ��� �)��, 1% � *#�( (!��1�����3!

(& !���"*!�/%�) &���'�*!�) �(� 1% #"�'�(�*!�. �&�&"2�!, %�� )'0��%����

-�+"'�( �(""�2)# �(� &)�%�*0 �(� �(� 5% �6�!� (!0)(���� !+�)��, �� �&�*�

1��0+ %�� -�(�.)�%� ��' pH ��� �(""�2)# �(� %�� 7.2.   &3(%� �(�

(!+&�'6� �/! �(""� )# �3! &)(#�(��&�� *�(� %  &/(%���� 0+"(�� %��'�

370C, &()�'%*( 5% CO2 �(� '#)(%*(�. 

2.1.1.3  ��������-����� ��������  

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

80-90% ���  &�,+! �(� %��� ,"+%� � �(""�2)# �(� (75 cm2), �� 0) &���� '"���

(,(�) *�(� �(� &)�%�*0 �(� -�+"'�( 0)'5*!��-EDTA % � "��. %'#�2!�)/%�

0.05%-0.02% w/v, #�( "*#( " &�+, %��'� 370C.  0)'5*!�  *!(� 2!( 2!9'��

&�' &)�2)� �(� (&� �� &+#�) (� ��' ��%��' �(� �)�%���&�� *�(� %���

�'��()��(""�2)# � � #�( ��! (&���""�%� �/! �'��+)/! (&� ��!  &�,+! �(

��� ,"+%�(�. 
'#� �)��2!(, � 0)'5*!� �(�(%�)2, � ��'� - %��$� &�'

 '0$!�!�(� ��%� #�( ��! &)�%��""�%� �/! �'��+)/! %�� ,"+%�( �%� �(� #�(
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��� -�(�'��()��2�  &(,2�. � �+ ��! &".)� (&���""�%� �/! �'��+)/!, �

-)+%� ��� 0)'5*!�� (!(%�2"" �(� � ��! &)�%0.�� 0) &����$ '"���$. 
��

%'!2� �(, %'""2# �(� �� �'��()��� -�+"'�( �(� ,'#�� !�) *�(� %��� 1500 

%�)�,2� (rpm) #�( 5 " &�+, � %��&� ��! �(�(�).�!�%� �/! �'��+)/!. 

���"�$0/�, �� �'��()��� *9��(  &(!(-�("$ �(� % 0) &���� '"��� �(�

��&�0 � *�(� % !2 � ,"+%� � . �)'1"*(.  

2.1.1.4 ��& -,�����*� ��� �������� *� ���� �;��  (	�'��� <&��

��������) 

�)�� ��2!�' !( -�(��)�0�$! �( �$��()( #�( � #+"� �)�!��� -�+%���(, 

(&�0�� $�!�(� % �(��". 0 )���)(%*( (-1960C) % -�� *� '#)�$ (93��'. 

�!("'���+, �( �$��()( ��(� ,"+%�(� (&���""3!�(� � 0)'5*!�, �&/� 2� �

.-� & )�#)(, * (&()+#)(,�� 2.1.1.3), �(�  &(!(-�("$�!�(� %  1 ml 

 �1)'���$ 1� ��' �)�$, %��! �&�*� &)�%�*0 �(� -��20'"�-%�'",�6 *-��

(DMSO), /� �)'�&)�%�(� '���. �'%*(, % %'#�2!�)/%� 10% !/!. �� DMSO 

&)�%�(� $ � �( �$��()( �(�+ ��! 5$6�-(&�5'6�, � �3!�!�(� �� %�� *�

�.6 /�. �( �$��()( (&�0�� $�!�(� % (&�%� �)/�2! � �)'�5'����2�

&"(%���2� (�&�$" � (Sarstedt), �� �&�* � 5$��!�(� 1(0��(*(. �)���+

��&�0 ��$!�(� % -�� *� 1(0��(*(� �(�+5'6�� (NALGENE Cryo 10C freezing 

container) � -�+"'�( �%�&)�&(!�"�� (100%) �(� � �(,2)�!�(� %��'� -800C 

#�( 18-24 3) �.  
�� %'!2� �(, (&�0�� $�!�(� %�� -�� *� � �� '#)� +9/��

(Taylor-Wharton, 750 RS).  


 (!�*0 %� � �� -�(-��(%*( ��� �(�+5'6��, �  &(!(,�)+ �/!

�'��+)/! % 0 )���)(%*( �(""�2)# �(� #*! �(� (&����(, 3%� !(

�)('�(��%��$! �%� �� -'!(�� "�#�� )� �� �)$%�(""�� &�' & )�2��'! �(

�$��()( �(�+ ��! '#)�&�*�%. ��'�. �,�$ (!(%')0 * � (�&�$"( �/!

�'��+)/! (&� �� '#)� +9/��, ��&�0 � *�(� (�2%/� % '-(��"�'�)� %��'�

370C, #�( 2-3 " &�+. 
�� %'!2� �(, � (�&�$"( (!�*# �(� '&� %� *) �

%'!0.� � �(� �( �$��()( ��&�0 ��$!�(� % (&�%� �)/�2!� &"(%���� %/".!(

,'#��2!�)�%��, %��! �&�*� 2� � .-� &)�%� 0 * 0) &���� '"��� (~ 10 ml). 

���"�'0 * ,'#��2!�)�%� �/! �'��+)/! (1500 rpm, 5 " &�+) 3%� !(

(&��(�)'!0 * �� '& )� *� !� &�' & )�2� � �� �)'�&)�%�(� '���� �2%� �(�

�2"�� �� *9��( �/! �'��+)/!  &(!(-�("$ �(� % 0) &���� '"��� (3 ml) �(�   

� �(,2) �(� % ,"+%�( (75 cm2) &�' & )�2� � 0) &���� '"��� (7 ml).  
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2.1.1.5  0�� ,�� �%�!����*� ��������

�$��()( ��293 . Neuro-2A (!(&�$%%�!�(� % �)'1"*(

�'��()��(""� )# �3! 100 mm 2/� ���' �("$5�'! �� 70% ���  &�,+! �+�

��'�. 
�� %'!2� �( #*! �(� �  &���"'!%� �)�%���&��3!�(� �� (!��-)(%�.)��

turbofect (in vitro transfection reagent, Fermentas) %$�,/!( � ��� �-�#* �

��' �(�(%� '(%�.. 
'#� �)��2!(, 5 �g (&� �� �(�+""�"� cDNA ()(�3!�!�(�

% 0) &���� '"��� (&�'%*( �)�$, �� �&�*�  *!(� 1x Opti-mem + Gluta-MAX 

(GIBCO) (500 �l / �)'1"*� 100 mm). 
�� -�+"'�( ('�� &)�%�*0 �(� ��

(!��-)(%�.)�� turbofect (10 �l / �)'1"*� 100 mm) �(� (��"�'0 * .&�(

(!+- '%� �(�  &3(%� #�( 15-20 " &�+ % 0 )���)(%*( -/�(�*�'. 
�� � �(6$, 

(!(! 3! �(� �� 0) &���� '"��� �/! �'��+)/! %�( �)'1"*( (~ 5 ml) �(� � �+ ��

&2)(� ��' �)�!�'  &3(%�� &)�%�*0 �(� %�( �$��()( �� � *#�(

turbofect/DNA �(� (!(- $ �(� (&("+. �( �$��()(  &/+9�!�(� � �� '"���

 &���"'!%�� % �"*1(!� �(""� )# �3! �(� � 2�,)(%� ��' -�(#�!�-*�'

(!("$ �(� 48 3) � � �+ ��!  &���"'!%�.  

2.1.1.6  �-���*� �������� ��� -���. " $��*�!�����"

   �2�)�%� �/! �'��+)/! #*! �(� � (����'���� �)� �$&�' Neubauer �(�

&()(�.)�%� % ,/��!��� ���)�%��&��.  �� (����'���� �)� (����!( 17)  *!(�

��( �)�&�&����2!� (!��� �� !�,�)�� &"+�( &�' 2� � -$� �(�+""�"(

 & 6 )#(%�2! �  &�,+! � �. �+0 ��( (&� ('�2� 2� � 2!( � �)(#/!�%�2!�

&"2#�(, �� �&�*� (&�� " *�(� (&� 9 ()���+ � �)+#/!( � �.��� &" ')+� 1 

mm ( �1(-�! 1 mm2). �+0 � �)+#/!� �)*9 �(� (&� �) �� &()+""�" �

#)(��2� (� (&�%�(%� � �(6$ ��'� 2.5 �m), &�' �)�%�� $�'! #�( ��!

�(0�)�%�� ��� 02%�� �/! �'��+)/!  !��� .  ���� ��' &"2#�(���. 
 �+0 2!(

(&� �( ()���+ � �)+#/!( & )�2��!�(�  &�&"2�! -�(1(0�*% ��, #�(

-� '��"'!%� ��� �2�)�%�� �/! �'��+)/!. ��  &*& -� ��' &"2#�(���

1)*%� �(� 0.1 mm �(��"�� )( (&� -'� (��2�, %��� �&�* � %��)*9 �(� �

�("'&�)*-(. �&+)� � ��( ��*"�  &�,+! �( � �(6$ ���  6/� )��.� &" ')+�

�+0 � �)(#/!�%�2!��  &�,+! �(� �(� �/! %�� */! �&�' %��)*9 �(� �

�("'&�)*-(. 
��! ��*"� ('�.  &�,+! �( ��&�0 � *�(� �� �'��()���  !(�3)��(

(~20-30 �l) �(� �2%/ �)��� �-3! ,(�!��2!/! (&"3! �(� %��! � �)(#/!�%�2!�

 &�,+! �(. � �#��� ��' �'��()���$ -�("$�(��� &�' �("$&� � 2!( (&� �(

 !!2( � �)+#/!( '&�"�#*9 �(� � 1+%� ��� �) �� #!/%�2� -�(%�+% �� �/!
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� �)(#3!/! (�.��� x &"+��� x $5��: 1mm x 1mm x 0.1mm = 0.1mm3 . 10-4

ml). � �+ ��! �2�)�%� �/! �'��+)/! % �2%% )( � �)+#/!( ��' &"(�%*�'

&()(�.)�%�� �(�(#)+, �(� � %'!�"���� ()�0��� ��'�.  � �2%�� �)�� �/!

� �).% /! -*! � ��! ()�0�� �/! �'��+)/! % �+0 � �)(#/!*-�� �(� %��

%'!2� �( #*! �(� � '&�"�#�%��� ��� &�%����(� (�$��()( %�� - *#�(  &+!/

%�� &"(*%�� �(�(�2�)�%��) �(� ��� &'�!����(� (�$��()(/ml) ��� �(""�2)# �(�. 

8�%�, � %'#�2!�)/%� �/! �'��+)/! %�� ()����  !(�3)��( (�$��()(/ml)  *!(�: 

�2�)�%� %�� 2!( � �)+#/!� x 10000. 


����� 17. ��! �����!���  Neubauer. �()�'%�+9 �(� %���(���+ �(� � �)�&��

'&�"�#�%��$ �/! �'��+)/!. 

�)�� ��2!�' !(  �����0 * � 1�/%������( �/! �'��+)/! �)�%���&�� *�(�

� '-(��-�("'�. �)/%���. trypan blue, � �&�*( 2� � ��! �-�����( !(  �%2)� �(�

% �$��()( &�'  *!(� ! �)+, �2%/ �/! �(� %�)(��2!/! &"(%�(���3!

� �1)(!3! ��'�, �(� !( �( �)/�(�*9 � �&" . �� - *#�( �/! �'��+)/!

-�("$ �(� % �%���!� -�+"'�( �)/%���.� trypan blue (0.1%) (GIBCO) �(� �
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-�(�/)�%��� � �(6$ 9/!�(!3! �(� ! �)3! �'��+)/! #*! �(� � �� 1�.0 �( ��'

(����'���� �)�'. � ()�0��� �/! �'��+)/! � �)+�(� % (! 6+)���( �&���+

& -*(, �&/� 2� � .-� & )�#)(, *, �(� '&�"�#*9 �(� � %'#�2!�)/%� �/!

9/!�(!3! �(� ! �)3! �'��+)/!, "(�1+!�!�(� '&�5� �+0 ,�)+ ��!

()(*/%� &�' �)�%���&��.0�� � �� -�+"'�( ��� �)/%���.�. 

����������� �������: 

�"���� ()�0��� 9/!�(!3! �'��+)/!/ 
'!�"���� ()�0��� �'��+)/! x 100 = % 

1�/%������(

�  ��������� �������!�: 

�$��()( Neuro-2A . SH-SY5Y  &�%�)3!�!�(� % �)'1"*( 6 ,) (�*/!

&()�'%*( &".)�'� 0) &����$ '"���$. �( �$��()( Neuro-2A  &���"$!�!�(� � 

�� cDNA ��' flag---OR (1 �g) �(� �)�%�2!( - *#�(�( %'!- &���"$!�!�(� � ��

cDNA ��� � �(""(#�2!�� His-STAT5B (Y699F) (1 �g), � �&�*( - !

,/%,�)'"�3! �(� �(� " ���')# * /� ()!����� �')*()�� � �+""(#�( ���

STAT5B (DN-STAT5B). ��!  &�� !� �2)( �� 0) &���� '"��� %�( ��%+

,) +��( (!���(0*%�(�(� (&� 0) &���� (&�'%*( �)�$ �(� �( �$��()(

 &/+9�!�(� �  1 �� ��' --�&�� �-�$� (#/!�%�. DSLET (Tocris) . 1 ��

DSLET + 10 �� ��' --�&�� �-�$� (!�(#/!�%�. naltrindole (Sigma). �(

�$��()(  "2#��' - ! '&�� �!�(� % �(�*( ��).#�%� ,()�+�/!. 8& ��( (&�

24 3) �, � ()�0��� �/! 9/!�(!3! �'��+)/! &()(��) *�(� �(� � �)+�(� % 

,/��!��� ���)�%��&�� (Zeiss Axiovert 25) � �+ �� �)3%� �  trypan blue, 

�&/� & )�#)+, �(� &()(&+!/. 

  

2.1.1.7 0� *,� ��*!�" ��" ��������" ���%����" ��� Neuro-2A 

��������

�$��()( Neuro-2A  &�%�)3!�!�(� % �)'1"*� 6 ,) (�*/! �(�

 &���"$!�!�(�  *� � 2!(! +- �� ,�)2( 2�,)(%�� pcDNA3  *� � �� cDNA 

��' flag---OR &()�'%*( . (&�'%*(  !�� ,�)2( &�' & )�2� � �� � �(""(#�2!�

His-STAT5B (Y699F) (DN-STAT5B). 
 �)�%�2!( & �)+�(�(, �( �$��()( %'!-

 &���"$!�!�(� � 2!( &"(%�*-�� 2�,)(%��  !�� & &��-*�' &�' %��� $ � %��!

�'��()��. � �1)+!� (CAAX) �(�  *!(� %'9 '#�2!� � ��! �*�)�!� ,0�)*9�'%(

&)/� :!� (yellow-fluorescent protein, YFP). ��!  &�� !� �2)(, �� &".) �
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0) &���� �/! �'��+)/! (!���(0*%�(�(� (&� 0) &���� (&�'%*( �)�$ �(� �(

�$��()(  &/+9�!�(� �  1 �� DSLET, . 10 �� naltrindole, . 1 �� DSLET + 

10 �� naltrindole #�( 16-20 3) � %��'� 370C. �� �+)�') � �)�%���&���$!�(�

�$��()( %�( �&�*( - ! 2� � ��)�#�0 * �(�*( �'%*(. �)�� ��2!�' !(  " #�0 * �

 �&"��. �/! Gi/o &)/� 7!3! %�� ! ')����. (!+&�'6�, ��)�#�$!�(� %�(

�$��()( 100 ng/ml ��6*!�� ��' ���*�� (pertussis toxin, PTX) (&()+#)(,��

2.3.4) 2 3) � &)�! (&� �� ��).#�%� �/! --�&�� �-3! &)�%- �3! �(� �

 &3(%� %'! �*9 �(� #�( & )(��2)/ 16-20 3) � %��'� 370C. ����! � �/!

�'��+)/! (,0�)�%��$ . ��) "(�1+!�!�(� 48 3) � � �+ ��!  &���"'!%. ��'�, 

�)�%���&��3!�(� 2!( Zeiss Axiovert 25 ,/��!��� ���)�%��&�� %  40x 

� #20'!%�. ��( �+0 - *#�( "(�1+!�!�(�  ���! � (&� -�(,�) ���2�, �'�(*(

 &�" #�2! � & )���2� ��' ,) (�*�'. �( �$��()( %�� �3!�!�(� 0 ���+ /� &)��

�� ! ')����. ��'� (!+&�'6� ��(! �� �.��� ��' ! ')*��  *!(� ��'"+��%��! 2 

,�)2� � #("$� )� (&� �� -�+� �)� ��' �'��+)�' (~ 1.25 �m #�( �( Neuro-2A 

�$��()(). �� �.��� �/! ! ')��3! '&�"�#*9 �(� � �� 1�.0 �( ��'

&)�#)+��(���  & 6 )#(%*(�  ���!/! NeuronJ (ImageJ-Public Domain). �(

(&�� "2%�(�( ��� &()�$%(�  )#(%*(�  6.�0�%(! (&� ���3 (! 6+)���(

� �(6$ ��'� & �)+�(�( �(� &()�'%�+9�!�(� /�  &* ���� % �$��()( &�'

,2)�'! ! ')*� � %'#�)�!�� !(  *� � �( �$��()( &�' 2��'!  &���"'!0 * � 

��! +- �� ,�)2(  *� � �� ��  & 6 )#(%�2!� ( ! )#�&����2!�) - *#�(.  

2.1.2  ��22�
��
�
# 	��������51 �3����51  

 �(""�2)# �( �/! 1(���)*/! (&�%��& * %��! (!+&�'6� � #+"�'

()�0��$ # ! ���+ &(!������'&/! �'��()��3! �"3!/!, �( �&�*( � �2& ��( 0(

�)�%���&���0�$! % � �!��2� ��)�(�.� 1��"�#*(� . 1��� �!�"�#*(�.  
��

-�(-��(%*( ('�., �( 1(��.)�( � �(,2)�!�(� �+�/ (&� ('%��)+ (%�&���2�

%'!0.� � % '#)� . %� ) � 0) &���� '"���, �� �&�*� & )�2� � �"( �(

(&()(*���( %'%�(���+ #�( �� -�(�.)�%. ��'�. �� * (,.!�!�(� !( (!(&�'�0�$!

#�( �)�!��� -�+%���(, �� �&�*� &���*" � (!+"�#( � �� )'0�� -�(*) %�� �/!

���)��)#(!�%�3! �(� % %'#� �)��2! � ,'%��������2� %'!0.� � &�'

 6()�3!�(� (&� �( (!�*%����( �()(���)�%���+ ��' �+0 ���)�1*�'.  
��

%'!2� �(, &)(#�(��&�� *�(� ,(%�(��,/��� �)��. �2�)�%� ��� �&���.�
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&'�!����(� (0�" )����(�) ��' (�/).�(��� #�( ��!  ��*��%� ��� (!+&�'6��

�/! ���)�1*/!.   -����')#*( ��� �(�+""�"�� �(""�2)# �(� (&�� " * ��

&)3�� �(� �-�(*� )( %��(!���� %�+-��, (&� �� �&�*� 0(  6()��0 * �  &��'�.�

2�1(%� �/! & )(��2)/ & �)(�+�/!. 

�� 1(��.)�� Escherichia coli  *!(� 2!( ()!����� �(�+ Gram, )(1-� �-�$�

%�.�(��� 1(��.)��, �� �&�*� 1)*%� �(� %'!.0/� %�� 2!� )� �/! 0�"(%���3!. 

�( & )�%%�� )( %� "2�� E. coli  *!(� (1"(1., (&�� "�$! �2)�� ��� ,'%��.�

�"/)*-(� ��'  !�2)�' �(� �&�)�$! !( /, ".%�'! ��'� 6 !�%�2� ��'�

&()+#�!�(� 1��(�*!� � �(�  �&�-*9�!�(� ��!  #�(�+%�(%� +""/! &(0�#�!/!

1(���)*/! �2%( %�� 2!� )�. <%�! (,�)+ %�� �).%� ��' %���  &�%�.� � ���

��)�(�.� 1��"�#*(� �(� 1��� �!�"�#*(�, �� 1(��.)�� E. coli  *!(� �-�(*� )(

�).%���  )#(" *�, �(03� (&�� " * ��! &�� %'�!+ �)�%���&���$� !�

���)��)#(!�%��.   �-�����+ ��' !( -�(�) *�(� &�"$ %$!���(, ��(! 1) 0 *

�+�/ (&� ��� �-(!��2� #�’ ('�� %'!0.� �, (&�� " * &�"$ %��(!����

�()(���)�%���� ��' &�' �-�# * %��!  &�"�#. ��' /� 6 !�%�. (!+&�'6��

1��� �!�"�#��3!  ,()��#3!. �('���)�!(, &()2� �(� � -'!(�����(

(!+&�'6�� � #+"�� �(""�2)# �(� ��' 1(���)*�' ('��$ % %$!���� �)�!���

-�+%���(, �(03� � �)�!�� -�&"(%�(%��$ ��' % 0 )���)(%*( 370C �(� %  pH 

#$)/ %�� 7  *!(� & )*&�' 20 " &�+. 

2.1.2.1  3��-" ��� *����-" �����-�����" $��������

� "���#���� ��$����: 

�  �#)� 0) &���� �2%� LB (Lysogeny broth) #�( (!+&�'6� 1(���)*/!: 

�   0,5% �.1.  ��$"�%�( �(#�+�  

�   1% �.1. 1(���-�)'&��!�  

�   1% �.1. �aCl  

�� pH ��' -�("$�(��� )'0�*9 �(� � �('%���� !+�)�� (NaOH) 1 N 

%�� 7 �(� �� -�+"'�( (&�%� �)3! �(� % '#)� �"*1(!�. 

�  
� ) � 0) &���� '"��� #�( (!+&�'6� 1(���)*/! (LB-+#()): 

� 1.5% �.1. +#() % 0) &���� LB 

�� -�+"'�( (&�%� �)3! �(� % '#)� �"*1(!� �(� (&��$! �(� %�(

�)'1"*( (!+&�'6�� �/! 1(���)*/! (petri). �� 0) &���� �2%�
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%� ) �&�� *�(� � �+ (&� 10 " &�+ &()(��!.� % 0 )���)(%*(

-/�(�*�'. 

�( 1(���)�(�+ %� "2�� &�' �)�%���&��.0��(! #�( ��!  �%(#/#. �(� ��!

&�""(&"(%�(%�� &"(%��-�(��$ DNA  *!(� �( DH5a �(� �( BL21 ��' #2!�'� E. 

coli �( �&�*( �(""� )#�$!�(� % (&�%� �)/�2!� 0) &���� '"��� LB. �(

1(��.)�(  &���"$!�!�(� � &"(%�*-�(, �( �&�*( & )�2��'! 2!( #�!*-�� &�'

&)�%-*- � %�( 1(��.)�( (!0 ��������( %�� �(�+""�"� (!��1������. ��( ���

%� ) 2� �(""�2)# � � �( *-�( %� "2�� �(""� )#�$!�(� %  petri �)'1"*( &�'

& )�2��'! (&�%� �)/�2!� LB � +#(), &()�'%*( (!��1������$. �� +#()  *!(�

2!(� ,'%���� &�"'%(��()*��� &�' �)�%���&�� *�(� /� &������� &()+#�!�(�. 

	�("$ �(� �(�+ ��! '#). (&�%� *)/%�,  !3 &)���$ �)'3% � �(� &�"'� )�%� *, 

%��'� 45-550C, &)�%�*0 �(� % ('�� �� �(�+""�"� (!��1������. �� '#)�

0) &���� '"��� �(03� �(� �( �)'1"*( �&�)�$! !( -�(��)�0�$! %��'� 40C 

�2�)� !( �)�%���&���0�$!. �( 1(���)�(�+ %� "2�� (!(&�$%%�!�(� %��'�

370C % 0+"(�� %�(0 ).� 0 )���)(%*(�. ��( ��� '#)2� �(""�2)# � �  *!(�

(&()(*���� � %'! �.� (!+- '%� �(03� �(� � �("�� ( )�%���. ��(

(&�0.� '%� #�( � #("$� ) � �)�!��2� & )��-�'� �( 1(��.)�( -�(��)�$!�(�

%��'� -800C, % 0) &���� '"��� LB �  37.5% !/! #"'� )�"�. 

2.1.2.2 0� �� �!�*�� �%�,������� $���������� �������� E. coli

(competent cells) 

� "���#���� ��$����: 

�   	�+"'�( �

� 0.1 M NaCl

� 5 mM Tris-HCl, pH 7

� 5 mM MgCl2

� 	�+"'�( B

� 0.1 M CaCl2

� 5 mM Tris-HCl, pH 7

� 5 mM MgCl2
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�(�+ ��! &)� ����(%*( �/! 1(���)�(�3! �'��+)/! 3%� !( #*!�'!

 &�- ����+ % � �(%���(��%��,  �( ����3�(�+ ��'� �(0*%�(!�(� -�(& )(�+ � 

�(�+""�"�  & 6 )#(%*(, � %��&� !( �&�)�$! !( &)�%"+1�'! &"(%��-�(�+

��)�( DNA. �)'1"*( petri  &�%�)/�2!( � %� ) � 0) &���� '"���

 �1�"�+9�!�(� � �$��()( E. coli �(�+""�"�' %� "2��'� �(�  &/+9�!�(� %��'�

370C #�( 16-20 3) �. �*( (&���*( (&� �+0 �)'1"*� � �(,2) �(�, '&� %� *) �

%'!0.� �, %  5 ml '#)�$ 0) &����$ '"���$ �(�  &/+9 �(� '&� (!+- '%�

%��'� 370C #�( 16-20 3) �. 
�� %'!2� �(, 4 ml (&� ('�. ��! �(""�2)# �(

� �(,2)�!�(� %  400 ml '#)�$ 0) &����$ '"���$ LB �(�  &/+9�!�(�, '&�

(!+- '%�, %��'� 370C, �2�)� � (&�))�,�%� ��� �(""�2)# �(� !( ,�+% � ��

0.6 %�( 600 nm (~ 1-3 3) �). ���"�$0/�, � �(""�2)# �( ���)+9 �(� '&�

%� *) � %'!0.� � % %/".! � ,'#��2!�)�%��,  &/+9 �(� %��! &+#� #�( 10 

" &�+ �(� ,'#�� !�) *�(� %��� 3800 rpm #�( 10-15 " &�+, %��'� 40C. ��

'& )� *� !� (&�))*&� �(� �(� �� %/".! �  !(&��*0 !�(� (! %�)(��2!��

 &+!/ % (&�))�,����� �()�* #�( !( %� #!3%�'!. �� *9��(  &(!(-�("$ �(�

%  200 ml (&�%� �)/�2!�' �(� &(#/�2!�' -�("$�(��� � �(� (��"�'0 *

,'#��2!�)�%� %��� 3800 rpm #�( 10 " &�+, %��'� 40C. �( �$��()(

 &(!(-�("$�!�(� %  200 ml (&�%� �)/�2!�' �(� &(#/�2!�' -�("$�(��� �

�(� (,.!�!�(� %��! &+#� #�( 20 " &�+. 
�� %'!2� �(, �( �$��()( %'""2#�!�(�

� ,'#��2!�)�%� %��� 3800 rpm #�( 10 " &�+ %��'� 40C �(�  &(!(-�("$�!�(�

%  20 ml -�("$�(��� �. �� �'��()���  !(�3)��( &�' &)��$&� � (,.! �(�

%��! &+#� #�( �*( 3)( �(� � �+ &)�%�*0 �(� % ('�� '-(���� -�+"'�( 80% 

#"'� )�"��, 3%� � � "��. %'#�2!�)/%. ��� !(  *!(� 15-20%. �(  &�- ����+

1(���)�(�+ �$��()( ���)+9�!�(� % �"+%�(�( �/! 100 �(� 200 �l % 

&(#/�2!( %/"�!+)�( ���)�,'#��2!�)�' �(� (&�0�� $�!�(� %��'� -800C.  

2.1.2.3  ����*.�!���*!�" �%�,������� $���������� ��������

� "���#���� ��$����: 

�   	�+"'�( SOC

� 2% �.1. 1(���-�)'&��!�  

� 0.5% �.1.  ��$"�%�( �(#�+�  

� 10 mM NaCl

� 2.5 mM KCl
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� 10 mM MgCl2

� 20 mM #"'��9�

�)�! �� �).%� ��', �� -�+"'�( SOC (&�%� �)3! �(�

�)�� ��2!�' !( &�""(&"(%�(%� * ��  &�0'���� &"(%��-�(�� DNA 

((!(%'!-'(%�2!� ��)�� DNA),  *!(� (&()(*���� !( &)��#�0 *

� �(%���(��%��� (transformation) - ����3! 1(���)�(�3! �'��+)/!. �

� �(%���(��%��� 1(���)*/! �)*9 �(� /� � �"�)�!��.%��� (""(#. %���

�-����� �  !�� 1(���)�(��$ %� "2��'� &�' &)�2)� �(� (&� ��!  �%(#/#.

!2�' DNA 1(���)�(�.� &)�2" '%��.  


��! &()�$%( � "2�� �)�%���&���$!�(� 1(���)�(�+ %� "2�� DH5a �(�

BL21, �( �&�*( � �(%���(�*9�!�(� � �( &"(%�*-�( &�' & )�2��'! �(

 &�0'���+ %'�&"�)/�(���+ DNA (cDNA). �( &"(%�*-�( &�'

�)�%���&��.0��(!  *!(� �(  6.�:  

� pcDNA3 &�' & )�2� � �� cDNA ��'  &�%��(%�2!�' � ��! flag (!��#�!���

 &*��&� (!0)3&�!� --OR 

� pcDNA3 &�' & )�2� � �� cDNA ��' flag  &�%��(%�2!�' � �(""(#�2!�' --

OR (!0)3&�!�� &)�2" '%��, (&� ��! �&�*� " *& � �� %'!��)��2!�

318YAFL321 ���*1� (	YAFL flag---OR) 

� pSR( &�' & )�2� � �� cDNA ��� STAT5B &�!����$

� pRK5 &�' & )�2� � �� cDNA ��� JAK2 &�!����$

� pCMV &�' & )�2� � �� cDNA ��� His- &�%��(%�2!�� (!0)3&�!��

STAT5B &�' ,2) � �� %�� �(�. � �+""(6� �699F (DN-STAT5B) 

� pcDNA3 &�' & )�2� � �� cDNA ��' #�!�-*�' ��� "�'%�, )+%��

(&'#�"(�&*-(�), �(03� �(� �2%% )( (!�*#)(,( ��� (""�"�'�*(�

&)�%- %�� �/! STAT � �(#)(,��3! &()(#�!�/! GAS (#-interferon 

activation site) %��! '&���!��. ��'

� pRL &�' & )�2� � �� cDNA ��' #�!�-*�' ��� Renilla "�'%�, )+%�� �(� ��!

'&���!��. ��� (��*!��, &)�%,�)+ ��' Dr H.P. Spaink, Leiden University, 

The Netherlands 

� pCS2+ &�' & )�2� � ��! DNA (""�"�'�*( &�' �/-���&�� * #�( �� CAAX 

���*1� ��' �()1�6'� "���$ +�)�' ��� (!0)3&�!�� H-Ras &)/� :!��, 

%'9 '#�2!� � ��! �*�)�!� ,0�)*9�'%( &)/� :!� (yellow-fluorescent 
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protein, YFP) (YFP-CAAX), &)�%,�)+ ��' Dr H.P. Spaink, Leiden 

University, The Netherlands. 

�( &"(%�*-�( ('�+ & )�2��'! 2!( #�!*-�� �� �&�*� &)�%-*- �

(!0 ��������( %�� (!��1������ (�&���""*!�, �� �&�*� �)�%�� $ � #�( ��!

 &�"�#. �/!  &��'�3� � �(%���(��%�2!/! 1(���)*/!.  

��( ��! � �(%���(��%��, %/"�!+)�� ���)�,'#��2!�)�' &�' & )�2� �

100-200 �l  &�- ����3! 1(���)*/! � �(,2) �(� (&� ��'� -800C % &+#�. 
�(

�$��()( ('�+ &)�%�*0 �(� �� &"(%��-�(�� DNA (~300 ng) �(� (��"�'0 * .&�(

(!+- '%�. �� � *#�( �/! �'��+)/! � �� cDNA &()(�2! � #�( 30 " &�+ %��!

&+#�, �&�' #*! �(� � &)�%��""�%� �/! &"(%��-*/! %��!  &�,+! �( �/!

1(���)�(�3! �'��+)/!,  �(� %�� %'!2� �( � �(,2) �(� % '-(��"�'�)� %��'�

420C #�( 1-1.5 " &�� (0 )���� %��, heat-shock). 
�� %�+-�� ('�� �(

&"(%�*-�(  �%2)��!�(� %�( �$��()( �(� (�2%/� � �+ �� - *#�(  �%+# �(� %��!

&+#�, �&�'  &/+9 �(� #�( 2-3 " &�+. 
��  !(�3)��( �/! �'��+)/!

&)�%�*0 !�(� 500 �l  '#)�$ 0) &����$ �2%�' SOC �(� (��"�'0 *  &3(%�

%��'� 370C '&� (!+- '%� #�( 1 3)(. � ('�. ��!  &3(%� �( 1(���)�(�+

�$��()( (!())3!�'! (&� �� 0 )���� %�� �(� ()�*9�'! !( &�""(&"(%�+9�!�(�.  

�&� �� (!/�2)/ -�+"'�( (SOC-�$��()(), � �(,2)�!�(� �"+%�(�( �/! 50, 

100 �(� 200 �l % �)'1"*( � %� ) � 0) &���� �2%� (%�� 0) &���� �2%�, &)�!

��! &�"'� )�%�� ��', &)�%�*0 �(� (�&���""*!� % � "��. %'#�2!�)/%� 0.1 

mg/ml). �( �)'1"*( ��&�0 ��$!�(� (! %�)(��2!( %  &/(%���� 0+"(��

0 )���)(%*(� 370C #�( 16-20 3) �, �&�' 0( (!(&�'�0�$! �(� 0(

%���(�*%�'! (&���* � ��!� �( � �(%���(��%�2!(  1(��.)�(. � �+ �� &2)(�

��' �)�!�'  &3(%��, �( �)'1"*(  "2#��!�(� �(�)�%��&��+ #�( ��! (!+&�'6�

(&����3! 1(���)*/! (!0 ����3! %��! (�&���""*!�. 
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2.2  ������
# �
/����

2.2.1 �% !���*� ��� ��'���*!�" %��*!�,��� & DNA - 0���*���

�% '-!�� " $���������� �������� *� ��������� (glycerol stock)  

��( ��! (&���!/%� &"(%��-�(��$ DNA (&� 1(���)�(�+ %� "2��

�)�%���&��.0��(! �'&�&����2! � %'%� '(%* � (kit), �(03� (&(�� *�(� DNA 

'5�".� �(0()����(� #�( ��!  &���"'!%�  '�()'/���3! �'��+)/!. 8�%�, � 

�� 1�.0 �( (&�%� �)/�2!�� �-�!��#"',*-(� �(� �+�/ (&� (%�&���2�

%'!0.� � (&���!3! �(� (&� �( � �(%���(��%�2!( 1(��.)�( (&()+#)(,��

2.1.2.3) ��!. 1(���)�(�. (&���*(, � �&�*(  �1�"�+9 �(� %  5 ml '#)�$

0) &����$ �2%�' LB, &()�'%*( (�&���""*!�� % � "��. %'#�2!�)/%� 0.1 

mg/ml.  �(""�2)# �(  &/+9 �(� #�( 16-20 3) �, %��'� 370C '&� (!+- '%�

%��� 220 rpm. 
 (&�%� �)/�2!o ,�("*-�o eppendorf &)�%�*0 !�(� 500 �l (&�

��! �(""�2)# �( �(� 300 �l (&�%� �)/�2!�� 100% #"'� )�"��. �� � *#�(

(glycerol stock) (!(- $ �(� &�"$ �("+ (vortex), (,.! �(� %��! &+#� #�( "*#(

" &�+ �(� (�2%/� (&�0�� $ �(� %��'� -800C, �&�' -�(��) *�(� #�( � #+"�

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

�(""�2)# �(� (4.5 ml) ,'#�� !�) *�(� %��� 4000 rpm #�( 15 " &�+. ��

&"(%��-�(�� DNA (&���!3! �(� (&� �� �'��()��� *9��( � �� 1�.0 �( ��'

Miniprep kit ��� Promega, %$�,/!( � ��� �-�#* � ��' �(�(%� '(%�.. �+!

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

1(���)�(�. (&���*( �(""� )# *�(� %  250-300 ml '#)�$ 0) &����$ �2%�' LB, 

&()�'%*( (!��1������$ ((�&���""*!�, 0.1 mg/ml) #�( 16-20 3) �. 
�� %'!2� �(, 

�( �$��()( %'""2#�!�(� �&/� & )�#)+, �(� &()(&+!/ �(� �� &"(%��-�(��

DNA (&���!3! �(� � �� Midiprep kit ��� Qiagen, (��"�'03!�(� ��� �-�#* �

��' �(�(%� '(%�.. 

2.2.2  0� *,� ��*!�" *���-����*�" ��� ��'�������" � �

%��*!�,��� & DNA 

� &)�%-��)�%��� ��� %'#�2!�)/%�� ��' DNA #*! �(� �)�%���&��3!�(�

�� ,(%�(��� �)��. �20�-�. �� - *#�( ()(�3! �(� % ! )� �(� ,/��� �) *�(�

% -$� -�(,�) ���+ �.�� �$�(���, %�( 260 nm #�( ��! (&�))�,�%� �/!



90 

!�'�" 7!��3! �62/! �(� %�( 280 nm #�( ��� &)/� :! �.  %'#�2!�)/%� DNA 

'&�"�#*9 �(� (&� ��!  6.� �$&�: 

��
������� DNA = O.�260nm x 50 x ()(*/%�

 %'#�2!�)/%� -*! �(� %  ng/�l. � %'!� " %�.� 50  6+# �(� (&� ��!

&()(�.)�%� ��� 2!( -�+"'�( DNA %'#�2!�)/%�� 50 ng/�l 2� � (&�))�,�%�

1 %�( 260 nm. � "�#�� ��� �&���.� (&�))�,�%�� %�( 260 nm /� &)�� ��!

�&���. (&�))�,�%� %�( 280 nm (&�� " * - *��� ��� �(0()����(� ��'

- *#�(���. �! � "�#�� ('���  *!(� ���)�� )�� ��' 1.8, ��� � & )� ��������(

��' DNA - *#�(��� % &)/� :! �  *!(� '5�"., # #�!�� &�' �&�) * !(

&)��("2% � &)�1".�(�( %��� & )(��2)/ (!("$% ��. 

2.2.3  =���. " � � %��*!�,��� & DNA !� %-<� ��� ������ ����*�

2.2.3.1  �$%& DNA �� ��'!�'!"�! � $�(���

 &25� ��' (!(%'!-'(%�2!�' &"(%��-�(��$ DNA #*! �(� � �� �).%�

& )��)�%���3!  !-�!�'�" (%3!. �� & )��)�%���2�  !-�!�'�" +% �  *!(�

2!9'�( &�' &()+#�!�(� (&� 1(��.)�( �(� � ,'%��"�#���� ��'� )�"��  *!(� !(

&)�%�(� $�'! �( 1(��.)�( (&� ��!  �%1�". 62!�' DNA. �( 2!9'�( ('�+

(!(#!/)*9�'!  �-��2� (""�"�'�* � -*�"/!�' DNA µ.��'� 4-8 !�'�" ���-*/!

(-�(,�) ���. (""�"�'�*( #�( �+0 2!9'��) �(� -�(%&�$! ��'�

,/%,�-� %� )���$� - %��$� %��  %/� )��� ��' ��)*�' � �(6$ ('�3! �/!

%'#� �)��2!/! !�'�" ���-*/!.  


'!�&���+, #�( ��! &25� ��)*/! DNA � & )��)�%���2�  !-�!�'�" +% �

(��"�'0.0��(! �� �-�#* � &�' (!(#)+,�!�(� %�( %'!�- '���+ ,'""+-�( �/!

 !9$�/! �(� �)�%���&��.0��(! �( )'0��%���+ -�("$�(�( (buffers) &�'

%'!�- $�'! �+0 2!9'��. �(�+ �(!�!( #*! �(� &25� 1 �g DNA �  1  !9'���.

��!+-( (unit  !9$��') %�( 20 �l %'!�"���$ �#��' (!�*-)(%��, #�( 3 3) �

%��'� 370C. 

2.2.3.2  �)� �'�*+'&"& DNA "� �, �-�� ���'+(&�

� "���#���� ��$����: 

�   TAE (50x)

� 2 M Tris

� 0.05 M EDTA, pH 8
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� 5.7% �.�. �6��� �6$

�   �)/%���. #�( �" ��)�,�)�%� DNA (6x DNA dye) 

� 40% w/v %�'�)�9�

� 0.25% �'(!� ��� 1)/��,(�!�"��  

 �" ��)�,�)�%� % &.��/�( (#()�9��  *!(� � �20�-�� &�'

�)�%���&�� *�(� �')*/� #�( ��! (!+"'%� !�'�" 7!��3! �62/!. ��

(!(%'!-'(%�2!� &"(%��-�(�� DNA, 2& ��( (&� &25�, . ���, �" ��)�,�) *�(�

% &.��/�( (#()�9��. �� DNA, �� �&�*�  *!(� ()!����+ ,�)��%�2!�, 

� �(��! *�(� &)�� ��! +!�-� %�� �'-2� )� )'0��%���� -�+"'�( ���

�" ��)�,�)�%��,  ,()��9�!�(� �" ��)��� & -*� �(�+ �.��� ��' &���3�(���. 


�( &���3�(�( (#()�9�� � �" ��)�,�)����. ��!��������(  6()�+�(� (&�  ��

��)�(�� 1+)�� �(� �� -�(��),/%� �/! ��)*/! (#)(����+, '& ) "��/�2!(

�'�"��+, ����2!( �'�"��+). ��( &()+- �#�(, � �" ��)�,�)����. ��!��������(

#)(����3! ��)*/!  *!(� (!��%�)�,/� (!+"�#� ��' "�#+)�0��' ��' ��)�(��$

��'� 1+)�'�.  �(�$���( � ��! �&�*( �( ��)�( � �(��!�$!�(� %�� &.��/�(

 6()�+�(�  &*%�� �(� (&� �� %'#�2!�)/%� ��� (#()�9��. ��)�( DNA �.��'�

0.1-20 Kb �&�)�$! !( -�(�/)�%��$! (!+"�#( � �� ��)�(�� ��'� 1+)�� % 

0.8-2% �)�9�!��( &���3�(�( (#()�9��.  & )� ��������( ��' &���3�(��� % 

(#()�9�  *!(� (!��%�)�,/� (!+"�#� �/! ��)�(�3! 1()3! �/! ��)*/! DNA 

&�' &)�� ��(� !( -�(�/)�%��$!. �� -�+"'�( �" ��)�,�)�%�� �)�%���&�� *�(�

�� ���, %�� �&�*� &)�%�*0 �(� 1)/���$�� (�0*-�� (EtBr). �� EtBr  *!(� ��(

,0�)*9�'%( �)/%���., � �&�*(  !%/�(�3! �(� � �(6$ �/! 1+% /! ��' DNA. 

 &()(�.)�%� �/! &���/�+�/! #*! �(� � �).%� -� )��� !�' '& )�3-�'�

,/���. 

�!("'����� )(, % ��( ���). �/!��. ,�+"� &)�%�*0 �(� &)�9'#�%�2!�

&�%����( (#()�9��, % %'#� �)��2!� �#�� -�("$�(��� �" ��)�,�)�%�� 1x 

T�E. �� -�+"'�( 0 )�(*! �(� �2�)� !( -�("'0 * �"� � &�%����( ��� (#()�9��

�(� %�� %'!2� �( (,.! �(� % 0 )���)(%*( -/�(�*�'. <�(! � 0 )���)(%*(

��' -�("$�(��� ��� (#()�9�� ,�+% � %��'� 500C, &)�%�*0 �(� 1)/���$��

(�0*-�� % � "��. %'#�2!�)/%� 0.5 �g/ml. �� -�+"'�( (#()�9�� (&��$! �(�

%��!  �-��� ,�)2( ��� %'%� '.� �" ��)�,�)�%��. 
�( - *#�(�( DNA &�' 0(

�" ��)�,�)�0�$! &)�%�*0 �(� -�+"'�( �)/%���.� 6x % (!("�#*( 1:5. <�(! �

(#()�9� %� ) �&���0 *, �( &)�� (!+"'%� - *#�(�( «,�)�3!�!�(�» %���
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 �-��2�  #��&2� ��' &���3�(��� �(� (!("$�!�(� � 1+%� �� �2# 0�� ��'�, 

'&� %�(0 ). �+%� ) $�(��� (~100 V) #�( & )*&�' 1 3)(. ����� (&� �(

- *#�(�(, �)�%���&���$!�(� �(� - *�� � #!/%�3! ��)�(�3! 1()3!

(Fermentas) #�( !( �(0�)�%� * �� �2# 0�� �/! ����+�/! ��' &"(%��-�(��$

DNA, &)�! �(� � �+ ��! &25�.  (!+"'%� �/! - �#�+�/! #*! �(� % �)�9�!��(

%'%� '. �" ��)�,�)�%��. � �+ ��! �" ��)�,�)�%� �( ��)�( ��' DNA 

%���(�*9�'! 93! � -�(�)��2� "�#/ ,0�)�%��$ �(�+ ��! -�+)� �( 2�0 %�� ��'

&���3�(��� % '& )�3-� (���!�1�"*(, �&�' �(� �&�)�$! !(

,/��#)(,�0�$!. 

2.2.4  ����*��� GST .�!������� %����(��� ��" STAT5B 

��( ��� & �)(�(���2� (!+#� � ��� &()�$%(� � "2��� �(�(%� '+%���(!

-$� GST ���(�)��2� &)/� :! � ��� STAT5B: � �*( (!��%���� * % �"��"�)� ��

STAT5B &)/� :!� (�� 1-786),  !3 � - $� )� %�� �()1�6'� "��� ��� ��.�(

(STAT5B-CT) (�� 572-786) &�' & )�2� �  &*%�� ��� SH2 �(� TAD & )���2�

��' �()1�6'� "���$ +�)�' (����!( 18). ��( ��! (&���!/%� �(�  !*%�'%� �/!

(!�*%����/! DNA (""�"�'��3! �)�%���&��.0�� � �20�-�� ��� ("'%�-/�.�

(!�*-)(%�� &�"'� )+%�� (PCR, Polymerase Chain Reaction), �&/�

& )�#)+, �(� (��"�$0/�:  


����� 18. 4�!������ �!!��� ��" GST-*�;���!-��" STAT5B % ���� &

i. ���!�6��. (""�"�'�*( �"��"�)�� ��� STAT5B (STAT5B FL) (�� 1-786) 

ii. ���!�6��. (""�"�'�*( ��' �()1�6'� "���$ +�)�' ��� STAT5B (STAT5B-CT), %��!

�&�*( & )�2��!�(� ��!� �� SH2 �(� TAD & )���2� (�� 572-786). 
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2.2.4.1  �)�"!�-�, �����'�"& ��)���'�"&� (PCR)    

 ("'%�-/�. (!�*-)(%� &�"'� )+%�� (PCR) �)�%���&�� *�(� %'!.0/�

#�( ��! (&���!/%� �(� ��! &�""(&"(%�(%�� �*(� %'#� �)��2!��

(""�"�'�*(� DNA.  � ��! PCR ��( %'#� �)��2!� & )���. ��' #�!�-�3�(���

�&�) * !( &�""(&"(%�(%� * �2�)� �(� -�% �(����$)�( ,�)2�, - -��2!�' ���

 *!(� #!/%�. � !�'�" ���-��. ��' (""�"�'�*(.  (""�"�'�*( ��' #�!�-*�' .

#�!�-�(��$ ��.�(���  *!(� (&()(*���� #�( ��! %� -�(%�� %'!0 ���3! DNA 

�"�#�!�'�" ���-*/!, �� �(02!( %'�&"�)/�(���� � �*( (&� ��� ("'%*- � ��'

-*�"/!�' DNA. �( �"�#�!�'�" ��*-�( ('�+ �)�%���&���$!�(� %��! (!�*-)(%�

/�  !()��.)�( ��)�( ( ���!��2�) �(� &)2& � !( - %� $�!�(� % 02% ��

(!�*0 � � (&� ��! (""�"�'�*( &�' &)�� ��(� !(  !�%�'0 *.  

8!(� &".)�� �$�"�� ��(� PCR (!�*-)(%�� #*! �(� ('���(�( (&� ��'�

0 )���'�"/�2� (thermal cyclers) �(� & )�"(�1+! � �)*( %�+-�(:  

1.  �&�-�+�(6� ��� �.�)(� DNA (denaturation) � 02)�(!%� (950C) 

2.  �!(-�+�(6� �/!  ���!��3! � ��� %'�&"�)/�(���2� ("'%*- � DNA  

    (annealing) (50-600C, (!+"�#( � ��'�  ���!��2�) 

3.  �&��.�'!%� �/! (!(-�(�(#�2!/!  ���!��3! (extension) (&� 0 )��+!����   

     DNA &�"'� )+%� (720C) 

� �$�"�� ��� (&�-�+�(6��, (!(-�+�(6�� �(�  &��.�'!%��  &(!("(�1+! �(�

&�""2� ,�)2� (25-35 �$�"��) �(� �( &)�7�!�( �+0 �$�"�' �)�%���&���$!�(�

/� �.�)( DNA %��'�  &�� !�'� �$�"�'�.  (&�� " %�(�������( ��(�

(!�*-)(%�� PCR '&�"�#*9 �(� (&� ��!  6 �-*� '%� (&()(#/#. ��!� ��'

 &�0'����$ &)�7�!���), ��! (&�-�%� ('5�"� &�%� &)�7�!���, � %� ���+

"*#�'� �$�"�'�) �(� ��! (�)*1 �( � ��! �&�*( &)(#�(��&�� *�(� �  !*%�'%�

��' DNA. �� &()+� �)�� ('��*  6()�3!�(� (&� -�+,�)( %���� *(, �&/� ��

)'0��%���� -�+"'�( ��'  !9$��', �� %'#�2!�)/%� ��!�/! Mg2+, ��

0 )���)(%*(, �� -�+)� �( �/! �$�"/!, �(03�  &*%�� �(� ��! &�"'� )+%�. 
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� %��� ��$����: 

� DNA �.�)( (STAT5B % ,�)2( 2�,)(%�� pSR() 

� � $#��  ���!��3! (Invitrogen) 

� Pfu DNA &�"'� )+%� (Fermentas) 

� 	�+"'�( *%/! %'#� !�)3% /!  " $0 )/! 5’ �)�,/%,�)��3!

- �6')�1�!�'�" ���-*/! (dNTPs) (Fermentas) 

� �'0��%���� -�+"'�( #�( �� -)+%� ��� &�"'� )+%�� (10x 

Polymerase buffer) (Fermentas) 

�  ��������� �������!�: 

�� GST ���(�)��2� &)/� :! � ��� STAT5B �(�(%� '+%���(! � ��

1�.0 �( ��� PCR (!�*-)(%��, �)�%���&��3!�(� /� �.�)( DNA �� STAT5B 

&�!����$ &�' & )�2� �(� % ,�)2( 2�,)(%�� pSRa. �� !�'�" ���-��2�

(""�"�'�* � �/!  ���!��3! &�' �)�%���&��.0��(! #�( ��!  !*%�'%� ��' DNA 

��� STAT5B  *!(� ��  6.� (�*!(�(� 3): 

����� �.�� ��������� (5> - 3>) 

STAT5B (�� 1-786) �)�%0���: GGA CGA ATT CGA TGG CTA TGT  

                 GGA TAC AGG CTC AG  

�!�*%�)�,��: CGC TGC GGC CGC GTC ATG     

                       ACT GTG CGT GAG GGA TCC 

STAT5B-CT (�� 572-786) �)�%0���: GCT CGA ATT CGC AGT GGT TTG  

                 ATG GCG TGA TGG 

�!�*%�)�,��: CGC TGC GGC CGC GTC ATG     

                       ACT GTG CGT GAG GGA TCC 

0�����" 3. �""�"�'�*(  ���!��3! &�' �)�%���&��.0��(! #�( ��! (&���!/%� �(�

 !*%�'%� �/! DNA (""�"�'��3! &�' �/-���&���$! #�( ��� STAT5B �(� STAT5B-CT. 
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 (!��-)+% �� ��� PCR 2#�!(! % -�+"'�( � "���$ �#��' 25 �l #�( �+0 

- *#�( (�*!(�(� 4): 

#�*������ PCR 
��.��

*���-����*�
�����

*���-����*�
0 *�����
(!l)/25 !l 

����,��*�"
DNA �.�)(  0.1 ng/�l 4 pg 1 

Polymerase buffer 10x 1x 2.5 

Pfu DNA &�"'� )+%�  2.5 u/�l 0.02 u 0.2 

�)�%0���  ���!��.�  10 pmoles/�l 0.6 pmoles 1.5 

�!�*%�)�,��  ���!��.�  10 pmoles/�l 0.6 pmoles 1.5 

dNTPs  10 mM 0.4 mM 1 

�&�%� �)/�2!� dd2�   17.3 

0�����" 4. 
'%�(���+ �(� (!("�#* � �/! PCR (!��-)+% /! #�( ��! �(�(%� '. �/!

STAT5B �(� STAT5B-CT. 

�� &()(&+!/ (!��-)+% �� ��� &�"'� )+%�� &)(#�(��&��.0��(! %��

%'%� '. iCycler ��� BioRad %$�,/!( � ��� (��"�'0 � %'!0.� �: 

/��! ���*��

(0C) 

4��� "

(��%��) 

���'!�"

�&����

��.�� �% ,������ 95 2 1 

�% ,������ 95 1  

35 ���,������ 57 0.5 


%�!���*�  73 3.5 

����� �%�!���*� 73 5 1 

4 D  

� �+ �� �2"�� �/! PCR (!��-)+% /! (��"�'0 * %'!2!/%� �/! ���!3!

DNA &)�7�!�/!, � %��&� �� ".5� ��(!�$ �#��' DNA, �(� �(0()�%��� ��'�

(&� �� 2!9'�� (&�"'� )+%�) � ,(�!�"�-�"/)�,�)���-�%�(�'"��. ("���"�, 

�&/� & )�#)+, �(� &()(�+�/.  
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2.2.4.2  ��.�'!"�+� DNA �� *�!�+)&-/)-'�*+'�!�-!"����)! ,

�) �+)& (PCI)  �!  ��� ',��!"& �� �!.��+)&  

� "���#���� ��$����: 

�  �(�!�"�: �"/)�,�)���: �%�(�'"��. ("���"� (25:24:1) (PCI) 

�  ��0(!�"� (100% �(� 70%) 

�  3 � �6��� !+�)�� (CH3COONa), pH 5.4 


�( - *#�(�( �/! DNA &)�7�!�/! (&� ��� PCR (!��-)+% �� &)�%�*0 �(�

*%�� �#��� PCI �(� (!(- $�!�(� �%�')+ �2�)� �� %���(��%�� #("(��3�(���. 

���"�'0 * ,'#��2!�)�%� #�( 5 " &�+ %��� 13000 rpm �(� "(�1+! �(� �

'-(���. ,+%�, %��! �&�*( &)�%�*0 �(� *%�� �#��� PCI �(� (��"�'0 *�(� �

&()(&+!/ -�(-��(%*(. ���"�$0/� "(�1+! �(�  � !2�' � '-(���. ,+%�, �

�&�*( �(0()*9 �(� � *%� �#�� �"/)�,�)���' (5 " &�+ %��� 13000 rpm). 

'-(���. ,+%� ��&�0 � *�(� % �(0()� %/"�!+)�� eppendorf, %�� �&�*�

&)�%�*0 !�(� 2.5 �#��� &(#/�2!�� (�0(!�"�� 100% &()�'%*( 1/10 ��' �#��'

�6���$ !(�)*�'. � �+ (&� �%�'). (!+- '%� (��"�'0 * �"�!$���(  &3(%�

%��'� -200C 3%� !( �(�(�)��!�%0 * �� DNA. ��!  &�� !� ��2)( �(

- *#�(�( ,'#�� !�)�$!�(� %��'� 40C #�( 15 " &�+ %��� 13000 rpm. To 

'& )� *� !� -�+"'�( (,(�) *�(� �(� %�� *9��( &)�%�*0 �(� &(#/�2!�

(�0(!�"� 70% (500 �l). ���"�'0 * �%�'). (!+- '%� �(� ,'#��2!�)�%� #�( 10 

" &�+ %��� 13000 rpm. �� '& )� *� !� (,(�) *�(� �(� �  !(&��2!�'%(

(�0(!�"� (&��(�)$! �(� � 6.)(!%� ��' �9.�(��� #�( & )*&�' 1 3)( %��!

(2)(. �2"��, �� *9��(  &(!(-�("$ �(� % 2� (&(""(#�2!� (&� !�'�" +% �

�(� ,'"+%% �(� %��'� -200C. 
�� %'!2� �( (��"�'0 *  &25� �/! ��)*/! DNA 

� �(�+""�" � & )��)�%���2�  !-�!�'�" +% � (&()+#)(,�� 2.2.3.1), 

�" ��)�,�)�%� % &.��/�( (#()�9�� (&()+#)(,�� 2.2.3.2) �(� �(0()�%���

��' DNA (&� �� &.��/�( (gel extraction) (&()+#)(,�� 2.2.4.3).   
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2.2.4.3  ����+�-"&  �!  �.�'!"�+� DNA ��+ �, �-�� ���'+(&�

(gel extraction) 

� %��� ��$����: 

� � �1)+! � -�(&*-'%�� (dialysis tubing, Sigma) 

��( ��! (&���!/%� �(� ��! �(0()�%�� ��)*/! DNA (&� &.��/�(

(#()�9�� �)�%���&�� *�(� � �20�-�� (&���!/%�� �/! DNA 9/!3! &�' �(�

 !-�(,2)�'! (&� �� &.��/�( (#()�9�� (gel extraction), %$�,/!( � ��!

(��"�'0� -�(-��(%*(. �( �(0()�%�2!( �  PCI - *#�(�( DNA (&()+#)(,��

2.2.4.2), &2&��!�(� �  �-��2� & )��)�%���2�  !-�!�'�" +% �, %�� %'!2� �(  

�" ��)�,�)�$!�(� % &.��/�( (#()�9�� �(�+""�"�� %'#�2!�)/%�� �(� ��

&)��'&� �/! &()(#�� !/! 9/!3% /! &()(��) *�(� �+�/ (&� �)+& 9(

'& )�3-�'� (���!�1�"*(�. �� 93! � &�' (!��%�����$! %�(  &�0'���+ ��.�(�(

DNA ��1�!�(� (&� �� &.��/�( (#()�9�� � �� 1�.0 �( " &*-(� �(�

��&�0 ��$!�(� % (&�%� �)/�2!( eppendorfs. ��  ! "�#/ 93! �

� �(,2)�!�(� %�� %'!2� �( % � �1)+! � -�(&*-'%��, &()�'%*( ddH2O, �(�

�" *!�!�(�  �(�2)/0 !  )�����+. 
�� %'!2� �( �( - *#�(�( ��&�0 ��$!�(� % 

%'%� '. �" ��)�,�)�%�� '&� %�(0 ). �+%� ) $�(��� (~90 V) #�( & )*&�'

��%. 3)(, � %��&� �� DNA !(  6(�0 * (&� �� &.��/�( �(� !( -�(�'0 * %��

! )�. �� -�+"'�( DNA � �(,2) �(� % !2( %/"�!+��( eppendorf �(�

(��"�'0 * �(0()�%��� �  PCI �(� �(�(�).�!�%� ��'  DNA � (�0(!�"�

(&()+#)(,�� 2.2.4.2). �2"��, #*! �(� (!+"'%� �(� 2" #��� ��'

(&���!/�2!�' DNA �  � !2�' �" ��)�,�)�%� % &.��/�( (#()�9��.  

2.2.4.4  �����'�"& "0���"&� (ligation) 

� %��� ��$����: 

� 8!0 �� DNA (STAT5B �(� STAT5B-CT) 

�   ��)2(� 2�,)(%�� pGEX-5x3 

� �4 DNA "�#+%� (Fermentas) 

� �'0��%���� -�+"'�( #�( �� -)+%� ��� "�#+%�� (10x ligase buffer)  

     (Fermentas) 

� ATP (Sigma) 
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�,�$  " #�0 * �(�  &�1 1(�/0 * � $&()6� �(� �(0()����( �/! &)��

�"/!�&�*�%� ��)*/! DNA (��"�'0 * � %$!- %. ��'� (ligation) � ��! ,�)2(

pGEX-5x3. �� (!��-)+% �� %$!- %�� &)(#�(��&���$!�(� � �� �).%�

-�(,�) ���3! (!("�#�3! %'#�2!�)/%�� ,�)2( &)�� %'#�2!�)/%� 2!0 ��'

DNA, �&/� ,(*! �(� %��! �*!(�( 5: 

0�����" 5. 
'%�(���+ �/! (!��-)+% /! %$!- %��.

�( &)�7�!�( �/! (!��-)+% /! %$!- %�� �)�%���&���$!�(� +� %( #�( ��

� �(%���(��%��  &�- ����3! 1(���)�(�3! �'��+)/! (&. Coli-DH5a), �&/�

& )�#)+, �(� %��! &()+#)(,� 2.1.2.3. ���"�'0 * (&���!/%� (&����3! �(�

(!+&�'6. ��'� % '#). �(""�2)# �( �(� %�� %'!2� �( (&���!/%� �/!

&"(%��-�(�3! �"3!/! � ("�("��. "$%�, �&/� 2� � &)�(!(, )0 * (&� ��'�

Birnboim �(� Doly (Birnboim and Doly, 1979). �� &"(%��-�(��* �"3!��

 "2#��!�(� � &25� �(� �" ��)�,�)�%� % &.��/�( (#()�9�� (&()+#)(,��

2.2.3) �(� (,�$  &�1 1(�/0 * � (&���!/%� �/!  &�0'���3! &"(%��-�(�3!

�"3!/!, (��"�'0 *  � !2�' (!+&�'6� �/! �(�+""�"/! �"3!/! % '#).

�(""�2)# �(, (&���!/%� �(� �(0()�%��� ��' &"(%��-�(��$ DNA � ��

1�.0 �( ��' Miniprep kit ��� Promega �(� &()(%� '. glycerol stocks 

(&()+#)(,�� 2.2.1). �� (!(%'!-'(%�2!� &"(%��-�(�� DNA, 2& ��( (&�

&25�, . ���, �" ��)�,�) *�(� % &.��/�( (#()�9�� (&()+#)(,�� 2.2.3.2).  

     #��������*��"

3����

��.��
*���-����*�

�����
*���-����*�

0 *�����
(!l)/10 !l 

����,��*�"
�"(%��-�(�� DNA   y 

8!0 �� DNA   2y-6y 

�'0��%���� -�+"'�(  10x 1x 1 

��� 10 mM 1 mM 1 

��#+%�   5 u/�l 0.5 u/�l 1 

�&�%� �)/�2!� dd2�
  �2�)� &"�)3-

% /� �#��' 10 �l
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2.2.4.5 �'�"�!�'!"�+� �&� ��� )���!�! ,� � �)��.��� ��� DNA 

(sequencing)

����� ��'  "2#��' � 2!9'�( & )��)�%��$, �� (��"�'0* � �/!

%'#� �)��2!/! &"(%��-*/!  "2#��!�(� �(� � !�'�" ���-��. (""�"�$��%�

(sequencing), 3%� !(  &�1 1(�/0 * ��� &()(�2!�'! (�2)(� � ��%� /� &)��

�� %$%�(%. ��'�, �%� �(� /� &)�� ��! &)�%(!(��"�%�� ��'�. ��( ���

(!��-)+% �� ��' sequencing, %� -�+%��� �(� �)�%���&��.0�� �� 9 $#��

 ���!��3! &�' &()�'%�+9 �(� %��! �*!(�( 6. � &)�%-��)�%��� �/!

!�'�" ���-��3! (��"�'0�3! &)(#�(��&��.0�� � �� 1�.0 �( ��' (!("'�.

ABI PRISM 310 Genetic Analyzer (Perkin Elmer) �(�  &�1 1(�30�� �

�)0����( �/! %'!��#�2!/! (��"�'0�3! (- ! 1)20��(! "+0� . %�� �(�2�

� �(""+6 �� �(� � &)�%(!(��"�%��� �/! 2!0 �/! DNA .�(! %/%���).  

����� �.�� ��������� (5> - 3>) 

pGEX-5x3 �)�%0���: GGG CTG GCA AGC CAC GTT TGG TG  

�!�*%�)�,��: CCG GGA GCT GCA TGT GTC AGA GG 

0�����" 6. �""�"�'�*(  ���!��3! &�' �)�%���&��.0��(! #�( �� !�'�" ���-��.  

(""�"�$��%� ��' pGEX ,�)2(, %��! �&�*� & )�2� �(� � �/-���&���$%( (""�"�'�*(

��� STAT5B . ��' STAT5B-CT.  

2.2.5  =����*� ��� GST .�!������� %����(��� ��" STAT5B 

� "���#���� ��$����: 

� 	�+"'�( "$%�� 1(���)�(�3! �'��+)/!:

� 1x PBS

� 1%  Triton

� 20 �g/ml leupeptin ((!(%��"2(� &)/� (%3!)

� 20 �g/ml antipain ((!(%��"2(� &)/� (%3!)

� 0.2 m� PMSF

� �+ ��! &".)� 2" #�� �(� ��! &�%��&�*�%� ��� �)0����(� �/! pGEX-

STAT5B �(� pGEX-STAT5B-CT (""�"�'��3! (��"�'0 * � 2�,)(%� �/! GST 

���(�)��3! &)/� 7!3!. ��( �� "�#� ('�� % &)3�� %�+-�� #*! �(�  &(#/#.
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��� 2�,)(%�� �/!  ! "�#/ &)/� 7!3! % ���). �"*�(�(. BL21  &�- ����+

1(��.)�( � �(%���(�*9�!�(� � �( (!/�2)/ &"(%�*-�( &�' ,2)�'! �(

 &�0'���+  !02�(�(, �&/� & )�#)+, �(� %��! &()+#)(,� 2.1.2.3. �,�$

(!(&�'�0�$! �( � �(%���(��%�2!( BL21 1(��.)�( %  LB �)'1"*( &()�'%*(

0.1 mg/ml (�&���""*!�� %��'� 370C #�( 16-18 3) �, ��!(-��2� (&���* �

 !�,0("�*9�!�(� %  10 ml '#)�$ 0) &����$ '"���$ &()�'%*( ��' *-��'

(!��1������$ �(� (��"�'0 * �"�!$���(  &3(%� %��'� 370C. ��!  &�� !� �2)(, 

1 ml (&� �+0 �(""�2)# �( � �(,2) �(� %  100 ml 0) &����$ '"���$ �(� ��

�(""�2)# � � (!(&�$%%�!�(� %��'� 370C '&� (!+- '%�,  !3 (&� �+0 �"3!�

&()+# �(� #�( -�(�.)�%� 2!( glycerol stock (&()+#)(,�� 2.2.1).  (!+&�'6�

�/! �(""� )# �3!  "2#� �(� % �(��+ �)�!��+ -�(%�.�(�(, 2/� ���' �

(&�))�,�%� %�( 600 nm (OD600nm) ,�+% � %�� 0.6 (& )*&�' 3 3) �). <�(! �

�&���. &'�!����( &"�%�+% � ��  &�0'����  &*& -� #*! �(�  &(#/#. ���

2�,)(%�� �/! (!�*%����/! &)/� 7!3! � &)�%0.�� IPTG (Isopropyl-1-D-

thio-galactoside) % � "��. %'#�2!�)/%� 1 mM �(�  &3(%� #�( -$�

-�(,�) ����$� �)�!�'� (1 �(� 3 3) �) %��'� 290C.  &()�'%*( ��' IPTG 

 &+# � ��! 2�,)(%� ��� &)/� :!��, � �&�*( ()���+ - ! 0(  �,)(9��(! "�#/

��� &()�'%*(� ��' �(�(%��"2( lac (&)�7�! ��' #�!�-*�' lac�), � �&�*��

&)�%-2! �(� %��! '&���!��. tac,  �&�-*9�!�(� ��! 2�,)(%� ��� GST 

���(�)��.� &)/� :!��. �)�! ��! &)�%0.�� ��' IPTG "(�1+! �(� &�%����( 1 

ml (&� ��! �(""�2)# �( &)�� ��2!�' !( �)�%���&���0 * %'#�)����+ /�

()!������ �+)�')(� ���  &(#/#.�.  &�%����( ��' 1(���)�(��$

 !(�/).�(��� &�' "(�1+! �(� &)�! ��!  &(#/#. �(03� �(� ('�2� &�'

"(�1+!�!�(� � �+ (&� ('�.! ,'#�� !�)�$!�(� %��� 4000 rpm #�( 5 " &�+ �(�

�� '& )� *� !� (&�))*&� �(�. �� *9��(  &(!(-�("$ �(� % &(#/�2!� PBS 

&()�'%*( (!(#/#���$ -�("$�(��� -�("'��&�*�%�� - �#�+�/! (2x SDS 

Laemmli Buffer) �(� (��"�'0 * 1)(%��� �/! - �#�+�/! %��'� 1000C #�( 5 

" &�+. 
�� %'!2� �( �( - *#�(�( ('�+ ,'#�� !�)�$!�(� %��� 13000 rpm #�( 5 

" &�+ �(� (&�0�� $�!�(� %��'� -200C. ��( ���). &�%����( (10 �l) (&� �+0 

- *#�( �" ��)�,�) *�(� % &.��/�( &�"'(�)'"(��-*�' (&()+#)(,�� 2.3.2.2) 

#�( ��! (!*�! '%� �/! ���(�)��3! 1(���)�(�3! &)/� 7!3!.  

�,�$  " #�0�$! ��  &(#�� ! � % ���). �"*�(�( 1(���)�(�2� &)/� :! �, 

(��"�'0 * �  &(#/#. ��'� % � #+"� �"*�(�(. H  &�"�#. �/! �"3!/! #�(

2�,)(%� % � #("$� )� �"*�(�( %��)*9 �(� %��! 2!�(%� ��' %.�(��� &�'
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&()(��) *�(� � �+ ��! (!�%�(&��$&/%�. ��( � #("$� )� &()(#/#., ��(

���). &�%����( (&� �( glycerol stocks �/! 12"��%�/! �"3!/!  �1�"�+9 �(�

%  10 ml '#)�$ 0) &����$ '"���$ LB � (�&���""*!� (0.1 mg/ml) �(�

 &/+9�!�(� '&� (!+- '%� %��� 220 %�)�,2� (rpm) �"�!$���( %��'� 370C. 

���"�'0 * &)�%0.�� ��� �+0 �(""�2)# �(� % �/!��. ,�+"� &�' & )�2� �

500 ml '#)�$ LB &()�'%*( (�&���""*!�� (0.1 mg/ml). <�(! � (&�))�,�%�

���  ! "�#/ �(""�2)# �(� ,�+% � %�� 0.6 &)�%�*0 �(� IPTG �(� � �(""�2)# �(

 &/+9 �(� (!(��!�$� !�, �&/� &()(&+!/, #�( 1 �(� 3 3) � %��'� 290C. 

<&/� �(� %�� -�(-��(%*(  &(#/#.� &)/� 7!3! % ���). �"*�(�(, �� '"���

�/! �(""� )# �3! ,'#�� !�) *�(� %��� 4000 rpm #�( 5 " &�+ �(� ��

'& )� *� !� (&�))*&� �(�. ���). &�%����( (&� �� *9��(  &(!(-�("$ �(� % 

&(#/�2!� 1x PBS �  2x SDS Laemmli Buffer �(� (��"�'0 * 1)(%��� �/!

- �#�+�/! %��'� 1000C #�( 5 " &�+. 
�� %'!2� �( �( - *#�(�(

,'#�� !�)�$!�(� %��� 13000 rpm #�( 5 " &�+ �(� �&�)�$! !( (&�0�� '0�$!

%��'� -200C. ���). &�%����( �+0 - *#�(��� (!("$ �(� � �" ��)�,�)�%�

% &.��/�( &�"'(�)'"(��-*�' (SDS-PAGE) (&()+#)(,�� 2.3.2.2) �(�

(!�%�(&��$&/%� &)/� 7!3! (&()+#)(,�� 2.3.2.3). 


�� %'!2� �(, (��"�'0 * � �(0()�%��� �/!  &(�0 *%/! &)/� 7!3! (&�

1(���)�(�2� �(""�2)# � � � #+"�� �"*�(�(� � �&�*�� &)(#�(��&�� *�(� /�

 6.�: �� 1(���)�(�� *9��(  &(!(�/) *�(� %  20 ml -�("$�(��� "$%�� &�'

& )�2� � � *#�( (!(%��"2/! &)/� (%3! (Roche) �(� �� &(�$) '%�� (�3)��(

"$ �(� � '& ).��'� (sonication) % &"+��� (amplitude) 40%, 5 ,�)2�  &* 20 

- '� )�" &�( �+0 ,�)+, �  &3(%� %��! &+#� #�( 20 - '� )�" &�(

 !-�(�2%/�. �� &)��$&��! '-()2� (�3)��(  &/+9 �(� '&� (!+- '%� ()�-() 

%��'� 40C #�( 1 3)(. ���"�'0 * ,'#��2!�)�%. ��' %��� 18000 rpm #�( 30 

" &�+ %��'� 40C. ���). &�%����( (&� �� '& )� *� !� (200 �l) ,'"+%% �(�

#�( ��! &)�%-��)�%�� ��� %'#�2!�)/%�� �/! &)/� 7!3! � �� �20�-�

Bradford (&()+#)(,�� 2.3.2.1) �(� %��  !(&�� *!�! '& )� *� !� &)�%�*0 �(�

*%�� �#��� #"'� )�"�� 100% &)�! (&�0�� '0 * %��'� -200C.  

2.2.6  0� *,� ��*!�" ����������" � ��,� � ���� ��"  

  ! )#����( � �(#)(,��3! &()(#�!�/! �&�) * !( � " ��0 * � ��

�).%� #�!�-*/! (!(,�)+�, �&/� ('�� ��� "�'%�, )+%��, �( �&�*(

�(0�)*9�'! �� 1(0�� ��� #�!�-�(�.� 2�,)(%�� % 2!( �'��()��� %$%���(. 
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&)/� :!� "�'%�, )+%� �/-���&�� *�(� (&� �� #�!*-�� luc.  "�'%�, )+%�

(&�� " * �� %'!�02%� )( �)�%���&���$� !� 2!9'�� #�(  ,()��#2� &�'

1(%*9�!�(� %��! (!*�! '%� ��� ��,/�($# �(�. �&+)��'! -�(,�)/!  �-3!

2!9'�( "�'%�, )+%�� (!+"�#( � ��! �)#(!�%�� (&� ��! �&�*� &)�2)��!�(�. 

 &"2�! �)�%���&���$� !� "�'%�, )+%� &)�2)� �(� (&� ��! &'#�"(�&*-(

(firefly luciferase). �� 2!9'�� ��� "�'%�, )+%�� ��� &'#�"(�&*-(�

(&�� " *�(� (&� ��( &�"'& &��-��. ("'%*-( ��)�(��$ 1+)�'� 61 kDa �(�

�(�("$ � ��! ���- 6()�3� !�, �6 �-/���. (&��()1�6'"*/%� ���

"�'%�, )*!�� (luciferin). ��( ��! &)(#�(��&�*�%� ��� %'#� �)��2!��

(!�*-)(%��  *!(� (&()(*���� � &()�'%*( ��!�/! �(#!�%*�' (Mg2+). 

�&��2" %�( ��� (!�*-)(%��  *!(� � &()(#/#. �6 �-/�2!�� "�'%�, )*!�� �(�

,/��� %�( 562 nm: 

��'%�, )*!� + ATP + O2 A �6'-"�'%�, )*!� + AMP + PPi + CO2 + ,/�

 &()(#/#. ��' ,/���  *!(� +� %� �(� -�()� * #�( ���)� �)�!���

-�+%���(. � &)�%-��)�%��� ��'  �& �&�� !�' ,/��� (!��! $ �(� � ��

�).%�  �-���$ "�'��!�� �)�'.  2�,)(%� ��' #�!�-*�'  *!(� (!+"�#� ���

 ! )#����(� ��� "�'%�, )+%�� �(� �(�’  &2��(%� (!+"�#� ���  �&��&.�

,/��� %�( 562 nm. �� ��!+- � �2�)�%�� ���  ! )#����(�  *!(� �� %� ���2�

��!+- � ,0�)�%��$ (RLU: Relative Luminescent Units).  �20�-��

(!*�! '%�� ��� "�'%�, )+%��  *!(�  6(�) ���+  '(*%0���, #).#�)� �(� %� ���+

 $��"� %��'� & �)(�(����$� � �)�%��$�. ��  $)�� (!*�! '%�� ���

"�'%�, )+%�� � ('�. �� � 0�-�"�#*(  *!(� 10fg - 10ng.  

 �2�)�%� ���  ! )#����(�  !�� #�!�-*�' (!(,�)+� ��� "�'%�, )+%��

 *!(� ��( � �!��. &�' �)�%���&�� *�(� #�( ��! � "2�� ��� #�!�-�(�.� 2�,)(%��

��%� %  '�()'/���+ �%� �(� % &)��()'/���+ �$��()(. 
'!�&���+, �

(""�"�'�*( ��' '&���!��. (. � )'0��%���. (""�"�'�*() ��' #�!�-*�' &�'

� " �+�(� %'!-2 �(� %�� #�!*-�� (!(,�)+� ��� "�'%�, )+%��. �� &"(%�*-��

 �%+# �(� %�(  '�()'/���+ �$��()( �  &���"'!%� �(� (��"�'0 * 2�,)(%�

��� &)/� :!�� "�'%�, )+%��.  

�  ��������� �������!�: 


��! &()�$%( � "2��, � �2�)�%� ���  ! )#����(� ��' #�!�-*�'

(!(,�)+� ��� "�'%�, )+%�� &)(#�(��&�� *�(� � �� �).%� ��' Dual 
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Luciferase Reporter (DLR) Assay System ��� Promega. � �)�� "Dual 

Reporter" (!(,2) �(� %��! �('���)�!� 2�,)(%� �(� �2�)�%� ���  ! )#����(�

-$�  &��2)�'� #�!�-*/! (!(,�)+� % 2!(  !�(*� %$%���(. �'%�(%���+, ��

«& �)(�(����» #�!*-�� (!(,�)+� %� �*9 �(� � ��!  &*-)(%� %'#� �)��2!/!

& �)(�(���3! %'!0��3!,  !3 �  ! )#����( ��' %'!- �,)(9�� !�' #�!�-*�'

(!(,�)+� « "2#��'» �)�%�� $ � /�  %/� )���� �+)�')(�. 

�(!�!���&��3!�(� ��� ���2�  ! )#����(� ��' «& �)(�(����$»  !9$��' � ���

���2�  ! )#����(� ��'  !9$��' « "2#��'»  "(��%��&�� *�(� � & �)(�(���.

� �(1"������( &�' &)��(" *�(� (&� -�(,�)2� %�� 1�/%������( �/!

�'��+)/! . %��! (&�-��������( ���  &���"'!%��. � �� DLR Assay System, 

��  ! )#���� � ��� "�'%�, )+%�� ��� &'#�"(�&*-(� (Photinus pyralis) �(� ���

Renilla "�'%�, )+%�� (Renilla reniformis) � �)�$!�(� -�(-����+ (&� 2!( ��!�

- *#�(. �� -$� ('�2� "�'%�, )+% �, "�#/ ��� -�(,�) ���.�  6 "�����.�

&)�2" '%.� ��'�,  �,(!*9�'! -�(,�) ���. -��. �(� (&(���$! -�(,�) ���+

'&�%�)3�(�(, -�(,�)2� �� �&�* � �(0�%��$!  ,���. ��!  &�" ����. -�+�)�%�

� �(6$ �/! (!�*%����/! (!��-)+% /! ,/�($# �(�.  

�!("'���+, �$��()( --��293 &�' (!(&�$%%�!�(� % �)'1"*( 60 mm 

%'!- &���"$!�!�(� &()�-��+ � -$� &"(%�*-�(: �� 2!( ,2) � �� #�!*-��

(!(,�)+� &�' & )�2� � ��! �/-���&���$%( (""�"�'�*( ��� "�'%�, )+%��

��� &'#�"(�&*-(� �(� �2%% )( (!�*#)(,( ��� (""�"�'�*(� &)�%- %�� �/!

STAT � �(#)(,��3! &()(#�!�/! GAS %��! '&���!��.,  !3 �� - $� )�

& )�2� � ��! �/-���&���$%( (""�"�'�*( ��� "�'%�, )+%�� Renilla �(� ��!

'&���!��. ��� (��*!��, /�  %/� )��� �+)�')(.  &()�-��.  &���"'!%�

#*! �(� � �� (!��-)(%�.)�� turbofect, �&/� & )�#)+, �(� %��! &()+#)(,�

2.1.1.5. ���"�$0/�, �(  &���"'%�2!( �$��()( ��&�0 ��$!�(� % �)'1"*( 24 

,) (�*/! #�( 48 3) � �(� (,�$ '&�%��$! %�2)�%� �)�$ #�( & )*&�' 4-6 

3) �,  &/+9�!�(� &()�'%*( . (&�'%*( (�$��()( �+)�') �) 1 �� DSLET #�(

15 " &�+ �(� %�� %'!2� �( &()(�2!�'! %��! �"*1(!�  &3(%�� � (&"�

0) &���� '"��� &()�'%*( �)�$. 86� 3) � � �+ �� ��).#�%� ��' (#/!�%�., ��

0) &���� '"��� (&��(�)$! �(� �(� �( �$��()( 6 &"2!�!�(� � &(#/�2!� 1x 

PBS,  &/+9�!�(� � -�+"'�( "$%�� (Passive Lysis Buffer, 1x PLB) ���

Promega (40 �l (!+ ,) +���) #�( 15 " &�+ % 0 )���)(%*( -/�(�*�' �(� �(

"$�(�( � �(,2)�!�(� % %/"�!+��( �$&�' eppendorf. ��( !(  6(%,("�%� * �

&".)�� "$%� �/! �'��+)/!, �( "$�(�( ��&�0 ��$!�(� %��'� -200C #�( 10 
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" &�+, %�� %'!2� �( (!(- $�!�(� �%�')+ (vortex) �(� ,'#�� !�)�$!�(� %���

13000 rpm #�( 30 - '� )�" &�(, %��'� 40C. �( '& )� *� !( �'��()��+

"$�(�( � �(,2)�!�(� % !2( %/"�!+��( eppendorf �(� -�(��)�$!�(� %��'� -

700C. 
 �+0 - *#�( &)�%-��)*9 �(� � %'#�2!�)/%� ��� &)/� :!�� � ��

�20�-� Bradford, �&/� & )�#)+, �(� %��! &()+#)(,� 2.3.2.1. �� -�+"'�(

&�' �)�%���&�� *�(� #�( ��! &)� ����(%*( �/! - �#�+�/! &)�� �2�)�%� �(�

('�3! ��� &)��'&�� �(�&$"��  *!(� �� &)�(!(, )02! -�+"'�( "$%�� ���

Promega. 

  �&��&. ,/��� &�' &()+# �(�  � �+ ��!  ! )#�&�*�%� ��' #�!�-*�'

(!(,�)+� ��� "�'%�, )+%�� ��� &'#�"(�&*-(� '&�"�#*9 �(� � �� �).%�

 !�� TECAN "�'��!�� �)�' (Tecan Infinite Luminometer). ��%����( 10 �l 

�'��()���$ "$�(��� (&� �+0 - *#�( ��&�0 � *�(� %  �-��+ �)'1"*( 96 

,) (�*/! (96-well polystyrene cell culture F-bottom/ chimney well, white, 

sterile, Greiner) �(9* �  30 �l (&� �� Luciferase Assay Reagent II, �� �&�*�

& )�2� � �� "�'%�, )*!�, � �&�*(  *!(� �� '&�%�)/�( ��� "�'%�, )+%��. 

&()(#�� !� ��� ��,/�($# �( �+0 - *#�(���-,) (�*�' � �)�2�(� +� %( %��

"�'��!�� �)� #�( 10 - '� )�" &�(. 
�� %'!2� �(, % �+0 - *#�(

&)�%�*0 !�(� 30 �l Stop & Glo Reagent, (!��-)(%�.)�� �� �&�*� � )�(�*9 �

��! (!�*-)(%� ��� "�'%�, )+%�� ��� &'#�"(�&*-(� �(� �('���)�!( &)��(" *

2!()6� ��� (!�*-)(%�� ��� "�'%�, )+%�� Renilla, �  &()(#�� !�

��� ��,/�($# �( ��� �&�*(� � �)�2�(� #�( �+0 *-�� - *#�( %�� *-��

"�'��!�� �)�. 
�� %'!2� �( #*! �(� �(!�!���&�*�%� �/! ���3!  ! )#����(�

��� "�'%�, )+%�� ��� &'#�"(�&*-(� � ��! &�%����( ��� &)/� :!�� �(� ��!

 ! )#����( ��� %'!- �,)(9�� !�� Renilla "�'%�, )+%�� �+0 - *#�(���. �(

(&�� "2%�(�(  �,)+9�!�(� /� %� ���2� ��!+- � ,0�)�%��$ &�'

(!��&)�%/& $�'! ��! ($6�%� ���  ! )#����(� ��� "�'%�, )+%�� ���

&'#�"(�&*-(�, % %�2%� � �( �$��()( �+)�') �.  
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2.3  	��4����
# �
/����  

2.3.1 �0���15#� 0�5�
71��51 
�432�#���51

2.3.1.1 2&*� �������� ��� �% !���*� ,������� ������ %��*!������

%����(���  

� "���#���� ��$����: 

� �'0��%���� -�+"'�( "$%��

� 1% Igepal ((&�))'&(!����)

� 50 mM Tris, pH 7.4

� 150 mM NaCl

� 2 mM EGTA

� 25 mM NaF

� 0.25% - �6'��"��� !+�)�� (sodium deoxycholate) 

� 0.2 m� Na3VO4 ((!(%��"2(� ,/%,(�(%3!)

� 1 mM PMSF ((!(%��"2(� &)/� (%3! % )*!��)

�$��()( ��293, Neuro-2A �(� SH-SY5Y  &/+9�!�(� (&�'%*(

(�$��()( �+)�') �) . &()�'%*( --�&�� �-3! &)�%- �3!, #�( -�+,�) �

�)�!��2� & )��-�'�. �� -��2� �(� ��  *-�� �/! &)�%- �3! &�'

�)�%���&���$!�(� %��! &()�$%( � "2�� (& ���!*9�!�(� %��! ����!( 19. � �+

�� �2"�� ���  &3(%�� �( �$��()( 6 &"2!�!�(� �  1x PBS, &()�'%*( 0.1 mM 

PMSF �(� 0.1 mM Na3VO4 �(� "$�!�(� � )'0��%���� -�+"'�( "$%�� &�'

& )�2� � � *#�( (!(%��"2/! &)/� (%3! (Roche) �(� ,/%,(�(%3! (Sigma), 

%��! &+#� #�( 30 " &�+. �(03� �(�+ �� "$%� �/! �'��+)/!

(& " '0 )3!�!�(� -�+,�) � ,/%,(�+% � �(� &)/� +% �, �� �&�* � �&�)�$!

!( (&����-��.%�'! ��� ,/%,�)'"�/�2! � . �� &)/� :! �, (&(�� *�(� !(

& )�2��!�(� %�� -�+"'�( "$%�� (!(%��" *� ,/%,(�(%3! �(� &)/� (%3!. 

�&*%��, �"� � -�(-��(%*(  *!(� (&()(*���� !(  &�� " *�(� % �(��".

0 )���)(%*( 3%� !( � �3! �(� � &)/� �"'���.  ! )#����( �/!  !9$�/!

('�3!. ���"�'0 * %'""�#. �/! �'��()��3! "'�+�/! �(� ,'#��2!�)�%. ��'�

%��� 3000 rpm, #�( 10 " &�+, %��'� 4�C, 3%� !( -�(�/)�%��$! �� -�("'�2�

&)/� :! � (&� �( (-�+"'�( %'%�(���+ �/! �'��+)/!. �� '& )� *� !� ���
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,'#��2!�)�%�� %'""2# �(� &)�% ����+ ((!��&)�%/& $ � �� &)/� 7!���

 ��$"�%�() �(� � �(,2) �(� % �(�!�$)#�� ,�("*-��,  !3 �� *9��( (&�))*&� �(�. 

���). &�%����( (&� �� '& )� *� !� �)�%���&�� *�(� #�( ��! &)�%-��)�%��

��� %'#�2!�)/%�� ��� &)/� :!�� % �+0 - *#�( � �� �20�-� Bradford 

(&()+#)(,�� 2.3.2.1),  !3 �� '&�"��&�  ��$"�%�( ,'"+%% �(� %��'� -200C 

#�( !( �)�%���&���0 * % 1�������2� � 0�-�'� (&.�. (!+"'%� �(�+ Western). 


����� 19. � !-" ���  %� ��,�� ����� ��,�� ��� ����� �.�� ��� ,-

 %� ��,�� %�%��,���.  ��),*!� (&�� " * (#/!�%�. ��' �-OR, (""+ &)�%-2! �(�

�(� %��'� --OR �(� �-OR � ���)�� )� %'##2! �(.  !("�6�!� �(� � -�&) !�),*!�

 *!(� (!�(#/!�%�2� �(� �/! �)�3! '&��$&/! �/! �&�� �-3! '&�-��2/!,  !3 �

!("�)�!��"�  *!(�  �-���� (!�(#/!�%�.� ��' --OR.

2.3.1.2  2&*� �������� ��� %�� �% !���*� %�����  

� "���#���� ��$����: 

� =&�� )'0��%���� -�+"'�( "$%��

� 10 mM KCl

� 4 mM MgCl2

� 1 mM EGTA

� 1 mM DTT
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� 20 mM Tris, pH 7.5

� 1 mM PMSF

� 2 �g/ml leupeptin

� 2 �g/ml aprotinin ((!(%��"2(� 0)'5*!��)

� NEB

� 0.5 % Triton X-100 

� 0.25 M Sucrose 

� 10 mM KCl

� 200 mM NaCl

� 1 mM EGTA

� 1 mM DTT

� 4 mM MgCl2

� 20 mM Tris, pH 7.5

� 1 mM PMSF

� 2 �g/ml leupeptin

� 2 �g/ml aprotinin 

 (&���!/%� �/! &').!/! &)(#�(��&�� *�(� � %��&� !(  " #�0 * �

&')�!��. 2�,)(%� �(� (""�" &*-)(%� �/! &)/� 7!3! &�' (&�� "�$!

(!��� *� !� � "2��� ��� &()�$%�� -�(�)�1.�.  -�(-��(%*( (&���!/%��

&').!/! #*! �(� � 2!( ()� �+ (%0 !2� �� ��!��� (&�))'&(!����, �� Triton 

X-100, �� �&�*� &)��(" * ).6� ��� &')�!��.� � �1)+!�� -*�/� & )(��2)/

%��(!���2� (!(-�(�+6 �� %�� �'��()�&"(%�(���� �(� &')�!��� & )� ��� !�

�  �(�2)/0 ! � �(��!.% �� ��)*/! (&� �(� &)�� ��! &').!(. �(

%��(!����� )( 1.�(�( ��� -�(-��(%*(� ('�.� 1(%*9�!�(� %��!  )#(%*( �/!  

Widlak et al., 2003. �! %'!���*(, �$��()( --��293  &/+9�!�(� � ��! --

�&�� �-. (#/!�%�. DSLET (Tocris) #�( �(�+""�"( �)�!��+ -�(%�.�(�( �(� %��

%'!2� �( 6 &"2!�!�(� �  1x PBS. ���"�'0 * "$%� �/! �'��+)/! % .&��

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

 &/+9�!�(� %��! &+#� #�( 15 " &�+ %�� &)�(!(, )02! )'0��%���� -�+"'�(

"$%�� �(� %�� %'!2� �( &)�%�*0 �(� %�( - *#�(�( �'���("(%*!� �

(cytochalasin B, Sigma) % � "��. %'#�2!�)/%� 10 �� �(� �( �$��()(

"$!�!�(� ���(!��+ � �� �).%� %$)�##(� � 1 "�!( -�(�2�)�' 26 G. ��

&').! � %'""2#�!�(� � ,'#��2!�)�%� (1500 rpm, 10 " &�+) %��'� 40C,  !3
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�� '& )� *� !� ,'"+%% �(� %��'� -200C #�( � "2� � �'��()�&"(%�(���3!

&)/� 7!3!. �� *9��( (&').! �)  &(!(-�("$ �(� % )'0��%���� -�+"'�(

&')�!���$  ��'"*%�(��� (NEB), �&�'  &/+9 �(� #�( 15 " &�+ %��! &+#�. ��

&').! � ,'#�� !�)�$!�(� #�( 15 " &�+ %��� 13000 rpm �(� �� '& )� *� !�

%'""2# �(� /� &')�!�&"(%�(,  !3 �� *9��( (&�� " *�(� (&� �)/�(�*!� �(�

���-.&�� +""� �� -�("'�� %'%�(���� ��' &').!(. �!(""(����+, � � " '�(*(

,'#��2!�)�%� �&�) * !( &()(" �,0 * �(� �� &')�!���  ��$"�%�( !( & )�2� �

��%� �( -�("'�+ �%� �(� �( �� -�("'�+ %'%�(���+ ��' &').!(.     

2.3.1.3 �% !���*� ���������� !�!$�����   

��( �� � "2�� �/! -�(� �1)(!��3! '&�-��2/!, �&/�  *!(� �� �&�� �- *�

'&�-�� *�, (&(�� *�(� � (&���!/%� �'��()��3! � �1)(!3!, %��� �&�* �

('��*  !��&*9�!�(�. ��( �� "�#� ('�� �(� � %��&� �� � "2�� ��' --�&�� �-�$�

'&�-��2( �)�%���&���$!�(� �$��()( --HEK293, %�( �&�*(  �,)+9 �(� � --

OR. �)���+ (&��(�)$! �(� �� 0) &���� '"��� (&� ��� ,�+" � . �( �)'1"*(

�(""�2)# �(� �/! �'��+)/! �(� &)�%�*0 �(� &(#/�2!� 1x PBS. �( �$��()(

(&���""3!�(� (&� ��!  &�,+! �( ��� ,"+%�(� . ��' �)'1"*�' � �� 1�.0 �(

 �-��.� «6$%�)(�» �(� #*! �(� %'""�#. ��' �'��()���$  !(�/).�(���. �(

�$��()( ,'#�� !�)�$!�(� %��� 1500 rpm #�( 5 " &�+, 2�%� 3%� !(

(&��(�)'!0 * �� '& )� *� !� -�+"'�( PBS. �� *9��( �/! �'��+)/!

 &(!(-�("$ �(� % -�+"'�( 10 mM Tris pH 7.5/ 0.1 mM EDTA  (500 �l #�(

�+0 ,�+"�) %��'� 40C �(� (��"�$0/� ���# !�&�� *�(� � �� �).%� %$)�##(�

� 1 "�!( -�(�2�)�' 26 G. �( �$��()( -�(��)�$!�(� %��'� 40C, 3%� !(

(&�, '�0 * � -)+%� �/! &)/� �"'���3!  !9$�/! &�' (& " '0 )3!�!�(�

�(�+ �� -�+)� �( ��� "$%�� ��'�. 
�� %'!2� �(, �� �'��()���  ��$"�%�(

,'#�� !�) *�(� %��� 2000 rpm #�( 3 " &�+ �(� �� '& )� *� !� %'""2# �(� �(�

 &(!(,'#�� !�) *�(� %��� 45000 rpm % '& ),'#�� !�)� Optima Beckman 

(� ,(". MLA130) . L8-80M Beckman (� ,(". 75Ti), (!+"�#( � ��!

&�%����( ��' - *#�(���, #�( 30 " &�+ %��'� 40C. 
�� %'!2� �(, ��

'& )� *� !� (&��(�)$! �(�,  !3 �� *9��( (� �1)(!��� &()(%� $(%�() 

 &(!(-�("$ �(� %�� -�+"'�( Tris/EDTA  (~200 �l #�( �+0 ,�+"�) �(�

���# !�&�� *�(� � �� 1�.0 �( %$)�##(�. �� � "��� &()(%� $(%�( ���)+9 �(�

% ���)�$� �#��'� �(� (&�0�� $ �(� %��'� -800C. � &)�%-��)�%��� ���
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%'#�2!�)/%�� ��� �"��.� &)/� :!�� �/! � �1)(!��3! &()(%� '(%�+�/!

&)(#�(��&�� *�(� � �� �20�-� Bradford (&()+#)(,�� 2.3.2.1). 

2.3.2  �1�23#� 0�5�
7151

2.3.2.1  0 * ����" %� *,� ��*!�" %����(��� !� �� !-' ,  Bradford  

� &)�%-��)�%��� ��� %'#�2!�)/%�� &)/� :!�� %�( � �1)(!��+

&()(%� '+%�(�( �(� �( �'��()��+ "$�(�( #*! �(� � �� �20�-� Bradford 

(Bradford, 1976).  �)/%���. Coomassie Brilliant Blue G-250 &�'

�)�%���&�� *�(� %�� %'#� �)��2!� � �!��. %'9 $#!'�(� � �( (��!�6��+

�(�+"��&( (�')*/� ()#�!*! �) ��� & &��-��.� (""�"�'�*(�, � (&��2" %�( ��

� �(��&�%� ��' �2#�%��' (&�))�,�%�� (&� �( 465 nm %�( 595 nm. ��

�)3�( ��� �'%*(� ('�.� (""+9 � -�(-����+ � �+ ��! &)�%0.�� -�(-����3!

%'#� !�)3% /! &)/� :!�� �(�  �,(!*9 � �� �2#�%�� (&�))�,�%� %�( 595 nm. 

 %$!- %� &)/� :!��-�)/%���.� &)(#�(��&�� *�(� &�"$ #).#�)( (~ 2 " &�+) 

�(� �� %$�&"��� &()(�2! � �(�+""�"� #�( �2�)�%� #�( & )*&�' 1 3)( � �+

��! &)�%0.�� ��� �)/%���.�.  2!�(%� ��' �)3�(���  6()�+�(� (&� ��

%'#�2!�)/%� ��� &)/� :!�� %�� -�+"'�(. ��( !( #*! � � &�%�����&�*�%� ��(�

&)/� :!�� % 2!( -�+"'�(, ()���+ �(�(%� '+9 �(� ��( &)��'&� �(�&$"�

1(0��!���%�� � -�(-����2� #!/%�2� %'#� !�)3% �� ��� &)/� :!��

("1�'�*!�� (BSA). 8& ��(, � 1+%� ('�. ��! &)��'&� �(�&$"� (!(,�)+�

'&�"�#*9 �(� � %'#�2!�)/%� �/! +#!/%�/! - �#�+�/! % �g/�l.  

� "���#���� ��$����: 

� Stock -�+"'�( Bradford (�)

 �)/%���. Coomassie Blue G (Sigma) (350 mg) -�("$ �(� %  100 

ml (�0(!�"� (95% EtOH). �� -�+"'�( &)�%�*0 �(� %  200 ml 

,/%,�)��� �6$  (85% H3PO4) �(� ()(�3! �(� % ! )�, % � "���

�#�� 1 "*�)�. �� -�+"'�( ('�� -�(��) *�(� �-�(*� )( %�(0 )� % 

%��� �!� -�� *� % 0 )���)(%*( -/�(�*�'. 

� Working -�+"'�( Bradford (�)

� 30 ml stock -�+"'�( Bradford (�) 

� 30 ml 85% H3PO4 (5.1%) 

� 15 ml 95% EtOH (2.85%) 
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� �#��� %'�&"�)3! �(� /� �( 500 ml � ! )� �(� (��"�'0 *

-�.0�%� ��' -�("$�(���. 

� �)��'&� -�+"'�( &)/� :!��

	�+"'�( ("1�'�*!�� 1� ��' �)�$ (BSA) %'#�2!�)/%�� 1 mg/ml 

�  ��������� �������!�: 

�)���+ &()(%� '+9�!�(� -�(-����2� ()(�3% �� &)��'&/! -�("'�+�/!

BSA %  $)�� %'#�2!�)/%�� (&� 3 �g 2/� 15 �g ("1�'�*!��. ��%� �(

&)��'&( -�("$�(�( &)/� :!�� �%� �(� �( +#!/%�( &)�� �2�)�%� - *#�(�(, 

()(�3!�!�(� � ! )� % � "��� �#�� 100 �l.  �� «�',"�» ��� (!�*-)(%��

�)�%���&�� *�(� - *#�( &�' & )�2� � ��!� ! )�. �( +#!/%�( - *#�(�(

& )�2��'! ()(*/%� 1:10 �/! � �1)(!��3! &()(%� '(%�+�/! . 50 �l, 

()(�/�2!/! 1:20 � ! )�, �'��()��3! "'�+�/!.  <%�! (,�)+ %�( - *#�(�(

��� &)��'&�� �(�&$"�� &�' &()(%� '+9�!�(� #�( �2�)�%� %'#�2!�)/%��

&)/� :!�� �'��()��3! "'�+�/!, % ('�+ &)�%�*0 !�(�  &�&"2�! 50 �l 

()(�/�2!�' (1:20) � ! )� -�("$�(��� "$%�� (&()+#)(,�� 2.3.1.1 �(�

2.3.1.2). 
 �"( �( - *#�(�( &)�%�*0 �(� 1 ml (&� �� working -�+"'�(

Bradford (�). �!("'����� )(, � �)�&�� &()(%� '.� �/! &)��'&/! �(�

+#!/%�/! - �#�+�/! &()�'%�+9 �(� %��'� �*!(� � 7 �(� 8.  

���'!�"  

,���!�� "

BSA (1 mg/ml) 

(!l)

?���*� 

,���!� (!l) 
H2O (!l) 

����,��*��� 

Bradford (ml) 

1-2 0 - 100 1 

3-4 3 - 97 1 

5-6 5 - 95 1 

7-8 8 - 92 1 

9-10 10 - 90 1 

11-12 12 - 88 1 

13-14 15 - 85 1 

15-16 - 10 90 1 

0�����" 7. �)� ����(%*( �/! - �#�+�/! ��� &)��'&�� �(�&$"�� �(� �/!

� �1)(!��3! &()(%� '(%�+�/! #�( ��! &�%����� &)�%-��)�%�� ��� &)/� :!��

('�3!.  
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���'!�"  

,���!�� "

BSA 

(1 mg/ml) 

(!l)

?���*� 
,���!�

�����!-� 
(1:20) (!l) 

H2O 

(!l) 

�����!�
�&*�"

�����!-� 
(1:20) (!l) 

����,��*��� 

Bradford (ml) 

1-2 0 - 50 50 1 

3-4 3 - 47 50 1 

5-6 5 - 45 50 1 

7-8 8 - 42 50 1 

9-10 10 - 40 50 1 

11-12 12 - 38 50 1 

13-14 15 - 35 50 1 

15-16 - 50 50 - 1 

0�����" 8. �)� ����(%*( �/! - �#�+�/! ��� &)��'&�� �(�&$"�� �(� �/!

�'��()��3! "'�+�/! #�( ��! &�%����� &)�%-��)�%�� ��� &)/� :!�� ('�3!.  

���"�'0 * 9/�). (!+- '%� �/! - �#�+�/! �  vortex ���+!��( �(�

 &3(%� % 0 )���)(%*( -/�(�*�' #�( 5 " &�+.  (&�))�,�%� ('6+! �(� � 

��! &+)�-� ��� 3)(�, #�( �� "�#� ('�� � -�(-��(%*( ,/���2�)�%�� �/!

- �#�+�/! & )(�3! �(� % -�+%���( ��(� 3)(�. ��( �� �2�)�%� ���

(&�))�,�%�� &)��# *�(� ��- !�%��� � �� «�',"�» - *#�( ��� �(�&$"�� �(�

(,�$ �(�(#)(,�$! �� ���2� ��' ,(%�(��,/��� �)�' #�( �+0 - *#�(

6 �/)�%�+, %� -�+9 �(� � &)��'&� �(�&$"� � ��� #!/%�2� %'#� !�)3% ��

�/! &)��'&/! -�("'�+�/! �(� ��� ���2� �/! (&�))�,.% 3! ��'�. � 1+%�

('�. ��! �(�&$"� (!(,�)+� '&�"�#*9 �(� � %'#�2!�)/%� ��' �+0 - *#�(���

% �g/�l, "(�1+!�!�(� '&’ �5� ��!  �+%��� ()(*/%�. 

2.3.2.2  ������ ����*� %����(��� *� %���!� % ��������!�,� � !�

�% ,�������� &" %���� ���" (SDS-PAGE) 

" ��)�,�)�%�  *!(� � � �(�*!�%� �" ��)��+ ,�)��%�2!/! ��)*/! % 

-�+"'�( �(�+ �.��� �" ��)���$ & -*�'. ��#/ ��' -�(,�) ����$ ,�)�*�' �(�

�+9(�, �( -�+,�)( ��)�( ��!�$!�(� � -�(,�) ���2� �(�$��� � (��!��������(). 

 ��!��������( ('�.  6()�+�(� (&� ��! %�(0 )+ pK �(� �� ��)�(�� 1+)�� ��'

,�)��%�2!�' %/�(��-*�'  !3 +""�� &()+#�!� � &�' �&�)�$! !(
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 &�) +%�'! ��! ��!��������(  *!(� �� pH �(� � %'#�2!�)/%� ��' )'0��%����$

-�("$�(���, � 2!�(%� ��' �" ��)���$ & -*�', � 0 )���)(%*( �(03� �(� �

,$%� ��' '"���$ �2%( %�� �&�*� #*! �(� � �" ��)�,�)�%�.  � �(!+%� '%�

�/! ,�)��%�2!/! ��)*/! �&�) * !( #*! �  *� �2%( % �+&��� -�+"'�(  *� % 

�()�*, ,�"� . &���2� (gels). 

 �" ��)�,�)�%� (&�� " * ��( �-�(*� )( (6��&�%�� �20�-� #�( ��

-�(�/)�%�� �(� ��! (!+"'%� &)/� 7!��3! - �#�+�/!,  !3 &()+""�"(

%'!-'+9 �(�  $��"( �(� (&�� " %�(���+ � +"" � � 0�-�'�. 8�%�, ��

&)/� :! � �&�)�$! !( -�(�/)�%��$! (!+"�#( � �� ,�)�*�, �� �2# 0��, �(�

�� %�.�( &�' 2��'! ��(! 1)*%��!�(� % �" ��)��� & -*�.   ')$� )(

�)�%���&���$� !� �" ��)�,�)����. �20�-�� &)/� 7!3!  *!(� �

�" ��)�,�)�%� %   &.��/�( &�"'(�)'"(�*-��, �(03�  *!(� �����+ (-)(!.�

�(�  $��"( �(�(%� '+%���. �&*%��, � -�+� �)�� �/! &�)/! ��' &"2#�(���

�&�) * !( �)�&�&���0 *  " #��� !( (!+"�#( � ���  �+%��� %'!0.� �

-�(�/)�%��$. 8�%� �� (�)'"(�*-�� -����')# * �)�%-�+%�(�( &�"'� ). -*��'(

% ��( � #+"� �"*�(�( %'#� !�)3% /! (&� 2% �2�)� �(� 30%. �� &.��/�(

%���(�*9 �(� � &�"'� )�%�� ��� ��!�� )�$� (�)'"(�*-�� (C3H5NO) % 

�(�)�2� ("'%*- � &�"'(�)'"(��-*�'. � �(�("$��� ��� (!�*-)(%��

&�"'� )�%��$  *!(� � N,N,N4,N4-� �)(� 0'"�(�0'" !�-�(�*!� (N,N,N4,N4-

tetramethylethylene diamine, TEMED),  !3 �� )*9 � #�( ��! 2!()6� ��'

&�"'� )�%��$ &)�2)��!�(� (&� �� '& )0 ���� (��3!�� (ammonium 

persulfate, APS), �� �&�*� ��(! -�("$ �(� %�� H20 -����')# *  " $0 ) �

0 ���2� )*9 � &�' %�� %'!2� �(  ! )#�&���$! ��!  �'%*( TEMED.  


��! &()�$%( -�(�)�1., � -�(�/)�%��� �(� � �('��&�*�%� �/!

&)/� 7!3! � 1+%� �� ��)�(�� ��'� 1+)�� 2#�! � �" ��)�,�)�%� % 

�+0 �� &.��/�( &�"'(�)'"(��-*�', &()�'%*( 0 ����$ -/- �'"���$ !(�)*�'

(SDS) (Laemmli, 1970). �� SDS  *!(� 2!( �%�')� (!��!��� (&�))'&(!����, ��

�&�*� - %� $ �(� � ��� &)/� :! �. �'�� 2� � /� (&��2" %�( ��! (&�-�+�(6�

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

()!�����$ ,�)�*�' %��� &)/� :! �. 8�%�  6(" *, �(� �  &�))�. ��' ,�)�*�'

%��! ��!��������( �(� �� &)/� :! � ��!�$!�(� &)�� �� 0 ���� &�"� ��!� � 

1+%� �� ��)�(�� ��'� 1+)��.  


 �" � ��� & )�&�3% �� �)�%���&�� *�(� � %'!-'(%��� -$�

&���/�+�/! -�(,�) ���.� %'#�2!�)/%�� &�"'(�)'"(��-*�': �� &.��/�(
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%'�&$�!/%�� �(� �� &.��/�( -�(�/)�%��$. �� &.��/�( %'�&$�!/%�� 2� �

���)�� )� %'#�2!�)/%� &�"'(�)'"(�*-�� �(� %'! &3� � #("$� )�'�

&�)�'� (&� �� &.��/�( -�(�/)�%��$, %�� �&�*� #*! �(� �(� � -�(�/)�%���

��' - *#�(���.  -�(,�) ���. %'#�2!�)/%� &�"'(�)'"(�*-��  &��)2& �

- *#�(�( � � #+"�'� �#��'� !( %'#� !�)/0�$! %�� &)3�� &.��/�(

(%'�&$�!/%��) &)�!  �%2"0�'! %�� - $� )�, �&�' �(� 0( -�(�/)�%��$!. �'��

1 "��3! � �(�+ &�"$ ��! (!+"'%� �(03� �"� �� - *#�( 6 ��!+ � !( (!("$ �(�

(&� �� *-�� %�� *�. �( &���3�(�( -�(�/)�%��$ &�' �)�%���&���$!�(� %��!

&()�$%( � "2�� �'�(*!�!�(� (&� 8% 2/� 14%, (!+"�#( � �� ��)�(�� 1+)��

�/!  �+%��� &)/� 7!3!. �� &+��� �/! &���/�+�/!  6(%,("*9 �(� � 

-�(�/)�%���+ (spacers) (!�*%�����' &+��'� 1 mm.   

� "���#���� ��$����: 

� �'�!� -�+"'�( (�)'"(��-*�' : -��-(�)'"(��-*�' (29% w/v : 1% w/v) 

� �'0��%���� -�+"'�( &���3�(��� %'�&$�!/%��: 0.5 � Tris-HCl, 

       pH 6.8

� �'0��%���� -�+"'�( &���3�(��� -�(�/)�%��$: 1.5 � Tris-HCl, 

       pH 8.8

� 10% w/v SDS

� 10% w/v APS

� �'0��%���� -�+"'�( �" ��)�,�)�%��:

� 25 mM Tris-HCl , pH 8.3 

� 0.1% w/v SDS

� 0.2 M #"'�*!�

� �!(#/#��� -�+"'�( -�("'��&�*�%�� - �#�+�/! (2x SDS Laemmli 

Buffer): 

� 50 mM Tris-HCl , pH 6.8 

� 100 mM 1-� )�(&��(�0(!�"�  

� 2% w/v SDS 

� 10% !/! #"'� )�"�

� 0.1% w/v �'(!�$! ��� 1)/��,(�!�"��
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�����!�
0���!�

,��.���*! &

0���!�

*�!%&���*�"

��)'"(�*-�� : -��-(�)'"(�*-�� 8-14% w/v 5.5% w/v 

Tris-HCl, pH 8.8 0.375 � - 

Tris-HCl, pH 6.8 - 0.125 �

SDS 0.1% w/v  0.1% w/v  

�"'� )�"�  0.1% !/v 0.05% !/v 

APS 0.075% w/v 0.063% w/v 

TEMED 0.025% !/v 0.07% !/v 

�  ��������� �������!�: 

 �" ��)�,�)�%� &)(#�(��&�� *�(� %�� %'%� '. Mini-Protean Tetra 

Cell ��� Bio-Rad. �)���+ &()(%� '+9 �(� �� &.��/�( -�(�/)�%��$, 

& )� ��������(� % -�+"'�( (�)'"(��-*�' 8%, 10%, 12% . 14% (w/v), 

(!+"�#( � �� �2# 0�� �/! &)�� � "2�� &)/� 7!3!, �(� ��&�0 � *�(�

&)�% ����+ %�� %'%� '. �" ��)�,�)�%��, �&�' &�"'� )*9 �(� #�( 45-60 

" &�+ & )*&�' % 0 )���)(%*( -/�(�*�'. �(��&�! &()(%� '+9 �(� ��

&.��/�( %'�&$�!/%��, �� �&�*� &)�%�*0 �(� &+!/ %�� &.��/�(

-�(�/)�%��$ �(� (,.! �(� !( &�"'� )�%� * #�( 30 " &�+.  �( &)��

�" ��)�,�)�%� - *#�(�( (!(� �#!$�!�(� �  2x Laemmli Buffer &�' & )�2� �

SDS (2% �.�) �(� 1-� )�(&��(�0(!�"� �(�  &/+9�!�(� #�( 5 " &�+ % 

0 )���)(%*( 1)(%��$ (1000C). �� %'!0.� � ('�2�  *!(� (&�-�(�(����2� #�(

��� &)/� :! �, �(03� � 1)(%��� &()�'%*( SDS 2� � /� (&��2" %�( ��

-�+%&(%� - %�3! ('-)�#�!�', ��!���3!, '-)�,�1/! �(� Van der Waals 

(""�" &�-)+% /!),  !3 � 1-� )�(&��(�0(!�"� &)��(" * (!(#/#. �/!

�����&�"��3! -�%�'",�-��3! - %�3! � �(6$ �/! (��!�62/! �/! &)/� 7!3!. 

�( &)��  62�(%� - *#�(�( �(03�  &*%�� �(� �� &)/� 7!���* - *�� � #!/%�3!

��)�(�3! 1()3! (SM0671 �(� SM0441, Fermentas)  ��&�0 ��$!�(� %���

 �-��2� 02% �� ,�)�/%�� («&�#(-+��(») ��' &���3�(��� %'�&$�!/%�� � ��

1�.0 �( %$)�##(� Hamilton, �#��' 50 �l.  �" ��)�,�)�%� &)(#�(��&�� *�(�

()���+ '&� %�(0 ). �+%� 110 Volts, % )'0��%���� -�+"'�( �" ��)�,�)�%��

&)/� 7!3!. <�(! �� &)/� :! �  �%2"0�'! %�� &.��/�( -�(�/)�%��$ � �+%�

('6+! �(� %�( 150 Volts,  !3 � �" ��)�,�)�%� � )�(�*9 �(� ��(! �� �2�/&�
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��� �)/%���.� �/! - �#�+�/!  62"0 � (&� �� &.��/�(. � �+ �� &2)(� ���

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

�" ��)�� �(,�)+ �/! &)/� 7!3! % � �1)+!� PVDF (Polyvinylidene 

Fluoride). 

2.3.2.3  �� * �% �&%�*� %����(��� (Western blotting) 

 (!�%�(&��$&/%� (&�� " * ��( � �!��., � �&�*( &()2� � ��

-'!(�����( (!*�! '%�� ���)3! &�%��.�/! ��(� %'#� �)��2!�� &)/� :!�� % 

2!( � *#�( &�""3! &)/� 7!3! � �� �).%�  �-��3! (!��%/�+�/!.  � �!��.

('�. 1(%*9 �(� %�� � �(,�)+ �/! &)/� 7!3!, � �+ ��! �" ��)�,�)�����

-�(�/)�%�� ��'�, % %�(0 )� '&�%�)/�(, �&/� �� � �1)+! � PVDF .

!��)��'��()*!��.  � �(,�)+  &��'#�+! �(� � +� %�  &(,. ��' &���3�(���

-�(�/)�%��$ � ��  � �1)+!�, &()�'%*( �" ��)���$ ) $�(���, �� �&�*�

-�(1�1+9 �(� �+0 �( &)�� ��� -$�  &�,+! � �. �� )'0��%���� -�+"'�(

�" ��)�� �(,�)+� &�' �)�%���&�� *�(� & )�2� � � 0(!�"�, � �&�*( ('6+! �

��! ��(!����( -2%� '%�� ��� � �1)+!�� �(�  "(��%��&�� * �� -��#�/%� ��'

&���3�(��� �(�+ �� � �(,�)+. �� p ��' %'#� �)��2!�' -�("$�(���  *!(�

("�("��� (& )*&�' 8.3), 3%� �� &)/� :! � !( -�(��)�$! �� ()!����� ��'�

,�)�*� �(� !( � �(��!�$!�(� �2%( %�� �" ��)��� & -*� &)�� �� 0 ���� &�"�. 

 &��'�.� � �(,�)+ �/! &)/� 7!3! %�� � �1)+!� -�(&�%�3! �(�  $��"(  *� 

� �)3%� ��� � �1)+!�� � �(�+""�"� �)/%���.,  *� � �� �).%�

&)/� 7!��3! - ���3! &�' & )�2��'! �)/%���.. ��( !( &() �&�-�%� * � ��

 �-��. &)�%- %� �/! �)�%���&���$� !/! (!��%/�+�/! %�� � �1)+!�, 

#*! �(� -2%� '%� �/!  " $0 )/! 02% /! ��� � �1)+!�� (&� &()+#�!� �

�&/�  *!(� �� &)/� :! � ��' #+"(���� . � ("1�'�*!�. �� &)/� :! � &�' 2��'!

� �(!(%� $% � %�� � �1)+!� (!��! $�!�(� � �� �).%� �(�+""�"/!

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

('�3!. �� &)��$&��! %$�&"��� (!��#�!�'-(!��%3�(��� (!��! $ �(� � 

&)�%0.��  !�� - $� )�' (!��%3�(���,  �-���$ #�( �� &)3��, &�' ,2) � 2!(

�����&�"��+ %'9 '#�2!� 2!9'��. �()�'%*( �(�+""�"�' '&�%�)3�(���, ��

2!9'�� �(�("$ � ��( (!�*-)(%�, &�' -*! � 2#�)/�� &)�7�!, � (&��2" %�( !(

#*! �(� �)(�. � 93!� ��� &)/� :!��, %�� %�� *� �&�' ('�. 2� � � �(��!�0 *

�(�+ ��! �" ��)�,�)�%�. 
��! &()�$%( � "2�� �)�%���&���$!�(� - $� )(

(!��%3�(�( %'9 '#�2!( � ��! '& )�6 �-+%� ��� )(&(!*-(�  (horseradish 
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peroxidase, HRP).  HRP �6 �-3! �(� &()�'%*( '& )�6 �-*�' ��'

'-)�#�!�' �(� � �6 �-/�2!� ��� ��),. (!��-)+ � �� "�'��!�"�, ��! �&�*(

�6 �-3! �. �� (&��2" %�( ��� (!�*-)(%��  *!(� �  �&��&. ,/��� % �2#�%��

�.��� �$�(��� 425-428 nm, � -�+)� �( ��� �&�*(�  !�%�$ �(� � ��!

&()�'%*(  !�%�'�., ('6+!�!�(� 2�%� ��!  '(�%0�%*( ��' %'%�.�(���.    

� "���#���� ��$����: 

� �'0��%���� -�+"'�( � �(,�)+�:

� 25 mM Tris-HCl 

� 0.2 � #"'�*!�

� 20% !/! � 0(!�"�

�  ��������� �������!�: 

 � �(,�)+ �/! &)/� 7!3! (&� �� &.��/�( -�(�/)�%��$ %��

� �1)+!� &)(#�(��&�� *�(� � �� %'%� '. Mini Trans-Blot Electrophoretic 

Transfer Cell ��� Bio-Rad. � �+ ��! �" ��)�,�)����� -�(�/)�%�� ��'�

(&()+#)(,�� 2.3.2.2), �� &)/� :! � � �(,2)�!�(� % � �1)+!� PVDF 

(Hybond-P, Amersham).  � �1)+!� ('�.  �&��*9 �(� % -�+"'�( � 0(!�"��

100% #�( 45 - '� )�" &�(, 6 &"2! �(� %  ddH20 #�( 5 " &�+ �(�

 6�%�))�& *�(� %�� -�+"'�( � �(,�)+� #�( ��'"+��%��! 5 " &�+. �()+""�"(, 

-$� ����+��( (&�))�,�����$ �()���$ Whatman 3 ��, % �2# 0�� "*#�

� #("$� )� (&� ('�� ��' &���3�(���,  �1(&�*9�!�(� %�� -�+"'�(

� �(,�)+� �(9* � -$� %,�'##+)�( ��' *-��' � #20�'�, �( �&�*( %'!�- $�'!

�� %'%� '. �" ��)�� �(,�)+�. 
��! &" ')+ ��� %'%� '.� �&�' 0(

 ,()��%� * � ()!������ &�"�� ��' �)�,�-�����$, ��&�0 ��$!�(� ( !  *- �

%+!��'���) �(�+ % �)+: 2!( %,�'##+)�, 2!( ,$""� Whatmann 3 ��, ��

&.��/�( -�(�/)�%��$, � � �1)+!� (PVDF . !��)��'��()*!��), 2!( ,$""�

Whatmann 3 ��, 2!( %,�'##+)�. �,�$ (,(�) 0�$! �'��! ,'%("*- �, ��

�&�* � �&�) * !(  �&�-*%�'! �� � �(,�)+, � %'%� '.-�(%2�( � �(,�)+�

�" *! � �(� ��&�0 � *�(� �(9* � 2!( ����+�� &+#�' %��  �-��� -�� *� &�'

& )�2� � -�+"'�( � �(,�)+�.  � �(,�)+ �/! &)/� 7!3! &)(#�(��&�� *�(�

� -�(1*1(%� ) $�(��� %�(0 ).� 2!�(%�� 390 mA,  #�( 1.5-2 3) �, %��'� 40C. 

  &��'�.� � �(,�)+ �/! &)/� 7!3!  &�1 1(�3! �(� (&� ��! &()�'%*( �/!

&)/� 7!��3! - ���3! %�� � �1)+!�. 
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2.3.2.4 �� * ����%�*� %����(���

� "���#���� ��$����: 

� 1x PBS: 8.1 mM Na2HPO4, 1.5 mM KH2PO4, 0.14 M NaCl, 2.7 mM 

KCl,  pH 7.4

� 1x TBS: 50 mM Tris-HCl, pH 7.6, 150 mM NaCl

� 	�+"'�( 2�&"'%��: 0.1% Tween-20 %  1x PBS . 1x TBS 

 -�(-��(%*( ('�. & )�"(�1+! � ��! (!*�! '%� �/! &)/� 7!3! &�'

2��'! � �(, )0 * %�� � �1)+!�  � �� �).%� �(�+""�"/! (!��%/�+�/! �(�

%'%�.�(��� (!*�! '%�� ��� ��,/�($# �(�. �!("'���+, � �+ ��! �"��".)/%�

��� � �(,�)+�, � � �1)+!� PVDF  &/+9 �(� '&� (!+- '%� % -�+"'�( 1x 

PBS �  0.1% Tween-20 &()�'%*( 5% �.1. +&(��' 6�)�$ #+"(����, % 

0 )���)(%*( -/�(�*�' #�( 1 3)(, 3%� !( �("',0�$! ��  " $0 ) � 02% ��

��� � �1)+!�� �(� !( (&�, '�0 * � ��  �-��. -2%� '%� (!��%/�+�/! % ('�.. 


�� %'!2� �(, � � �1)+!� 6 &"2! �(� � �� -�+"'�( 2�&"'%��, 3%� !(

(&��(�)'!0 * � & )*%% �( ��' #+"(���� �(� !(  "(��%��&���0 * � 0�)'1��. 

���"�'0 *  &3(%� ��� � �1)+!�� � �� &)3�� (!�*%/�( �(�+""�"(

()(�/�2!� % -�+"'�( 1x PBS . 1x �BS �  3% �.1. +&(�� 6�)� #+"( . BSA, 

(!�*%����(, &()�'%*( 0.1% Tween-20, %��'� 40C #�( 16-20 3) � '&� %'! �., 

%�#(!. (!+- '%�. � �+ ��!  &3(%� � �� &)3�� (!�*%/�(, 

&)(#�(��&���$!�(� �2%% )�� -�(-����2� &"$% �� � -�+"'�( 2�&"'%��, 

-�+)� �(� 15 " &�3! 2�(%��, � %��&� ��! (&��+�)'!%� ��' &)3��'

(!��%3�(���. ���"�'0 *  &3(%� ��� � �1)+!�� '&� (!+- '%� #�( 1 3)(, % 

0 )���)(%*( -/�(�*�' � �� - $� )� (!�*%/�(, ()(�/�2!� 1:10000 %  1x 

PBS �  0.1% Tween-20 �(� 3% �.1. +&(�� 6�)� #+"( �(� %�� %'!2� �(

�2%% )�� -�(-����2� &"$% �� �/! 15 " &�3! � �� -�+"'�( 2�&"'%��. �2"��, 

&)(#�(��&�� *�(�  �,+!�%� ��' (!�%�(&��'&3�(��� ��� &)/� :!�� %��

� �1)+!� � %$%���( ��� ��,/�($# �(�, %$�,/!( � ��� �-�#* � ��'

�(�(%� '(%�.. �� %$%���( (!*�! '%�� � ��� ��,/�($# �( &�'

�)�%���&�� *�(� & )�2� � -�+"'�( "�'��!�"��- !�%�'�. �(� -�+"'�(

'& )�6 �-*�' ��' '-)�#�!�' (ECL Western Blotting Substrate, #32209, 

Pierce). 
'#� �)��2!(, � *#�( �/! (!��-)(%��)*/! ECL % (!("�#*( 1:1 

��&�0 � *�(� &)�% ����+ &+!/ %��! � �1)+!�, �$�/� 3%� !( �("$&� � �"�
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��!  &�,+! �+ ��� �(� &()(�2! � #�( 1.5 " &��, %$�,/!( � ��� �-�#* � ���

&()(%� '+%�)�(�  �(�) *(�. 
�� %'!2� �(, (,(�) *�(� � & )*%% �( ��'

� *#�(���  !3 �� (&��2" %�( ��� (!�*-)(%��  *!(� �  �,+!�%� &)�7�!�/!

&�' &()+#�'! ,/�.   �,+!�%� &)(#�(��&�� *�(� % ,/��#)(,��� ,�"� (Fuji 

Medical X-Ray Film) &�' 2� � ��&�0 ��0 * &+!/ %��! � �1)+!�,  !���

�(%2�(� �(� % %��� �!� 0+"(�� . %��! (!("'�. ,/�($# �(� (luminescent 

image analyzer, Fujifilm LAS-4000). 

2.3.2.5  �% !�����*� ����*�!���� �%� �� !�!$����  

� "���#���� ��$����: 

� �'0��%���� -�+"'�( (&��+�)'!%�� (!��%/�+�/!:  

� 62.5 mM Tris-HCl, pH 6.7 

� 2% w/v SDS 

� 100 mM 1-� )�(&��(�0(!�"�

�( (!��%3�(�( &�' 1)*%��!�(� &)�%��""��2!( %��!  &�,+! �( ���

� �1)+!�� �&�)�$! !( (&��(�)'!0�$! �(� � *-�( � �1)+!� !(  &/(%� *  �

!2�' � -�(,�) ���� (!�*%/�(. �)�� ��2!�' !(  &�� '�0 * ('��, � � �1)+!�

6 &"2! �(� � -�+"'�( 2�&"'%�� 3%� !( (&��(�)'!0�$! �( (!��-)(%�.)�(

(!*�! '%�� �(� %�� %'!2� �(,  &/+9 �(� % )'0��%���� -�+"'�(

(&��+�)'!%�� (!��%/�+�/! %��'� 50-600C #�( 30 " &�+, '&� %'! �.

(!+- '%�. ���"�'0�$! -$� -�(-����2� &"$% �� � -�+"'�( 2�&"'%��

-�+)� �(� 10 " &�3! 2�(%�� �(� 2& �(� � ��) %��� �/!  " $0 )/!  ! )#3!

02% /! ��� � �1)+!�� �(� � (!�%� !��&�%� �  &�" #�2!� (!�*%/�(, �&/�

2� � .-� & )�#)(, * (&()+#)(,�� 2.3.2.4).   

2.3.2.6 0��� !����� �����*� ��� % * ��� % ��*�

�� * �% ��%�!����  

�)�� ��2!�' !(  6(�0�$! &�%����+ %'�& )+%�(�(, �(

(!�%�(&��'&3�(�( &�' 2��'! (&��'&/0 * % ,�"� %()3!�!�(� �2%/

�" ��)�!���$ %()/�. (scanner),  !3 �"( �( 5�,�(�+  �,(!�%�2!(

(!�%�(&��'&3�(�( (&�0�� $�!�(� % �" ��)�!��. ��),. �(� (!("$�!�(� � 

�� �).%� �(�+""�"�' &)�#)+��(��� (Gel-Pro Analyzer). �( (&�� "2%�(�(
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�/! &'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3! ± 

Standard Error of the Mean (SEM), (&� ��'"+��%��! �)*( (! 6+)���(

& �)+�(�(. �� ���2� ��� &'�!�� �)��.� (!+"'%�� (&�-*-�!�(� &+!�( % 

%�2%� � �( - *#�(�(  "2#��' (&.�. ��  ! )#�&����2!( �$��()().  

2.3.3  �1�41
3#� +5#+��32�5�
151 0�5�
7151

  ! )#�&�*�%� �/! �&�� �-3! '&�-��2/!  &+# � �� ,/%,�)'"*/%�

STAT � �(#)(,��3! &()(#�!�/!, �(03�  &*%�� �(� ��!(%3! �&/�  *!(� ��

Src �(� JAK ��!+% � ��� �')�%*!�� (Park et al., 2000; Lo and Wong, 2004; 

Mazarakou and Georgoussi, 2005). �)�� ��2!�' !( (!��! '0�$! ��

,/%,�)'"�/�2! � ��),2� �/! STAT5B, JAK2 �(� c-Src &)/� 7!3! � �+ ��!

 ! )#�&�*�%� ��' --�&�� �-�$� '&�-��2( �)�%���&��.0�� � �20�-�� ���

(!�%��(�(�).�!�%��.  

 (!�%��(�(�).�!�%� (&�� " * ��( %��(!���. � �!��., � �&�*(

�)�%���&�� * 2!( (!�*%/�(  �-��� #�( ��( #!/%�. &)/� :!�, � �$)�� %����

��! (&���!/%� ��� &)/� :!�� ('�.� (&� 2!( -�+"'�( &�' & )�2� � 2!(

� #+"� %$!�"� -�(,�) ���3! &)/� 7!��3! ��)*/!.  (!�%��(�(�).�!�%�

�/! &)/� 7!3! %��)*9 �(� %��!  �-��. -2%� '%� ��' (!��%3�(��� � ��!

(!�*%����� &)/� :!� �(� %��! (&���!/%� ��' %'�&"���' ('��$ � ��!

&)�%0.�� ��(� +""�� &)/� :!�� (%'!.0/� � . G), (��!���&����2!�� % 

%,(�)*-�( (#()�9��.  � " '�(*( &)�%-2! �(�  6 �-�� '�2!( � �� (!�*%/�(

�(�  &�"2# �(� �+0 ,�)+ 1+% � ��' �)#(!�%��$ %��! �&�*� 2� � (!(&�'�0 *

��  �+%��� (!�*%/�(. � ��! � �!��. ��� (!�%��(�(�).�!�%�� �&�) * !(

(&���!/0 * ��(  &�0'���. &)/� :!� (&� "$�(�( �'��+)/! �(� !(

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

2.3.3.1  0� *,� ��*!�" ��" ��*� �����*�" ��� STAT5, c-Src ���

JAK2 %����(��� !� !�'�, �" �� * ������!��*�"  

� "���#���� ��$����: 

� 	�+"'�( 2�&"'%�� (!�%��(�(�)��!�%�+�/!

� 10 mM Tris pH 7.4

� 150 mM NaCl
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� 1 mM EGTA

� 1 mM EDTA

� 1%Triton

� 1% Igepal

� 0.2 m� PMSF 

� 0.2 mM Na3VO4

--��293 �$��()( &�'  �,)+9�'!  !-�# !3� ��� STAT5� �(� c-Src 

&)/� :! �, . &()�-��+  &���"'%�2!( � �� JAK2,  &/+9�!�(� (&�'%*(

(�$��()( �+)�') �), . &()�'%*( 1 �� DSLET (--(#/!�%�.�) . 1 ��

��),*!��, #�( -�+,�) � �)�!��2� & )��-�'�. ��( ��! &)�%-��)�%�� ���

,/%,�)'"*/%�� ��� STAT5 �)�%���&���$!�(�  &�&"2�! �� Neuro-2A �(� SH-

SY5Y �'��()��2� % �)2�, %��� �&�* � ��)�# *�(� 1 �� DSLET #�( -�(,�) ���+

�)�!��+ -�(%�.�(�(. � �+ �� �2"�� ���  &3(%�� �( �$��()( 6 &"2!�!�(� � 

1x PBS, &()�'%*( 0.1 mM PMSF �(� 0.1 mM Na3VO4 �(� "$�!�(�, � 

)'0��%���� -�+"'�( "$%�� (&()+#)(,�� 2.3.1.1) &�' & )�2� � � *#�(

(!(%��"2/! &)/� (%3! (Roche) �(� ,/%,(�(%3! (Sigma) %��! &+#�, #�(

30 " &�+. ���"�'0 * ,'#��2!�)�%� %��� 3000 rpm, #�( 10 " &�+, %��'� 40C, 

3%� !( -�(�/)�%��$! �� -�("'�2� &)/� :! � (&� �( (-�+"'�( %'%�(���+ �/!

�'��+)/!. 
�( '& )� *� !(, (,�$ &)��#�0 * &�%������ &)�%-��)�%��� �/!

&)/� 7!3! (&()+#)(,�� 2.3.2.1), &)�%�*0 �(� %'#� �)��2!� &�%����(

&�"'�"/!��3! (!��%/�+�/! 2!(!�� �/! STAT5, c-Src . JAK2 (Santa Cruz 

Biotechnology) % � "��. %'#�2!�)/%� 1:100 �(�  &/+9�!�(� '&� (!+- '%�

%��'� 40C, #�( 15-18 3) �, 3%� !( #*! � � (!�%��(�(�).�!�%�. 
�� %'!2� �(, 

%�( - *#�(�( &)�%�*0 !�(� 40 �l (50% w/v) &)/� :!�� � (��!���&����2!�� % 

%,(�)*-�( (#()�9�� (sc-2001, Santa Cruz Biotechnology) �(� �( �9.�(�( &�'

&)��$&��'! (&� ��! (!�%��(�(�).�!�%� &()(�2!�'! #�( 3 3) � '&�

(!+- '%�, %��'� 40C. ���"�'0 * ,'#��2!�)�%� (3000 rpm, 5 " &�+, 40C) �(�

�( �(�(1'0�9�� !( (!�%�%$�&"��( 6 &"2!�!�(� 3 ,�)2� � &(#/�2!�

-�+"'�( 2�&"'%��. �2"��,  &(!(-�("$�!�(� %  40 �l 2x SDS Laemmli Buffer 

(&()+#)(,�� 2.3.2.2) �(� 1)+9�'! %��'� 1000C, #�( 5 " &�+. � -�(�/)�%���

�/! &)/� 7!3! #*! �(� % &.��/�( (�)'"(�*-�� (8% . 10%) &()�'%*( SDS 

�(� (��"�'0 * � �(,�)+ �/! &)/� 7!3! % � �1)+!� PVDF (&()+#)(,��

2.3.2.2 �(� 2.3.2.3).  (!*�! '%� �/! (!�*%����/! ,/%,�)'"�/�2!/! STAT5, 
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c-Src �(� JAK2 &)/� 7!3! #*! �(� � �(  �-��+ (!�*%/�( p-STAT5 (Santa 

Cruz Biotechnology), p-Src (Cell Signaling) �(� p-Tyr (Santa Cruz 

Biotechnology), (!�*%����(, % ()(*/%� 1:500. 

��( ��! &�%�����&�*�%� �/! STAT5, c-Src �(� JAK2 &)/� 7!3!, �� *-� �

� �1)+! � PVDF  &/+9�!�(� % )'0��%���� -�+"'�( (&��+�)'!%��

(!��%/�+�/! (&()+#)(,�� 2.3.2.5), 3%� !( (&��(�)'!0�$! �� &)3�� �(�

�� - $� )� (!�*%/�(. 
�� %'!2� �( (��"�'0 * ��(  � !2�'  &3(%� ���

� �1)+!�� � �( (!��%3�(�( &�' �)�%���&��.0��(! #�( ��!

(!�%��(�(�).�!�%�. �2"��, &)(#�(��&�� *�(� � &'�!�� �)��. �(� %�(��%���.

(!+"'%� �/! (&�� " %�+�/! (&()+#)(,�� 2.3.2.6). 

2.3.4  
0����#� ��# ��8�1�# ��3 ������ (PTX) 

 ��6*!� ��' ���*�� (pertussis toxin, PTX) &()+# �(� (&� �� 1(��.)��

Bordetella pertussis �(� 1��0+ %��! �('��&�*�%� �(� ��! �()(���)�%�� �/! G 

&)/� 7!3!.  PTX (&�� " *�(� (&� 26� '&���!+- �,  � �/! �&�*/! � S1 

'&���!+-( �(�("$ � ��! ADP-)�1�%'"*/%�  !�� �(�("�*&�' �'%� 7!�� %��

�()1�6'� "��� +�)� �/! G(i, G(o �(� G(t '&���!+-/! �/! G &)/� 7!3!. 

�'�. � �)�&�&�*�%�  �&�-*9 � ��! (""�" &*-)(%� �/! G &)/� 7!3! � ��'�

GPCRs %��! �'��()��. � �1)+!�, &() �1(*!�!�(� 2�%� %��!  !-��'��()��.

 &����!/!*(. �� G(i/o '&���!+- � &()(�2!�'! «�" �-/�2! �» %��! GDP-

&)�%- �2!�, (! ! )#. ��'� �(�+%�(%�, (-'!(�3!�(� !( -)+%�'! %��'�

-�+,�)�'� � " %�2� ��'� (Milligan, 1990).  

� %��&� !( -�(&�%�3%�'�  +! �� Gi/o '&���!+- �  �&"2��!�(� %��

,/%,�)'"*/%� ��� STAT5B (&� ��! --OR,  "2#6(� ��!  &*-)(%� ��� PTX 

%�(  &*& -( ,/%,�)'"*/%�� ��� STAT5B. 
'#� �)��2!(, --��293 

�$��()( &�'  �,)+9�'!  !-�# !3� �� STAT5B &)�- &/+9�!�(� �  PTX (P-

2980, Sigma) (&�'%*( �)�$ % � "��. %'#�2!�)/%� 100 ng/ml #�( 18 3) �

(Georgoussi et al., 1997). 
�� %'!2� �(  ! )#�&���$!�(� �  1 �M DSLET #�( 5 

" &�+, . ��� (�$��()( �+)�') �) �(� �( �'��()��+ "$�(�(

(!�%��(�(�)��!*9�!�(� � �� STAT5 (!�*%/�(, �" ��)�,�)�$!�(� �(�

(!�%�(&��'&3!�!�(� %  PVDF � �1)+!�, �&/� 2� � & )�#)(, *

(&()+#)(,�� 2.3.2.2 �(� 2.3.2.3).  ,/%,�)'"�/�2!� STAT5� (!��! $ �(� � 
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�� p-STAT5 (!�*%/�(,  !3 � %'!�"��. &)/� :!� � �� (!�*%/�( &�'

�)�%���&��.0�� #�( ��! (!�%��(�(�).�!�%. ���. 

�)�� ��2!�' !(  " #�0 * � %'�� ���. �/! G(i/o &)/� 7!3! %��

! ')����. (!+&�'6�, �$��()( Neuro-2A  &/+9�!�(�, (&�'%*( �)�$, �"�!$���(

%��'� 370C �  100 ng/ml PTX, � �&�*( ��)�# *�(� %�( �$��()( 2 3) � &)�!

��! &)�%0.�� �/! --�&�� �-3! &)�%- �3!, �&/� & )�#)+, �(� %��!

&()+#)(,� 2.1.1.7. 

2.3.5  
0����#� 
8
����
3�
151 �1�#��2
51 ��1�#51  

��( !(  "2#6�'� ��!  �&"��. �/! Src �(� JAK2 ��!(%3! %��

%��(��-����� ��!�&+�� ��� STAT5B, --��293 �$��()(  &/+9�!�(� � ��!

 6 �-�� '�2!� (!(%��"2( ��� ����#2! �(� �/! Src ��!(%3! ��1 (Hanke et al., 

1996) . ��! (!(%��"2( ��� �')�%�!��.� ��!+%�� JAK2 AG490 (Meydan et al., 

1996), (!�*%����(, �&/� & )�#)+, �(� %�� %'!2� �(.  

2.3.5.1  
%�,��*� � � ��1 ���*� �-� ��" Src ����*�"

--��293 �$��()( &�'  �,)+9�'!  !-�# !3� ��%� �� STAT5B �%� �(�

�� Src &)�- &/+9�!�(� &()�'%*( 10 �M ��' ��1  �-���$ (!(%��"2( ��� Src 

��!+%�� #�( 30 " &�+. ���"�'0 *  &3(%� �/! �'��+)/! �  1 �� DSLET #�( 1 

�(� 5 " &�+ �(� %�� %'!2� �( 500 �g (&� �( �'��()��+ "$�(�(

(!�%��(�(�)��!*9�!�(� �  �-��� (!�*-STAT5 (!�*%/�(.  ,/%,�)'"*/%�

��� STAT5� (!��! $ �(�, �&/� 2� � & )�#)(, * &()(&+!/ (&()+#)(,��

2.3.3.1).   

� � ��1 (#1397, Tocris) -�("$ �(� % (�0(!�"�, % %'#�2!�)/%� 10 mM �(�

(&�0�� $ �(� %��'� -200C.  

2.3.5.2  
%�,��*� � � AG490 ���*� �-� ��" JAK2 ����*�"

�$��()( --��293  &���"$!�!�(� &()�-��+ � �� cDNA ��� JAK2, 

�&/� & )�#)+, �(� %��! &()+#)(,� 2.1.1.5. 48 3) � � �+ ��!  &���"'!%�

�( �$��()( &)�- &/+9�!�(� � ��! (!(%��"2( ��� JAK2 ��!+%��, AG490 [((-

Cyano-(3,4-dihydroxy)-N-benzylcinnamide, Tyrphostin B42, (E)-N-benzyl-2-

cyano-3-(3,4-dihydroxyphenyl)acrylamide)] % %'#�2!�)/%� 10 �M #�( 30 
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" &�+, &)�! (&� ��!  &3(%. ��'� �  1 �� DSLET #�( 5 " &�+. ���"�'0 * �

&)�%-��)�%��� ��� ,/%,�)'"*/%�� ��� STAT5B, �&/� & )�#)+, �(� %��!

&()+#)(,� 2.3.3.1. 

� � AG490 (#658401, Calbiochem) -�("$ �(� %  DMSO, % %'#�2!�)/%� 5 

mM �(� ,'"+%% �(� %��'� -700C.  

2.3.6  0��#�����#��# 0�5�
71��51 �22�2
0����#
51

2.3.6.1  #��-�� * ������!��*� %����(����� *�!%����� �%� �&�����

 %'#� �)��2!� �20�-�� �)�%���&�� *�(�  ')2/� #�( ��! &)�%-��)�%��

&)/� 7!��3! (""�" &�-)+% /!.  &)/� :!�  !-�(,2)�!��� (&���!3! �(�

�(�(�)��!�9�� !� �  �-��� (!�*%/�(, �� �&�*� &)�%-2! �(� % 

(��!���&����2!� % %,(�)*-�( (#()�9�� &)/� :!� � . G. 
�� %'!2� �(, �(

(""�" &�-)3!�( ��)�( &�' &)�%-2!�!�(� % ('�. ��! &)/� :!�

(!(#!/)*9�!�(� � (!+"'%� �(�+ Western. 
'! &3�, %��� $�!�(� % ��(

&)/� :!�, � �� �(�+""�"� (!�*%/�(, �&�) * !( %'!-�(�(�)��!�%� * �(9* � 

('�.! (&� �� -�+"'�( 2!( &)/� 7!��� %$�&"��� �(� � ('��! ��! �)�&�  *!(�

-'!(��! !( &)�%-��)�%0�$! �� "��&2� &)/� :! � &�' %'�� �2��'! %��

%���(��%�� ��'  ! "�#/ &)/� 7!���$ %'�&"���'.  %'!-(!�%��(�(�).�!�%�

&)/� 7!3!  &��'#�+! �(� ��(! �� (""�" &�-)3% � &)/� :! � &)�%-2!�!�(�

� �(6$ ��'� �%�')+,  &��)2&�!�(� 2�%� ��! %'!-�(�(�).�!�%. ��'�.   

�  ��������� �������!�: 

--��293 �$��()(  &/+9�!�(� (&�'%*( . &()�'%*( --�&�� �-3!

(#/!�%�3! #�( -�(,�) ���+ �)�!��+ -�(%�.�(�(. � �+ �� �2"�� ���  &3(%��

�( �$��()( 6 &"2!�!�(� �  PBS �(� "$!�!�(� � �(�+""�"� )'0��%����

-�+"'�( "$%�� &)�� (&���!/%� �'��()�&"(%�(���3! (&()+#)(,�� 2.3.1.1) 

. &')�!��3!  ��'"�%�+�/! (&()+#)(,�� 2.3.1.2), (!+"�#( � ��� (&(��.% ��

��'  �+%��� & �)+�(���.  %'#�2!�)/%� ��� &)/� :!�� %�( - *#�(�(

'&�"�#*9 �(� � �� �20�-� Bradford. 
 & )*&�' 500 �g �'��()��3! "'�+�/!

((!+"�#( � �� & *)(�() &)�%�*0 �(� (!�*%/�( (2-4 �g) &�' 2� � (!(&�'�0 *

2!(!�� ��� �*(� (&� ��� '&� 2" #�� &)/� :! � . (!�*%����� &�%����( (&�
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,'%��"�#��� �)� &�!����$ . ��'! "��$ (()!������ �+)�')(�), �(� ��

%$�&"��� &)/� 7!3!-(!��%3�(���  &/+9 �(� #�( 15-18 3) � '&� (!+- '%�

%��'� 40C. ��!  &�� !� �2)(, �� (!�%��(�(�)��!�%�2! � &)/� :! �

&)�%-2!�!�(�, �2%/ ��' (!��%3�(���, % (��!���&����2!� % %,(�)*-�(

(#()�9�� &)/� :!� � . A/G (40 �l) (Santa Cruz Biotechnology), �&/�

& )�#)+, �(� %��! &()+#)(,� 2.3.3.1. ���"�'0 * -�(�/)�%��� �/!

&)/� 7!3! % &.��/�( (�)'"(��-*�', � �(,�)+ % � �1)+!� PVDF �(�

(!*�! '%� �  6 �-�� '�2!( (!��%3�(�( 2!(!�� �/! &)/� 7!3! � ��� �&�* �

&�0(!+ (""�" &�-)�$!, �&/� 2� � .-� & )�#)(, * (&()+#)(,�� 2.3.2.2-

2.3.2.4).  

 &()�'%*( �(� � &�%����( �/! (!�%��(�(�)��!�%�2!/! &)/� 7!3!

 &�1 1(�3!�!�(� �(� &)�%-��)*9�!�(� %��� *-� � � �1)+! � PVDF � �+ ��!

(&��+�)'!%� �/! &)�%- �2!/! (!��%/�+�/! (&()+#)(,�� 2.3.2.5) �(�  �

!2�' (!�%� !��&�%� � �( (!��%3�(�( &�' �)�%���&��.0��(! #�( ��!

(!�%��(�(�).�!�%�, % �(�+""�"� %'#�2!�)/%�. ���"�'0 * &'�!�� �)��.

(!+"'%� �(� %�(��%���.  & 6 )#(%*( �/! (&�� " %�+�/!, �&/� & )�#)+, �(�

%��! &()+#)(,� 2.3.2.6.  

2.3.6.2  �-' , " in vitro *��-������!��*�" %����(��� (pull down) 

 -����(%*( %'!-�(�(�).�!�%�� &)/� 7!3!  *!(� ��( (&". in vitro

�20�-�� &�' �)�%���&�� *�(� #�( ��! &)�%-��)�%�� +� %/!

(""�" &�-)+% /! � �(6$ ��(� %��(%�2!�� &)/� :!��  !-�(,2)�!���

(«-�"/�(») �(� +""/! &)/� 7!3!. �*!(� �-�(*� )( �).%��� ��%� #�( ��!

&)�%-��)�%�� +#!/%�/! &)/� 7!��3! (""�" &�-)+% /!, �%� �(� #�( ��!

 &�1 1(*/%� ��� $&()6�� &)/� 7!��3! (""�" &�-)+% /! &�' &)�1"2&�!�(�

(&� +"" � � �!��2� (&.�. %'!-(!�%��(�(�).�!�%�, %$%���( -$� '1)�-*/!

9$���). 8!(�  ')2/� �)�%���&���$� !��  &*��&�� #�( �� -����')#*(

%��(%�2!/! &)/� 7!3! &�' " ���')#�$! /� -�"/�( % -����(%* � pull 

down  *!(� � 26 kDa �)(!%, )+%� ��� S-#"�'�(0 ��!�� (GST, Glutathione S-

transferase).  2�,)(%�  &�0'���3! #�!�-*/! . #�!�-�(�3! ����+�/! � �+

(&� %$!��6. ��'� � �� GST % �(�+""�"� ,�)2( 2�,)(%��, �&/�  *!(� � E. 

coli, &()+# � ���(�)��2� &)/� :! � &�' ,2)�'! �� GST ��+-( %�� (��!�� "���

��'� +�)�. �� GST ���(�)��2� &)/� :! � �)�%���&���$!�(� /� -�"3�(�( #�(
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��!  $) %� (""�" &�-)3!�/! &)/� 7!3! &�' "(�1+!�!�(� (&� -�+,�) �

&�#2�, %'�& )�"(�1(!��2!/! (!(%'!-'(%�2!/! &)/� 7!3! �(� �'��()��3!

"'�+�/!. �� (""�" &�-)+% �� � �(6$ &)/� 7!3! �&�)�$! !( (!��! '0�$!

 $��"( %�� %'!2� �( � (!+"'%� �(�+  Western. 


����� 20.  �"(%��-�(��� ,�)2(� pGEX &�' �)�%���&�� *�(� #�( ��! �(�(%� '.

GST ���(�)��3! &)/� 7!3!. 

�� GST ���(�)��2� &)/� :! � �(�(%� '+9�!�(� �2%/ 2!0 %��  !��

#�!�-*�' . #�!�-�(��$ ��.�(��� %��! �(�+""�"� & )���. ��' pGEX ,�)2(

(����!( 20), � �&�*�� ,2) � ��! (""�"�'�*( �/-���&�*�%�� ��� GST. 

2�,)(%�  *!(� '&� ��! 2" #�� ��' tac '&���!��., � �&�*��  &+# �(� (&� ��

(!+"�#� ��� "(���9��, �� IPTG. 8�%�, ��(! �( 1(���)�(�+ %� "2��  &(�0�$!, 

 *!(�  ,���. � &()(#/#. ���(�)��.� &)/� :!�� &�' & )�"(�1+! � %��

(��!�� "��� ��� +�)� ��! �)(!%, )+%� ��� S-#"�'�(0 ��!�� �(� %��

�()1�6'� "��� +�)� ��� �� &)�7�! ��' &)�� � "2�� #�!�-*�'. �! �(� �&�)�$!

!( �)�%���&���0�$! &"�03)( E. coli - ����3! %� " �3! #�( �"/!�&�*�%�

�(� 2�,)(%�, � ��'� pGEX ,�) *� &)�� *! �(� � �).%� �/! E. coli BL21 

%� " �3!. �( %� "2�� ('�+  *!(�  "(��/�(���+ %��! &()(#/#.  !-�# !3!

&)/� (%3! (OmpT �(� Lon) &�' 0( �&�)�$%(! !( �(�(%�)25�'! ���
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&()(#�� ! � ���(�)��2� &)/� :! � �(�  &�&"2�! 2��'! - ��0 * !(  �,)+9�'!

% '5�"+  &*& -( ��� GST ���(�)��2� &)/� :! �.  

�� GST ���(�)��2� &)/� :! � �(0()*9�!�(� (&� �( 1(���)�(�+

 ��'"*%�(�( � �)/�(��#)(,*( %'##2! �(� � �� �).%� (��!���&����2!��

#"�'�(0 ��!�� %  �-��. �.�)(. �� GST ��.�( ��� �*�(�)(� - %� $ �(� %��

#"�'�(0 ��!�,  !3 �� & )���2� 1(���)�(�2� &)/� :! � (&)�%�*6 ��) 

(&��(�)$!�!�(� � �+ (&� &"$% ��.  -�(-��(%*( �(0()�%��$ -�(��) * ��!

(!��#�!������( �(� " ���')#������( ��� &)/� :!��. �� ���(�)��2� &)/� :! �

�&�)�$! !( (!��! '0�$! � �� �).%� �)/�(��� �)��3! . (!�%�"�#��3!

� 0�-/!.   

� �'�"�!�'!"�+� �-� �'-��1�2� ��� �))&)��!�'�0� �� �!� GST 

/!��!'! $� �'-��3��� �&� STAT5B  �! ��� �-OR, �� �& �$.��� �&� in 

vitro "��- ��� ',��!"&� (pull down) 

 �(�(%� '. �/! GST ���(�)��3! &)/� 7!3! ��� STAT5B 2� �

& )�#)(, * %��! &()+#)(,� 2.2.4,  !3 �� GST ���(�)��2� �(�(%� '2� ��'

�()1�6'� "���$ +�)�' ��' --�&�� �-�$� '&�-��2( (--CT) &�'

�)�%���&��.0��(! #�( ��! &)�%-��)�%�� (""�" &�-)3!�/! � ('��

&)/� 7!3! 2��'! &()(�0 * �&/� & )�#)+, �(� (&� ��'� Georgoussi et al, 

2006 �(� Leontiadis et al., 2009  �(� &()�'%�+9�!�(� %��! ����!( 21. 

�(�+""�"� &�%����( �/! GST ���(�)��3! & &��-*/! (& )*&�' 1 ��) .

��� GST &)/� :!�� (&�'%*(  !02�(���, &�' �)�%���&�� *�(� /� �+)�')(�  

(control), ()(�3! �(� %  500 �l PBS &�' & )�2� � 0.2 mM PMSF, 20 �g/ml  

leupeptin,  20 �g/ml antipain �(� � *#�( (!(%��"2/! &)/� (%3!. 
�� -�+"'�(

&)�%�*0 !�(� 50 �l -�("$�(��� (50% w/v) %,(�)�-*/! #"�'�(0 ��!��-

% ,()�9�� 4� (GE Healthcare) �(�  &/+9�!�(� % 0 )���)(%*( -/�(�*�'

'&� (!+- '%� #�( 30 " &�+, 3%� !( &)�%- 0�$! �� GST-&)/� :! � %�(

%,(�)*-�(. � �+ ��!  &3(%� (��"�'0 * ,'#��2!�)�%� %��� 3000 rpm #�( 2 

" &�+ �(� �� *9��( �/! %'�&"��/! %,(�)�-*/!-GST ���(�)��3! &)/� 7!3!

6 &"2! �(� 3 ,�)2� � �� &()(&+!/ -�+"'�( 1x PBS. 
�� %'!2� �(, ��

(��!���&����2! � ���(�)��2� &)/� :! �  &/+9�!�(� #�( 1 3)( '&� (!+- '%�

%��'� 40C, &()�'%*( "'�+�/! (&� �$��()( 0�"(%���3! &�' (&�� "�$!

&�#. �/! &)/� 7!3! &�' �(�  !-�(,2)�'!. � �+ ��!  &3(%� �� &)/� 7!���

� *#�( ,'#�� !�) *�(� %��� 3000 rpm #�( 2 " &�+ �(� �� *9��( &�' & )�2� � �(
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%,(�)*-�( � ��� &)�%- �2! � % ('�+ &)/� :! � 6 &"2! �(� 4 ,�)2� � 

&(#/�2!� 1x PBS  &�' & )�2� � 1% Igepal, %��� *-� � %'!0.� �. ���"�$0/�, 

�� &)/� :! � (&�- %� $�!�(� (&� �( %,(�)*-�( �(� (&�-�(�+%%�!�(� � ��!

&)�%0.�� 30 �l 2x SDS Laemmli Buffer (&()+#)(,�� 2.3.2.2) �(� 1)(%��

%��'� 1000C, #�( 5 " &�+. �� &)/� :! � -�(�/)*9�!�(� �(� (!("$�!�(�

�" ��)�,�)����+ % &.��/�( &�"'(�)'"(��-*�' �(� (��"�'0 * � �(,�)+ % 

� �1)+!� PVDF.  $&()6� �/! &)�%- �2!/! &)/� 7!3! (!��! $ �(� � 

�(�+""�"(, (!+ & )*%�(%�, (!��%3�(�(, %$�,/!( � ��� � 0�-�'� &�'

& )�#)+,�!�(� %��� &()(#)+,�'� 2.3.2.2-2.3.2.4.


����� 21. 4�!������ �!!��� � � ���$ ������� & ��� � � � ,- %� ��, &"

�% , .-� (% ���� &) 

i. ���!�6��. (""�"�'�*( ��' �()1�6'� "���$ +�)�' ��' --�&�� �-�$� '&�-��2(. � 

2!��!� %�� �3! �(� � %'!��)��2!� (""�"�'�*( 318YAFL321 &�' (&�� " * %�� *�

(#�')�1�"�%�� �/! STAT5A/B. 

ii. ���!�6��. (""�"�'�*( ��' �()1�6'� "���$ +�)�' ��' --�&�� �-�$� '&�-��2(, 

(&� ��! �&�*( 2��'! (,(�) 0 * �( (��!�62( 311-336, �( �&�*( & )�2��'! ��

%'!��)��2!� ��.�( �/! �-, -- �(� �- �&�� �-3! '&�-��2/! (Merkouris et al., 

1996; Georgoussi, 2008).  

iii. ���!�6��. (""�"�'�*( ��� �)*���  !-��'��()��.� 0�"�+� ��' --�&�� �-�$�

'&�-��2( (--i3L) &�'  �,(!*9 � � #+"� �('�����( � ��! (!�*%����� ��' �-OR. 

i. �-CT:             311 - SSLNPVLYAFLDENFKRCFRQLCRTPCGRQEP 

                     GSLRRPRQATTRERVTACTPSDGPGGGAAA - 372 

ii. �N26-�-CT:   311 - …………………................................ 337 CGRQEP 

                     GSLRRPRQATTRERVTACTPSDGPGGGAAA – 372 

iii. �-i3L:             239 - RLRSVRLLSGSKEKDRSLRRITR - 261
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2.4  +������2����
# �
/����  

2.4.1  ���-��" ��,��" %��*,�*�" � � ,- %� ��, &" �% , .-�

� "���#���� ��$����: 

� �'0��%���� -�+"'�(  &3(%�� (!�(#/!�%�3!

� 50 mM Tris-HCl, pH 7.5 

� 100 mM NaCl 

� 10 mM MgCl2

� �#)�� %&�!0�)�%�.�


 ��"�'�"�� &)�%�*0 !�(�: 

� 3% ���

� 0.3% �����

� 1% Triton X-100 

 � "2�� ��� 2�,)(%�� �/! �&�� �-3! '&�-��2/! %��!  &�,+! �( �/!

�'��+)/! &)(#�(��&�� *�(� � �� �).%�  &�%��(%�2!/! �&�� �-3!

&)�%- �3! ((#/!�%�3! . (!�(#/!�%�3!). 
'#� �)��2!(, �(  &*& -(

2�,)(%�� ��' --OR %�( --��293 �$��()( &)�%-��)*9�!�(� � �)3!�(� ��!

&)�%- %� ��' )(-��%��(%�2!�' � �)*��� �&�� �-�$� (!�(#/!�%�.

-�&) !�),*!�.  -�&) !�),*!�  *!(� 2!( ("�("� �-2�, �� �&�*� &)�%-2! �(�

�(� %��'� �) �� '&��'&�'� �/! �&�� �-3! '&�-��2/! �  6(�) ���.

%'##2! �( &)�%- %�� (����!( 19).  � "2�� ('�. &)(#�(��&�� *�(� % 

� �1)(!��+ &()(%� '+%�(�(. 

� �1)+! � --��293 �'��+)/! (50 �g)  &/+9�!�(� &()�'%*( ���

)(-��%��(%�2!�� � �)*��� -�&) !�),*!�� ([3]--�&) !�),*!�,  �-��.

 ! )#����( 50.9 Ci/mmol, Perkin Elmer), % � "��. %'#�2!�)/%� 3-5 nM, % 

5'�)� )'0��%���� -�+"'�(  &3(%�� (!�(#/!�%�3!, #�( 45 " &�+ %��'� 300C 

(Georgoussi et al., 1997).  ��  �-��. &)�%- %� &)�%-��)*9 �(� &()�'%*(

& )*%% �(� ��' �� )(-��%��(%�2!�' (!�(#/!�%�. !("�6�!� (10 ��). 

'5�". %'#�2!�)/%� 5'�)�$ (!�(#/!�%�. �(�("(�1+! � �� %$!�"� �/!

02% /! &)�%- %�� �/! �&�� �-3! '&�-��2/!,  ���&*9�!�(� ��!

)(-��%��(%�2!� (!�(#/!�%�. �(�  &��)2&�!�(� � ('�� ��! �)�&� ��!

&)�%-��)�%�� ���  6 �-�� '�2!�� &)�%- %��.  
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� �+ �� &2)(� ���  &3(%��, �( - *#�(�( -��0�$!�(� % �0��$� �!3!

'+"�' (Whatman GF/B), �� �&�*�� 6 &"2!�!�(� % %'%� '. &"$%��

)(-� !2)# �(� �  12 02% �� '&�-��.� ,*"�)/! (Millipore) � 5'�)�

)'0��%���� -�+"'�( 2�&"'%�� (50 mM Tris, pH 7.5). �� �0��* &()(�2!�'! 12 

3) � % ,�("*-�( &�' & )�2��'! 5 ml '#)�$ %&�!0�)�%�. �(� � �(,2)�!�(� % 

� �)��. 1-(���!�1�"*(� (TRI-CARB 2100TR Liquid scintillation analyzer, 

PACKARD) #�( ��! &)�%-��)�%�� ��� &)�%- �2!�� )(-� !2)# �(�.    

� ��� � "2� �  �-��.� &)�%- %�� ��' --OR %�( � �1)(!��+

&()(%� '+%�(�( --��293 �'��+)/!, (&�- ��!$ �(� ��� �(  ! "�#/ �$��()(

 �,)+9�'! ��! flag-%��(%�2!� --�&�� �-. '&�-��2(, 600 ± 50 fmoles 

'&�-��2( (!+ mg � �1)(!��.� &)/� :!��, �(� �&�)�$! !( (&�� "2%�'! ��

& �)(�(���� ��!�2"� #�( ��� (!+#� � ��� &()�$%(� -�(�)�1.�. 

2.4.2  ���-��" ��������*���" %��*,�*�" � � ,- %� ��, &" �% , .-�

��( !( &)�%-��)*%�'� �� ,()�(��"�#��� &)�,*"  !�� '&�-��2( �(�

��! ��(!����( -2%� '%��  !�� &)�%-2�� % ('��!  ,()��9�'� -����(%* �

(!�(#/!�%���.� &)�%- %�� ��'  ! "�#/ '&�-��2(. 
��&�� ���

%'#� �)��2!�� � �!��.�, %��! �&�*( #*! �(� (!�(#/!�%��� ��� &)�%- %�� ��'

«0 )��$» &)�%-2�� � ('6(!�� ! � %'#� !�)3% �� «5'�)�$» (#/!�%�., 

 *!(� !( � �)�0 * � -)(%�������( � ��! �&�*( �� DSLET (!�(#/!*9 �(� #�( ��

-2%� '%� ��� [3]--�&) !�),*!�� %��! --OR. �! %'!���*(, �)�%���&���$!�(�

� �1)+! � --��293 �'��+)/! (50 �g), �� �&�* �  &/+9�!�(� � �*( �(��".

%'#�2!�)/%� �)���/�2!�� -�&) !�),*!�� (3-5 nM) % 5'�)� )'0��%����

-�+"'�(  &3(%�� (!�(#/!�%�3!, #�( 45 " &�+ %��'� 300C. �(��&�!, ��

 &*& -� ���  �-��.� &)�%- %�� ��� [3]--�&) !�),*!�� &)�%-��)*9 �(� � ��!

&()�'%*( ��(� % �)+� ('6(!�� !/! %'#� !�)3% /! (1 nM-10 ��) ��'

«5'�)�$» �� )(-��%��(%�2!�' --�&�� �-�$� (#/!�%�. DSLET.  ��  �-��.

&)�%- %� &)�%-��)*9 �(� �*( ��!� ,�)+ &()�'%*( & )*%% �(� ��

)(-��%��(%�2!�' &)�%-2�� (!("�6�!�, 10 ��).  

� �+ ��!  &3(%� �( - *#�(�( -��0�$!�(� % ,*"�)( �!3! '+"�'

(Whatman GF/B), �( �&�*( 6 &"2!�!�(� %��! %'%� '. -�.0�%�� BRANDEL 

� 5'�)� )'0��%���� -�+"'�( 2�&"'%�� (50 mM Tris pH 7.5). �( ,*"�)(

&()(�2!�'! 12 3) � % ,�("*-�( &�' & )�2��'! 5 ml '#)�$ %&�!0�)�%�. �(�
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� )(-� !2)# �( &)�%-��)*9 �(� � �2�)�%� 1-(���!�1�"*(� (TRI-CARB 

2100TR Liquid scintillation analyzer, PACKARD).  

<&/� ,(*! �(� %��! ����!( 22, �  �-��. &)�%- %� ��� [3]-

-�&) !�),*!��, &()�'%*( ('6(!�� !/! %'#� !�)3% /! DSLET  *!(� IC50= 

43 nM �(� (&�- ��!$ � ��� �( '&� � "2�� �$��()( &)�%-2!�'! ��! --�&�� �-.

(#/!�%�. DSLET � � #+"� %'##2! �(.  


����� 22. ��������� � � ,- %� ��, &" �����*� DSLET �� ��� %�;�� ���

��,�� %��*,�*� ��" [3�]-,�%��� �����". 
 � �1)+! � (50 �g) (&� --��293 

�$��()( &)(#�(��&��.0��  �-��. &)�%- %� ��� [3]--�&) !�),*!�� (3-5 nM) 

&()�'%*( ('6(!�� !/! %'#� !�)3% /! ��' (#/!�%�.  DSLET (1 nM-10 ��).  ��

 �-��. &)�%- %� &)�%-��)*%��� &()�'%*( 10 �� !("�6�!��. 
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2.5   #����#���� 
0
8
���#�� �51 �0��
2
#���51  

<"( �( (&�� "2%�(�(  6.�0�%(! (&� ��'"+��%��! �)*( (! 6+)���(

� �(6$ ��'� & �)+�(�(. �!("'����� )(, � ()�0��� �/! & �)(�(���3!

 &(!(".5 /!, #�( �+0 (&��2" %�( �/)�%�+, (!(#)+, �(� %��� " 9+!� � �/!

 ���!/! ���  !����(� �/! (&�� " %�+�/!.  %�(��%���. (!+"'%� �/!

(&�� " %�+�/! 2#�! � �� �).%� ��' Student’s t-test. �� %'#�)*% �� (�2%�

���. ± %�(0 )� %,+"�() 2#�!(! � �(6$ ��� �+0 & �)(�(���.� ��+-(� �(� ��'

(!�*%�����' �+)�')(. 	�(,�)2� %  &*& -� p < 0.05 0 /).0��(! %�(��%���3�

%��(!���2�.  



132 



133 

. ���
����	�
�  



134 



135 

���. �0��
2
#����

3.1  � STAT5	 ������%�,�� �,� *&*���� !� � � ,- %� ��, �% , .-�

�)��#�$� ! � � "2� � ��'  )#(%��)*�' �(� 2- �6(! ��! +� %�

(""�" &*-)(%� ��' STAT5� � �(#)(,���$ &()+#�!�( � �� YXXL 

%'!��)��2!� ���*1� ��' �()1�6'� "���$ +�)�' ��' �-�&�� �-�$� '&�-��2(

(�-OR) (Mazarakou and Georgoussi, 2005). � #!3��!( �� # #�!�� ��� �(� o 

--OR ,2) � %�� �()1�6'� "��� ��' +�)� �� %'!��)��2!� (��!�6��.

(""�"�'�*( YXXL (318YAFL321) (����!( 21), � " �.%(� �(�+ &�%�! � --OR 

2� � �� -'!(�����( !( (""�" &�-)+ � *-�(, . %'## !. �2"� ��� ����#2! �(�

�/! STAT &)/� 7!3!. ��( �� "�#� ('��, �)�%���&��.0��(! �$��()( ��293 

%�(0 )+  &���"'%�2!( � ��! flag- &�%��(%�2!� --OR (--HEK293), �( �&�*(

 �,)+9�'!  !-�# !3� ��!� �� STAT5B &)/� :!� (����!( 23�). �( �$��()(

('�+  &/+%���(!, (&�'%*( (����!( 23�, �������� 2), . &()�'%*( 1 ��

DSLET #�( 15 " &�+ (����!( 23�, �������� 3), %�� %'!2� �( "$0��(! �(� �

STAT5B (!�%��(�(�)��!*%��� � 2!( (!�*-STAT5 (!�*%/�(. ���"�$0�% 

-�(�/)�%��� �/! &)/� 7!3! % &.��/�( SDS-(�)'"(��-*�' �(�

(!�%� !��&�%� � ��  �-��� (!�*%/�( 2!(!�� ��' flag  &���&�'. <&/� - *�! �

� ����!( 23�, � STAT5B &)/� :!� %'�&()(%$) � ��! '&�-��2( %��!

�(�+%�(%� �) �*(� (�������� 2, ���� ���������#���� �(� �������� 4, 

��� ���������#����).  -����')#*( ��' STAT5B - --OR %'�&"���'

 6()�+�(� (&� ��! &()�'%*( ��' (#/!�%�., #�(�* ��(! � (!�%��(�(�).�!�%�

#*! �(� %  DSLET- ! )#�&����2!( �'��()��+ "$�(�(, (*) �(� �

(""�" &*-)(%� ��� STAT5B � ��! '&�-��2( (�������� 3). �� # #�!�� ('��

'&�-�"3! � ��� � &)�%- %� ��� STAT5B %��! --OR %'�1(*! � ��!� ��(! �

'&�-��2(�  *!(� (! ! )#��,  !3 � �+ ��!  ! )#�&�*�%. ��' � STAT5B 

(&�%'9 $#!'�(� (&� ('��!.  &()�'%*( ��� STAT5B %�(

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

� �1)+!�� � �� (!�*-STAT5 (!�*%/�( (����!( 23�, ��� ���������#����).  

�)�� ��2!�' !( %'�& )+!�'�  +! � (&�%$9 '6� ��� STAT5B (&� ��!

--OR �, *" �(� (&��" �%���+ %��! DSLET- ! )#�&����2!� '&�-��2(, �(

�$��()( &)�- &/+%���(! � ��! --�&�� �-. (!�(#/!�%�. naltrindole (Sigma), 

&)�! (&� �� ��).#�%� ��' (#/!�%�. #�( 15 " &�+. <&/� ,(*! �(� %��!
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����!( 23� � DSLET- &(#�� !� (&�%$9 '6� ��' STAT5B---OR %'�&"���'

&() �&�-*9 �(� ��(! %��! '&�-��2( &)�%-2! �(� � (!�(#/!�%�.� (��������

7).  

�

	


����� 23. � STAT5	 ������%�,�� !� � � ,-OR *�� ,-�
�293 �&�����. (A) 

�!-�# !.� 2�,)(%� �/! STAT5B �(� STAT5� &)/� 7!3! % --��293, Neuro-2A 

�(� SH-SY5Y �'��()��+ "$�(�(. (�) �$�(�( (&� --��293 �$��()(

(!�%��(�(�)��!*9�!�(� � 2!( (!�*-STAT5 (!�*%/�( (Santa Cruz) (500 �g 

�'��()��.� &)/� :!�� �(� 4 �g (!��%3�(���) �(� �" ��)�,�)�$!�(� %  SDS-PAGE 

10%.  �������� 1 (input) & )�2� � ��  ! )#�&����2!( �'��()��+ "$�(�( (50 �g), ��

��������� 2, 6 �(� 3, 7 "$�(�( (!�%��(�(�)��!�%�2!( � �� STAT5 (!�*%/�(, &)�!

. � �+ ��!  &3(%. ��'� �  1 �� DSLET, (!�*%����(.  �( "$�(�( &�'

&()�'%�+9�!�(� %��� ��������� 6 �(� 7 2��'! &)�- &/(%� * � ��! (!�(#/!�%�.

naltrindole (10 ��) #�( 30 " &�+ &)�! (&� �� ��).#�%� ��' DSLET.  �������� 4

& )�"(�1+! � ��  ! )#�&����2!( �'��()��+ "$�(�( &�' 2��'! �(�(�)��!�%� * � ��
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flag (!�*%/�( �(� � �������� 5 (!��&)�%/& $ � --��293 "$�(�(

(!�%��(�(�)��!�%�2!( � ,'%��"�#��� �)� ��'! "��$ (NRS). �( (&�� "2%�(�(

&)�2)��!�(� (&� �2%% )( (! 6+)���( & �)+�(�(.  

3.2 � STAT5	 ������%�,�� �!�*� !� �  YXXL ! ��$ � �

���$ ������� & ��� � � � ,- %� ��, &" �% , .-�

�� �()1�6'� "��� +�)� �/! �&�� �-3! '&�-��2/! (&�� " * & )���.

(""�" &*-)(%�� � 2!(! � #+"� ()�0�� -�(,�) ���3! &)/� 7!3!, �

&)�%- %� �/! �&�*/! &')�-�� * !2( %��(��-����+ ��!�&+��( (Georgoussi, 

2008; Georgoussi et al., 2011). <&/� 2� � .-� (!(, )0 *, �� �()1�6'� "���

+�)� ��' --OR (--CT) ,2) � �� %'!��)��2!� ���*1� YXXL (318YAFL321), ��

�&�*� (&�� " * & )���. &)�%- %�� ��� STAT5 ��%� %��! '&�-��2( ���

(## ��� !%*!�� (McWhinney et al., 1998) �%� �(� %��! �-�&�� �-. '&�-��2(

(Mazarakou and Georgoussi, 2005).   

� #!3��!( �( &()(&+!/  "2#6(�  +! � STAT5�, � �&�*(  �,(!*9 �

96% (��!�6��. ���"�#*( � �� STAT5A, (""�" &�-)+, � &()����� �)�&�, � 

��! --OR. ��( �� %��&� ('��  ,()��%���(! ()���+ & �)+�(�( in vitro %'!-

�(�(�).�!�%�� &)/� 7!3!, �)�%���&��3!�(� ��( GST-���(�)��. &)/� :!�, �

�&�*( & )�2� � �� �()1�6'� "��� ��.�( ��' --'&�-��2( (--CT) ((��!�62(

311-372) ��' &�!����$ (����!( 21) �(� "$�(�( Neuro-2A �'��+)/! &�'

 �,)+9�'!  !-�# !3� �� STAT5B. �&�&"2�!, �)�%���&��.0�� �(� ��(

� �(""(#�2!� ���(�)��. &)/� :!� (	�26---CT) (&� ��! �&�*( 2��'!

(,(�) 0 * �( &)3�( 26 (��!�62( ��' --CT, %�( �&�*( & )�2� �(� �

%'!��)��2!� YXXL (��!�6��. (""�"�'�*( (����!( 21). �� ()!������

�+)�')(� �)�%���&��.0�� � GST &)/� :!� ��!� ��� (�/)*� ��.�(

'&�-��2(). <&/� ,(*! �(� %��! ����!( 24�, � %'!��#�2!� &)/� :!�

�"��"�)�' ��' �()1�6'� "���$ +�)�' (""�" &�-)+ +� %( � �� STAT5�, 

# #�!�� �� �&�*�  &�1 1(�3! �(� (&� ��! &()�'%*( ��(� 93!�� ��)�(��$

1+)�'� 92 kDa (�������� 2), � �&�*( (!��%���� * %�� STAT5�, �&/�

(&�- ��!$ �(� � �+ �� %$#�)�%� � �� 93!� &�'  �,(!*9 �(� %�� �������� 1

&�' (!��&)�%/& $ � �� 0 ���� �+)�')( (100 �g �'��()��3! "'�+�/!). 

�!�*0 �(, � (&�'%*( &()����(� 93!�� %�� �������� 4, -�"3! � ��� �

&)/� :!� GST - ! &)�%-2! � �� STAT5� (()!������ �+)�')(�). �(

& �)+�(�( ('�+ - *�!�'! ��! +� %� in vitro (""�" &*-)(%� ��� STAT5� � ��
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�()1�6'� "��� +�)� ��' --OR. <�(! �( *-�( & �)+�(�( %'!-�(�(�).�!�%��

2#�!(! &()�'%*( ��� � �(""(#�2!�� ���(�)��.� &)/� :!�� (&� ��! �&�*(

" *& � �� %'!��)��2!� ��.�( ��' --CT (	�26---CT), - ! &()(��).0�� 

&)�%- %� ��� STAT5� (%$#�)�%� �/! ��������� 2 �(� 3). �( (&�� "2%�(�(

('�+ �)��0 ��$! ��! (""�" &*-)(%� ��� STAT5� %�� %'!��)��2!� ��.�( ��'

--CT &�' 1)*%� �(� ��!�+ %��! 21-��� -�(� �1)(!��. & )���. ��' '&�-��2(

(�� 311-336).  

�

	


����� 24. 4��� �����*� ��" '-*�" ������%�,��*�" ��" STAT5B *� � ,-

 %� ��, �% , .-�. (A) �$�(�( (400 �g) (&� Neuro-2A �$��()( &�'  �,)+9�'!

 !-�# !3� �� STAT5�  &/+9�!�(� �  1 �� �/! GST-���(�)��3! &)/� 7!3! &�'

(!��&)�%/& $�'! �� --CT (�������� 2), . �� 	�26---CT (�������� 3), . �� GST 

&)/� :!� ��!� ��� (()!������ �+)�')(�, �������� 4).  �������� 1 (input) 

(!��&)�%/& $ � 100 �g (&� �( �'��()��+ "$�(�(. �( &)/� 7!��+ %$�&"��(

-�(�/)*9�!�(� %  SDS-PAGE (10%) �(� � &)�%- �2!� STAT5 (!��! $ �(� � ��
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(!�*%����� (!�*%/�( % ()(*/%� 1:1000. �� ���(�)��2� &)/� :! � --CT, 	�26---CT 

�(� � GST (!��! $�!�(� � (!�*%/�( 2!(!�� ��� GST &�' �)�%���&�� *�(� % 

()(*/%� 1:5000. (�) 8!(� � �(""(#�2!�� --OR, (&� ��! �&�*� " *& � ��

%'!��)��2!� YAFL � �)(& &�*-�� (	YAFL flag---OR) �)�%���&�� *�(� &)�� ��2!�'

!( �()��#)(,�0 * � (�)�1.� 02%� &)�%- %�� ��� STAT5B %��! --'&�-��2(. 

�$�(�( ��293 �'��+)/!, &()�-��+  &���"'%�2!/! � ��! WT flag---OR (5 �g) 

(�������� 2) . ��! 	YAFL flag---OR (5 �g) (�������� 3), (!�%��(�(�)��!*9�!�(� � 

�� (!�*-STAT5 (!�*%/�(, �&/� & )�#)+, �(� %�( «�"��+ �(� �20�-��».  �������� 1

& )�"(�1+! � ��293 �'��()��+ "$�(�( (50 �g)  &���"'%�2!( � ��! WT flag---OR 

�(� � �������� 4 (!��&)�%/& $ � ��293 �$��()(  &���"'%�2!( � +- �� ,�)2( �(

�&�*( (!�%��(�(�)��!*9�!�(�  &*%�� � �� STAT5 (!�*%/�(. � %'!-

(!�%��(�(�)��!�%�2!�� --OR (!��! $ �(� � �� &�"'�"/!��� (!�*-flag (!�*%/�(

(Sigma) % ()(*/%� 1:500,  !3 � STAT5B  !��&*9 �(� � (!�*%/�( 2!(!�� ���

STAT5 (1:1000).   6+" �5� ��' YAFL ���*1�' ��' --OR &() �&�-*9 � ��!

&)�%- %� ��� STAT5B %��! '&�-��2( (�������� 3). �( (!�%�(&��'&3�(�( &�'

- ��!$�!�(�  *!(� (!��&)�%/& '���+ �)�3! (! 6+)���/! & �)(�+�/!.  

�)�� ��2!�' !( &)�%-��)�%� * & )(��2)/ � %&�'-(�����( ��' YXXL 

���*1�' ��' --CT #�( ��! &)�%- %� ��� STAT5B, �(�(%� '+%0�� �(�

�)�%���&��.0�� 2!(� � �(""(#�2!�� --OR &�' ,2) � ��! flag (!��#�!���

 &*��&� �(� (&� ��! �&�*� 2� � (&(" �,� * �� %'!��)��2!� YAFL 

� �)(& &�*-�� (	YAFL flag---OR). � �)+�(�( %'!-(!�%��(�(�).�!�%�� � ��

�).%� ��' 	YAFL flag---OR � �(""+#�(���, �� �&�*�  �,)+9 �(� &()�-��+

% ��293 �$��()(, 2- �6(! ��� � � �(""(#�2!�� '&�-��2(� - ! 2� � ��

-'!(�����( !( (""�" &�-)+ � �� STAT5B % (!�*0 %� � ��! (#)*�' �$&�'

(WT) --OR (����!( 24�, %$#�)�%� �/! ��������� 2 �(� 3). �� (&��2" %�(

('��  &�1 1(�3! � ��! (""�" &*-)(%� ��� STAT5B � ��! --OR �(� - ��!$ �

��� �� 318YAFL321 %'!��)��2!� ���*1� ��' --OR  *!(� �� '& $0'!� -�����

��.�(  #�( ��! &)�%- %� ��� STAT5B.  

3.3 � %��� . �� 1-571 ��" STAT5	 ��'&����� ��� ��� ������%�,��*

��" !� � � ,- %� ��, �% , .-�  

�� STAT &)/� :! � �'�(*!�!�(� (&� 750 2/� 900 & )*&�' (��!�62( �(�

���)+9�!�(� -�+,�) � " ���')#��2� & )���2� (����!( 12). �!+� %( % ('�2� �

SH2 & )���.  *!(� � & )�%%�� )� %'!��)��2!� �(�  '0$! �(� �(�+ �$)�� "�#�
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#�( ��! (""�" &*-)(%� �/! STATs � ��'� '&�-�� *� (Lim and Cao, 2006). 

8��!�(� .-� &)�%-��)*% � ��! & )���. &)�%- %�� ��� STAT5� %��! --OR, 

0 ".%(� !( �()��#)(,.%�'� �(� �� 02%� &)�%- %�� ��' --'&�-��2( %��!

STAT5�. ��( �� "�#� ('��, �(�(%� '+%���(! -$� GST-���(�)��2� &)/� :! �

��� STAT5� (����!( 18): � �*( (!��%���� * %��! &".)�'� �.��'� STAT5� (��

1-786) (STAT5� FL) �(� � - $� )� %�� �()1�6'� "��� ��� +�)� (�� 572-786), 

%�� �&�*� & )�2� �(� � SH2 & )���. (STAT5�-CT).  

   


����� 25. 4��� �����*� ��" '-*�" ������%�,��*�" � � ,- %� ��, &"

�% , .-� *�� STAT5B. --��293 "$�(�( (400-500 �g) &�'  �,)+9�'! ��! --OR 

 &/+9�!�(� �  1 �� �/! GST &)/� 7!3! &�' (!��&)�%/& $�'! �"��"�)� ��

STAT5B (�������� 2), . �� STAT5B-CT (�������� 3), . �� GST &)/� :!� ��!� ���

(()!������ �+)�')(�, �������� 4).   �������� 1 (input) (!��&)�%/& $ � 50-100 �g 

--��293 "'�+�/!. �( &)/� 7!��+ %$�&"��( -�(�/)*9�!�(� %  SDS-PAGE (10%) 

�(� � &)�%- �2!�� --'&�-��2(� (!��! $ �(� � (!�*%/�( 2!(!�� ��' flag  &���&�'

% ()(*/%� 1:500. �� ���(�)��2� &)/� :! � STAT5B FL, STAT5B-CT �(� � GST 

(!��! $�!�(� � 2!( (!�*-GST (!�*%/�( % ()(*/%� 1:5000. 

<&/� ,(*! �(� %��! ����!( 25, & �)+�(�( in vitro %'!-�(�(�).�!�%��

&)/� 7!3! �)�%���&��3!�(� �� GST-STAT5� &".)�'� (""�"�'�*(� �(�
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"$�(�( --��293 �'��+)/!  &�1 1(*/%(! ��! +� %� (""�" &*-)(%� ���

STAT5� � ��! --OR (�������� 2). �&� ��! +""� &" ')+, &()����(

& �)+�(�( %'!-�(�(�).�!�%�� � �� �).%� ��' STAT5�-CT - ! 2- �6(!

&)�%- %� ��' '&�-��2( % ('�. ��! & )���. (�������� 3). �(

(&�� "2%�(�( ('�+ (&�- ��!$�'! ��� �� �()1�6'� "��� +�)� ��� STAT5� - !

 '0$! �(� #�( ��! (""�" &*-)(%. ��� � ��! --OR �(� ��� �� %�� *�

(""�" &*-)(%.� ��'� 2#� ��(� %��! (""�"�'�*( 1-571 ��� STAT5�.  

3.4 � ����� % ��*� � � ,- %� ��, &" �% , .-� �%���� ��

��*� �����*� ��" STAT5B  

� #!3��!( �� # #�!�� ��� � STAT5B (!(#!/)*9 � �(� &)�%-2! �(� %��

�()1�6'� "��� +�)� ��' --OR �(� ��� � STAT5A ,/%,�)'"�3! �(� � �+ ��!

 ! )#�&�*�%� ��' �-OR, ��%� � ��),*!� �%� �(� � �� �&�� �-2� & &�*-��

DAMGO (Mazarakou and Georgoussi, 2005), 0 ".%(� !( -� ) '!.%�'� 

 +! � ,/%,�)'"*/%� �/! STAT5�/� � �(#)(,��3! &()(#�!�/! (&�� " *

2!(! ���(!�%�� %��(��-���%�� &�' ���)+9�!�(� �(� �� -$� �&�� �- *�

'&�-�� *�. 8�%�  "2#6(� �(�+ &�%�! �  ! )#�&�*�%� ��' --OR  &+# � ��

,/%,�)'"*/%� ���  !-�# !�$� STAT5� ()���+ %�( --��293 �$��()(. �(

�$��()( ('�+  &/+%���(! �  1 �� DSLET #�( -�(,�) ����$� �)�!�'� �(�

� " �.0��(! /� &)�� ��� (""(#2� %�(  &*& -( ,/%,�)'"*/%�� ��� STAT5�, 

�&/� & )�#)+, �(� %�� � ,+"(�� «�"��+ �(� �20�-��». � -�(�/)�%��� �/!

&)/� 7!3! 2#�! % &.��/�( SDS-&�"'(�)'"(��-*�' �(� � (!�%� !��&�%�

� 2!( (!�*-p-STAT5 (!�*%/�(, &�' (!(#!/)*9 � ,/%,�)'"�/�2!(

�(�+"��&( ��� �')�%*!�� 699 ��� STAT5�. �)2& � !( %�� �/0 *, &/� �

,/%,�)'"*/%� ��� STAT5� %��! �')�%*!� 699 (&�� " * (&()(*����

&)�;&�0 %� #�( ��!  ! )#�&�*�%. ���.  

<&/� ,(*! �(� %��! ����!( 26�, �  ! )#�&�*�%� �/! �'��+)/! � 

DSLET �-�# * %�� ,/%,�)'"*/%� ��� STAT5� (&� �� &)3�� " &�� ���

 ! )#�&�*�%��, &()�'%�+9�!�(� �2#�%�� %�( 5 " &�+ �(� � */%� � �+ (&� 15 

" &�+ ��).#�%�� ��' (#/!�%�.  (��������� 3-5). ���*/�, ,/%,�)'"*/%�

��� STAT5� &()(��) *�(� �(� ��(! �( --��293 �$��()(  ! )#�&���$!�(� � 

��),*!� (1 ��) (����!( 26�). �)+#�(��, � ��),*!�  &+# � �� ,/%,�)'"*/%�

���  STAT5�  (&�  �� &)3��  " &�� ���  ��).#�%.�  ���, - ��!$�!�(� 2�%� ���  
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����� 26. � ����� % ��*� � � ,-OR  ,���� *�� ��*� �����*� ��" STAT5B 

*�� �
�293 �&�����. (�) �$��()( ��293, �( �&�*(  �,)+9�'!  !-�# !3� ��

STAT5B �(�  *!(� %�(0 )+  &���"'%�2!( � ��! (!0)3&�!� --�&�� �-. '&�-��2( (--

HEK293),  ! )#�&���$!�(� �  1 �� DSLET (��������� 3-5), . (&�'%*( ('��$

(�������� 2), #�( -�(,�) ���2� �)�!��2� & )��-�'�. (�) ���*/�, --HEK293 �$��()(

 &/+9�!�(� �  1 �� ��),*!� (��������� 3-4), . (&�'%*( ('�.� (�������� 2), #�( �(

(!(#)(,�� !( �)�!��+ -�(%�.�(�(. �� ��������� 1, %�( (�) �(� (�) 

(!��&)�%/& $�'! ��  ! )#�&����2!( �'��()��+ "$�(�( (input). (') --HEK293 

�$��()(  ! )#�&���$!�(� �  1 �M DSLET #�( 5 " &�+ (�������� 2), . &)�-

 &/+9�!�(� �  10 �� !("�6�!� #�( 30 " &�+, &)�! (&� �� ��).#�%� ��' (#/!�%�.

(�������� 3).  �������� 1 & )�"(�1+! � ��  ! )#�&����2!( �'��()��+ "$�(�(. <"(

�( - *#�(�( (!�%��(�(�)��!*9�!�(� � (!�*%/�( 2!(!�� ��� STAT5 (2-4 �g 

(!��%3�(��� %  500 �g �'��()��.� &)/� :!��) �(� �� �(�(�)��!�%�2! � &)/� :! �

-�(�/)*9�!�(� % &.��/�( SDS-PAGE (10%) �(� (!�%�(&��'&3!�!�(� % 

� �1)+!� PVDF.  ,/%,�)'"�/�2!� STAT5B (!�%� !��&*9 �(� � �� (!�*%/�( p-

STAT5 % ()(*/%� 1:500, &�' (!(#!/)*9 � ,/%,�)'"�/�2! � STAT5� %��!

�')�%*!� 699,  !3 � �"��. STAT5B &)/� :!� � �� (!�*%/�( 2!(!�� ��� STAT5, % 

()(*/%� 1:1000. �( (&�� "2%�(�( �/! &'�!�� �)��3! (!("$% /! &()�'%�+9�!�(�

/� �2%�� �)�� ���3! ± Standard Error of the Mean (SEM), (&� �2%% )( (! 6+)���(

& �)+�(�(.  %�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � �� Student’s t-test. *p

< 0.05 �(� **p < 0.005 %�(��%���3� %��(!���2� ���2� % %�2%� � �( ��

 ! )#�&����2!( �$��()(.

��%� 2!( ("�("� �-2� (��),*!�), �%� �� 2!( �&�� �-2� & &�*-�� (DSLET) 

&()�'%�+9�'! (!+"�#� -)+%� %�� ,/%,�)'"*/%� ��� &)/� :!�� ('�.�.   

� %��&� !(  &�1 1(�/0 * ��� � &()(��)�$� !� ,/%,�)'"*/%� ���

STAT5� �, *" �(� %��!  ! )#�&�*�%� ��' --OR, 2#�! &)�- &3(%� �/! *-�/!

�'��+)/! �  10 �� !("�6�!� #�( 30 " &�+ &)�! (&� �� ��).#�%� ��'

(#/!�%�..  !("�6�!�, /� (!�(#/!�%�.�, �(�("(�1+! � ��� 02% �� &)�%- %��

�/! �&�� �-3! '&�-��2/! &�'  �,)+9�!�(� %��!  &�,+! �( �/! �'��+)/!, 

2�%� 3%� !( ��!  *!(� -'!(�. &"2�! � � �+-�%� ��!$�(���  �2%/ ('�3!. 

<&/� ,(*! �(� %��! ����!( 26�, � DSLET- &(#�� !� ,/%,�)'"*/%� ���

STAT5B (�������� 2) (!(%�2"" �(� &()�'%*( ��� !("�6�!�� (�������� 3), 

(&�- ��!$�!�(� &/� � STAT5B ,/%,�)'"*/%� %�( ��293 �$��()( #*! �(�

(&� ��!  ! )#�&����2!� --OR.  
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����� 27. � ����� % ��*� � � ,-OR  ,���� *�� ��*� �����*� ��" STAT5 

*�� SH-SY5Y �&�����. (A) SH-SY5Y �$��()( &�'  �,)+9�'!  !-�# !3� ��! --OR 

 ! )#�&���$!�(� �  1 �� DSLET (��������� 3-5), . (&�'%*( ('��$ (�������� 2), #�(

-�(,�) ���+ �)�!��+ -�(%�.�(�(.  �������� 1 (!��&)�%/& $ � ��  ! )#�&����2!(

�'��()��+ "$�(�( (input). (B) SH-SY5Y �$��()(  *�  ! )#�&���$!�(� �  1 ��

DSLET #�( 5 " &�+  (�������� 2), . &)�- &/+9�!�(� �  10 �� !("�)�!��"��

(naltrindole) #�( 30 " &�+ &)�! (&� �� ��).#�%� ��' DSLET (�������� 3). 

�������� 1 (!��&)�%/& $ � ��  ! )#�&����2!( SH-SY5Y "$�(�(. �( - *#�(�(
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(!�%��(�(�)��!*9�!�(� � 2!( (!�*-STAT5 (!�*%/�( �(� � ,/%,�)'"�/�2!� STAT5 

(!�%� !��&*9 �(� � �� (!�*%/�( p-STAT5 % ()(*/%� 1:500. �( (&�� "2%�(�( �/!

&'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3! ± Standard Error of 

the Mean (SEM), (&� �2%% )( (! 6+)���( & �)+�(�(.  %�(��%���. (!+"'%� �/!

(&�� " %�+�/! 2#�! � �� Student’s t-test. *p < 0.05 �(� **p < 0.005 %�(��%���3�

%��(!���2� ���2� % %�2%� � �( ��  ! )#�&����2!( �$��()(. 

�)�� ��2!�' !(  &�1 1(�/0 * & )(��2)/ ��� � ,/%,�)'"*/%� ���

STAT5� � %�"(1 *�(� (&� ��!  ! )#�&����2!� --OR,  6 �+%(�  +!

&()����( ,/%,�)'"*/%� ��� STAT5 &()(��) *�(� �(� % (!0)3&�!(

! ')�1"(%���+ �$��()( SH-SY5Y, �( �&�*(  �,)+9�'!  !-�# !3� ��! --OR 

�(� ��� STAT5�/B (����!( 23�). �)���+,  "2#����(! �(  &*& -( 2�,)(%�� ��'

--'&�-��2( %�( SH-SY5Y �$��()( � & �)+�(�(  �-��.� &)�%- %��, 

�)�%���&��3!�(� �)���/�2!� -�&) !�),*!�. �(  ! "�#/ �$��()( 1)20�� ���

 �,)+9�'! 50 ± 10 fmoles '&�-��2( (!+ mg � �1)(!��.� &)/� :!��.  

  &3(%� �/! SH-SY5Y �'��+)/! �  1 �M DSLET (����!( 27�, 

��������� 3-5)  *� %(! (&��2" %�( %��(!���. ($6�%� %�� ,/%,�)'"*/%�

��� STAT5, � �&�*(  �,(!*9 �(� (&� �� &)3�� " &�� �(� &()(�2! �  #�(  �(  

 &�� !( 15  " &�+  � �+ ��!  ! )#�&�*�%� ��' '&�-��2(.  ,/%,�)'"*/%�

('�. &() �&�-*9 �(� ��(! �( �$��()( &)�- &/(%��$! � ��! (!�(#/!�%�.

naltrindole (����!( 27�, �������� 3), (&�- ��!$�!�(� ��� � &()(��)�$� !�

,/%,�)'"*/%� ��� STAT5 %�( %'#� �)��2!( �$��()( �, *" �(� %��!

 ! )#�&�*�%� ��' --OR. 
'!�"��+, �( &()(&+!/ (&�� "2%�(�(

(&�- ��!$�'! ��� � STAT5� �&�) * !( ,/%,�)'"�/0 * � �+ ��!

 ! )#�&�*�%� ��' --OR % -$� -�(,�) ���2� �'��()��2� % �)2� (��293 �(�

SH-SY5Y) �)�%���&��3!�(� -$� -�(,�) ����$� �&�� �- *� (#/!�%�2�.   

3.5 � %�������!-�� �%��*� ��� SH-SY5Y �������� !� ! �����  

 ,���� *�� ��*� �����*� ��" STAT5  

�*!(� #!/%�� ��� � &()(� �(�2!�  ! )#�&�*�%� �/! �&�� �-3!

'&�-��2/! %�� ! ')��� %$%���( �-�# * % ��( % �)+ &)�%()��%���3!

# #�!��/!, � �(6$ �/! �&�*/! �(� � ,/%,�)'"*/%� � �(#)(,��3!

&()(#�!�/! �(� �  &(��"�'0� � �(1�". %��! 2�,)(%� #�!�-*/!-%���/!

(Tso and Wong, 2003; Christie, 2008). �&� ��! +""� &" ')+, 2!( +""�



146 

,(�!�� !� &�' &)��(" * � �)�!�( ��).#�%� �&�� �-3! (#/!�%�3!  *!(� �

(& '(�%0���&�*�%� �(�  %/� )*� '%� �/! �&�� �-3! '&�-��2/! (Tso and 

Wong, 2003; Koch and Höllt, 2008). 
 (!�*0 %� ��/� � ��'� & )�%%�� )�'�

�&�� �- *� �(� �� (#/!�%�2�, � ��),*!�, � �&�*( (&�� " * ���!� (#/!�%�. �/!

�-OR �(� --OR, � -�(,�) ���. %'##2! �( #�( ��! �(02!(, - ! &)��(" * ��!

 %/� )*� '%� ('�3! �/! '&�-��2/!. �'�� %'�1(*! � #�(�* ��

 ! )#�&����2!�� � ��),*!� �&�� �- *� '&�-�� *�, &()��� 1)*%��!�(� % 

 ! )#. -�(��),/%�, - ! ,/%,�)'"�3!�!�(� (&� ��� GRKs �(� - !

%�)(��"�#�$! (&�� " %�(���+ ��� 1-()) %�*! � (Keith et al., 1996; Waldhoer 

et al., 2004).  � 1+%� "��&�! �( &()(&+!/, �*0 �(� ��  )3���(  +! �

&()(� �(�2!�  ! )#�&�*�%� �/! �&�� �-3! '&�-��2/! � ��),*!� �&�) *

 &*%�� !(  &+# � �� ,/%,�)'"*/%� �/! STAT5 � �(#)(,��3! &()(#�!�/!.  

  


����� 28. � .����� ����� % ��*� ��� SH-SY5Y �������� !� ! ����� �%����

�� ��*� �����*� ��" STAT5. SH-SY5Y �$��()( &�'  �,)+9�'!  !-�# !3� ��'�

�-OR �(� --OR  ! )#�&���$!�(� �  1 �� ��),*!� (��������� 2-4), . (&�'%*( ('��$

(�������� 1), #�( �( (!(#)(,�� !( �)�!��+ -�(%�.�(�(. �( - *#�(�(
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(!�%��(�(�)��!*9�!�(� � 2!( (!�*-STAT5 (!�*%/�( �(� � ,/%,�)'"�/�2!� STAT5 

(!�%� !��&*9 �(� � �� (!�*%/�( p-STAT5 % ()(*/%� 1:500. �( (&�� "2%�(�( �/!

&'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3! ± Standard Error of 

the Mean (SEM), (&� &2!� (! 6+)���( & �)+�(�(.  %�(��%���. (!+"'%� �/!

(&�� " %�+�/! 2#�! � �� Student’s t-test. *p < 0.05 %�(��%���3� %��(!���2� ���2� % 

%�2%� � �( ��  ! )#�&����2!( �$��()(. 

  

��( !( (&(!�.%�'� %��  )3���( ('�� � " �.%(� �(�+ &�%�! �

,/%,�)'"*/%� ��� STAT5 �)�&�&�� *�(� � �+ �� �)�!�( 2�0 %� �/! SH-

SY5Y �'��+)/! % ��),*!�.   &�"�#. ��� %'#� �)��2!�� ! ')��.�

�'��()��.� % �)+� 2#�! � #!3��!( �� # #�!�� ���   �,)+9 �  !-�# !3� ��%�

��� STAT5A/B (����!( 23�) �%� �(� ��'� �- �(� --�&�� �- *� '&�-�� *� (Kazmi 

and Mishra, 1986). �( �$��()( ('�+  &/+%���(! �  1 �� ��),*!� #�( 2-6 

3) �, "$0��(! �(� �� &)/� :! � -�(�/)*%���(! % &.��/�( (�)'"(��-*�'

(10%) �(� � �(,2)0��(! % � �1)+!� PVDF. ���"�$0/�, � �� �).%�

 6 �-�� '�2!�' (!��%3�(��� &�' (!(#!/)*9 � �� ,/%,�)'"�/�2!�  ��),.

��� STAT5 &)�%-��)*%��� � 1(0��� ,/%,�)'"*/%.� ���. <&/� ,(*! �(�

%��! ����!( 28, � &()(� �(�2!�  &3(%� �/! �'��+)/! � ��),*!�

(��������� 2-4) �-�# * % %��(!���. ($6�%� ��� ,/%,�)'"*/%�� ��� STAT5, 

� �&�*( &()(�2! � (���� �(� 6 3) � � �+ ��!  ! )#�&�*�%� ��' '&�-��2(.  

3.6 � ����� % ��*� � � ,- %� ��, &" �% , .-� ������� ��

!��������� ���������� ��" STAT5B ��� �%���� �� !�����%�* ��" *� �

%����

 ,/,%,�)'"*/%� �/! STAT &)/� 7!3! 2� � %(!  &(��"�'0� ��!

($6�%� ��� � �(#)(,��.� ��'� ��(!����(�, �&/� 2� � - ��0 *, � �(6$ +""/!, 

#�( ��� STAT5A �(� STAT3 � �+ ��!  ! )#�&�*�%� ��' �-�&�� �-�$� �(� ��' 1-

(-) ! )#���$ '&�-��2(, (!�*%����( (Mazarakou and Georgoussi, 2005; 

Zhang et al., 20081). �2"�!�(� !( � " �.%�'�  +! �  ! )#�&�*�%� ��' --OR 

�&�) * !(  &+# � �� � �(#)(,��.  ! )#����( ��� STAT5�,  "2#6(�  +! �

2�,)(%�  !�� STAT5- &(#�� !�' #�!�-*�' (!(,�)+� � �(1+"" �(� � �+ ��!

 ! )#�&�*�%� ��' --'&�-��2(.  
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����� 29. � ����� % ��*� � � ,-OR  ,���� *�� !��������� ����� % ��*�

��" STAT5B ��� *��� %������ !�����%�* ��". (A) --��293 �$��()(

 &���"$!�!�(� &()�-��+ � 2!( STAT- &(#�� !� #�!*-�� (!(,�)+� ���

"�'%�, )+%�� ��� &'#�"(�&*-(� �(� 2!( &"(%�*-��-�+)�')( &�' ,2) � �� #�!*-��

��� Renilla "�'%�, )+%��. 48 3) � � �+ ��!  &���"'!%�, �( �$��()(

 ! )#�&���$!�(� . ��� �  1 �M DSLET #�( 15 " &�+. �( �'��()��+ "$�(�(

%'""2#�!�(� 26� 3) � ()#�� )( �(� �  ! )#����( ��� "�'%�, )+%�� � �)+�(� �(�

�(!�!���&�� *�(� % %�2%� � ��!  ! )#����( ��� Renilla "�'%�, )+%�� �(� ��!
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&)/� 7!��. %'#�2!�)/%� �/! - �#�+�/!. �( (&�� "2%�(�( &()�'%�+9�!�(� /�


� ���2� ��!+- � �0�)�%��$ �(� (!��&)�%/& $�'! ��'� �2%�'� �)�'� ± Standard 

Error of the Mean (SEM) �/! ���3! (&� �2%% )( (! 6+)���( & �)+�(�(. 

%�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � �� Student’s t-test. **p < 0.005 

%�(��%���3� %��(!���. ���. % %�2%� � �( ��  ! )#�&����2!( �$��()( (NS). (�) --

��293 �$��()(  ! )#�&���$!�(� . ��� �  1 �M DSLET #�( 15 " &�+ �(� ��

�'��()�&"(%�(���� �"+%�( -�(�/)*9 �(� (&� �� &')�!��� �&/� & )�#)+, �(� %��

� ,+"(�� «�"��+ �(� �20�-��». �(  &*& -( 2�,)(%�� ��� STAT5B % �+0 �'��()���

�"+%�( &)�%-��)*9�!�(� � (!�%� !��&�%� � (!�*%/�( 2!(!�� ��� STAT5,  !3

(!��%3�(�( 2!(!�� ��� ��'�&�'"*!�� �(� ��� �%��!�� 2� �)�%���&���$!�(� /�

�+)�') � #�( �( �'��()�&"(%�(���+ �(� &')�!��+  ��'"*%�(�(, (!�*%����(. �(

(&�� "2%�(�( �/! &'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3!

± Standard Error of the Mean (SEM), (&� �2%% )( (! 6+)���( & �)+�(�(. 

%�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � �� Student’s t-test. ***p < 0.0005 

%�(��%���3� %��(!���2� ���2� % %�2%� � �( ��  ! )#�&����2!( �$��()(.  


'#� �)��2!(, --��293 �$��()(  &���"$!0��(! &()�-��+ � 2!(

&"(%�*-�� &�' & )�2� � �� #�!*-�� (!(,�)+� ��� "�'%�, )+%��

(&'#�"(�&*-(�), �(03� �(� �2%% )( (!�*#)(,( ��� (""�"�'�*(� &)�%- %��

�/! STAT � �(#)(,��3! &()(#�!�/! GAS (#-interferon activation site) %��!

'&���!��. ��'. �( �$��()( ('�+ %'!- &���"$!0��(! � 2!( &"(%�*-�� &�'

,2) � �� #�!*-�� (!(,�)+� ��� Renilla "�'%�, )+%�� �(� ��! '&���!��. ���

(��*!��, /�  %/� )��� �+)�')(. 48 3) � � �+ ��!  &���"'!%� �( �$��()(

 ! )#�&��.0��(! �  1 �� DSLET #�( 15 " &�+ �(� 2& ��( (&� 6 3) �

(��"�$0�% %'""�#. �(� "$%� �/! �'��+)/! �)�%���&��3!�(� �( -�("$�(�(

��' Dual Luciferase Reporter (DLR) Assay System, %$�,/!( � ��� �-�#* �

��� �(�(%� '+%�)�(�  �(�) *(� (Promega). 
�( �'��()��+ "$�(�( 2#�! 

&)�%-��)�%��� ��� %'#�2!�)/%�� ��� &)/� :!�� � �� �20�-� Bradford �(�

�2�)�%� ���  ! )#����(� ��� "�'%�, )+%�� � �� �).%�  !�� TECAN 

"�'��!�� �)�' (Infinite M200), �&/� & )�#)+, �(� %�( «�"��+ �(� �20�-��». 

 ��).#�%�  DSLET %�(  &���"'%�2!( � �� #�!*-�� (!(,�)+� --��293 

�$��()( �-.#�% % %��(!���. ($6�%� %��!  ! )#����( ��� "�'%�, )+%��

(����!( 29�), (&�- ��!$�!�(� ��� �  ! )#�&�*�%� ��' --OR ('6+! � ��

� �(#)(,��.  ! )#����( ��� STAT5�. 
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�()+""�"(, (&���!30��(! �'��()�&"(%�(���+ �(� &')�!��+

 ��'"*%�(�( (&� --��293 �$��()(, �( �&�*( (!("$0��(! % &.��/�(

&�"'(�)'"(��-*�' (10%). 
�� %'!2� �(, (!(%� !��&*9�!�(� � (!�*%/�(

2!(!�� ��� STAT5, '&�"�#*%���(! �(  &*& -( 2�,)(%�� ��� STAT5� % �+0 

'&��'��()��� -�(�2)�%�(. <&/� &()(��) *�(� %��! ����!( 29�, �

 ! )#�&�*�%� ��' --OR �  DSLET  *� /� (&��2" %�( ��! ($6�%� �/!

 &�&2-/! 2�,)(%�� ��� STAT5� %��! &').!(, � �('���)�!� � */%� ���

&()�'%*(� ��� %�� �'��()�&"(%�(. 
'""�#��+, �� &()(&+!/ &()(��).% ��

(&�- ��!$�'! ��� �  ! )#�&�*�%� ��' --OR %�( ��293 �$��()(  &+# � ��

� �(��&�%� ��� STAT5� (&� �� �'��()�&"(%�( %��! &').!( � ��(

&()+""�"� %��(!���. ($6�%� %�� � �(#)(,��. ���  ! )#����(.  

3.7 H c-Src ����*� ��*� �������� ��� ������%�,�� !� �� STAT5B !���

��� ����� % ��*� � � ,- %� ��, &" �% , .-�

��1"��#)(,��2� (!(,�)2� 2��'! - *6 � ��!  �&"��. ��� Src �')�%�!��.�

��!+%�� %�� ,/%,�)'"*/%� � "3! ��� ����#2! �(� �/! STAT � �(#)(,��3!

&()(#�!�/!, � �+ ��!  ! )#�&�*�%� '&�-��2/! �/! �'����!3! (Chaturvedi 

et al., 1998) (""+ �(� '&�-��2/! &�' %'9 $#!'!�(� �  G &)/� :! � (Liang et 

al., 1999). �)+#�(��, � Src ,/%,�)'"�3! � +� %( ��! STAT5� %��! �')�%*!�

694 � �+ ��!  ! )#�&�*�%� ��' '&�-��2( ���   )'0)�&����*!�� (Okutani et 

al., 2001), (""+ �(� � �+ ��!  ! )#�&�*�%� ��' �-OR � ��),*!� . DAMGO 

(Mazarakou and Georgoussi, 2005). C""( & �)(�(���+ - -��2!( - ��!$�'!

 &*%�� ��� � ,/%,�)'"*/%� ��� STAT3 � �+ ��!  ! )#�&�*�%� ��' �- . ��'

-- �&�� �-�$� '&�-��2(  6()�+�(� (&� �� Src ��!+%� (Lo and Wong, 2004; 

Yuen et al., 2004).  

� 1+%�, "��&�!, �( &()(&+!/ - -��2!( 0 ".%(� !(  "2#6�'� (! �

Src  '0$! �(� #�( �� ,/%,�)'"*/%� ��� STAT5� &�'  &+# �(� (&� ��! --OR. 

��( ('�� �� "�#� �)�%���&��.0��(! �$��()( --��293, �( �&�*(  �,)+9�'!

 !-�# !3� ��%� �� STAT5� �%� �(� �� c-Src �(� �( �&�*( &)�- &/+%���(!

&()�'%*( (����!( 30�, ��������� 4-5) . (&�'%*( (��������� 2-3) ��' ��1, 

 !��  6 �-�� '�2!�' (!(%��"2( ��� Src ��!+%��, #�( 30 " &�+ % 

%'#�2!�)/%� 10 ��. ���"�$0�%  ! )#�&�*�%� �/! �'��+)/! �  1 ��

DSLET #�( 5 " &�+ (��������� 3 �(� 5), (!�%��(�(�).�!�%� ��� STAT5� �(�

�" ��)�,�)�%� % &.��/�( SDS-&�"'(�)'"(��-*�'. <&/� ,(*! �(� %��!
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����!( 30�, � (!�%� !��&�%� � 2!( (!�*-p-STAT5 (!�*%/�( 2- �6 ��� �

&)��("�$� !� ($6�%� %�� ,/%,�)'"*/%� ��� STAT5�, � �+ ��!  &3(%�

�/! �'��+)/! �  DSLET (�������� 3)  6(,(!*9 �(� ��(! �( �$��()( 2��'!

&)� &/(%� * &()�'%*( ��' ��1 (�������� 5), (&�- ��!$�!�(� 2�%� ��!

 �&"��. ��� c-Src ��!+%�� %�� ,/%,�)'"*/%� ��� STAT5� (&� ��!

 ! )#�&����2!� --OR. 

<&/� 2� � .-� (!(, )0 *, (&()(*���� &)�;&�0 %� #�( ��!

 ! )#�&�*�%� ��� c-Src ��!+%�� (&�� " * � ,/%,�)'"*/%. ��� %��!

�')�%*!� 416 (Brown and Cooper, 1996). ��( !(  "2#6�'� (! �� --�&�� �-2�

& &�*-�� DSLET  *!(� ��(!� !( ,/%,�)'"�3! � �� Src %��! %'#� �)��2!�

�')�%*!� �(� %'! &3� !( ��!  ! )#�&�� *, --��293 �$��()(

 ! )#�&��.0��(! �  1 �� DSLET (����!( 30�, ��������� 3-5) #�(

-�(,�) ���+ �)�!��+ -�(%�.�(�(, . (,20��(! �/)*� (#/!�%�. (�������� 2) 

�(� (!�%��(�(�)��!*%���(! � 2!( (!�*-c-Src (!�*%/�( (��������� 2-5). ��

�(�(�)��!�9�� ! � &)/� :! � -�(�/)*9�!�(� % &.��/�( SDS-PAGE (10%) 

�(� (��"�'0 * (!�%�(&��$&/%� �(� (!�%� !��&�%� � 2!( (!�*-p-Src 

(!�*%/�(, �� �&�*� (!(#!/)*9 � �� ,/%,�)'"�/�2!� Src ��!+%� %��!

�')�%*!� 416. 
��! ����!( 30� ,(*! �(� ��� � c-Src ,/%,�)'"�3! �(� %��!

�')�%*!� 416 (&� �� &)3�� ��"�� " &�� �(� &()(�2! � ,/%,�)'"�/�2!� #�(

15 " &�+ � �+ ��!  &3(%� �/! �'��+)/! � ��! --�&�� �-. (#/!�%�.

(��������� 3-5). �� (&��2" %�( ('�� - *�! � ��!  ! )#�&�*�%� ��� c-Src 

��!+%�� �(�  &�1 1(�3! � �� %'�� ���. ��� %�� ,/%,�)'"*/%� ��� STAT5�

� �+ ��!  ! )#�&�*�%� ��' --OR.   

�("(��� ) � (""+ �(� &�� &)�%,(� � � "2� � 2��'! - *6 � ��� �� Src 

��!+% � 2��'! �� -'!(�����( !( (""�" &�-)�$! � �2"� ��� ����#2! �(� �/!

STAT &)/� 7!3!, �&/� ��� STAT3 �(� STAT5A/B, (&�'%*( . &()�'%*(

'&�-��2( % -�(,�) ���2� �'��()��2� % �)2� (Kazansky et al., 1999; Wang et 

al., 2000; Cayer et al., 2009). � #!3��!( ('�2� ��� &()(��).% ��  "2#6(� 

 +! � c-Src �&�) *  &*%�� !( (""�" &�-)+ � �� STAT5� %�� �'��()��� �(�

%$%���( &)�! . � �+ �� ��).#�%� �&�� �-3! (#/!�%�3!. 
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�


����� 30. � c-Src ����*� �!%�-����� *�� ,-OR-�%���!��� ��*� �����*�

��" STAT5B. (�) �$��()( --��293  &/+9�!�(� &()�'%*( (��������� 4-5) .

(&�'%*( (��������� 2-3) ��'  �-���$ #�( �� Src ��!+%� (!(%��"2(, ��1, #�( 30 " &�+. 

���"�'0 *  &3(%� �/! �'��+)/! &()�'%*( (��������� 3 �(� 5), . (&�'%*(

(��������� 2 �(� 4) 1 �� DSLET, #�( 5 " &�+. 500 �g (&� �( �'��()��+ "$�(�(

(!�%��(�(�)��!*9�!�(� �  �-��� (!�*-STAT5 (!�*%/�( (2-4 �g) (��������� 2-5), 
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�" ��)�,�)�$!�(� % &.��/�( SDS-PAGE �(� (&��'&3!�!�(� % � �1)+!� PVDF. 

 ,/%,�)'"�/�2!� STAT5B  �,(!*9 �(� � �+ (&� (!�%�(&��$&/%� � ��

(!�*%/�(  p-STAT5 �(� � %'!�"��. &)/� :!�  "2#� �(� %��! *-�( � �1)+!� � ��

(!�*%/�( 2!(!�� ��� STAT5, % ()(*/%� 1:1000. (�) �(  &*& -( ���

,/%,�)'"�/�2!�� c-Src ��!+%�� %��! �')�%*!� 416 � �+ ��!  ! )#�&�*�%� ��' --

OR  "2#��!�(� % �$��()( --��293. �( �$��()(  ! )#�&���$!�(� (��������� 3-5) .

��� (�������� 2) �  1 �� DSLET #�( -�(,�) ���+ �)�!��+ -�(%�.�(�( �(�

(!�%��(�(�)��!*9�!�(� �  �-��� (!�*-c-Src (!�*%/�( (��������� 2-5). ��

�(�(�)��!�%�2! � &)/� :! � -�(�/)*9�!�(� % &.��/�( 10% SDS-PAGE �(�

(!�%�(&��'&3!�!�(� % � �1)+!� PVDF. ���"�'0 * (!�%� !��&�%� � ��

(!�*%/�( &�' (!(#!/)*9 � �� ,/%,�)'"�/�2!� %��! �')�%*!� 416 Src (p-Src, Cell 

Signaling Technology) % ()(*/%� 1:500. (') --��293 �$��()(  ! )#�&���$!�(� � 

1 �� DSLET #�( -�(,�) ���+ �)�!��+ -�(%�.�(�( (��������� 3-5). �( �'��()��+

"$�(�( (!�%��(�(�)��!*9�!�(� � 2!( (!�*-c-Src &�"'�"/!��� (!�*%/�( (���������

2-5), . � ,'%��"�#��� �)� ��'! "��$ (�������� 6) �(� (��"�'0 * (!�%� !��&�%� � 

2!( (!�*-STAT5 (!�*%/�(.  %'!�"��. &�%����( ��� c-Src  "2#� �(� %��� � �1)+! �

�/! (�) �(� (') �  �-��� (!�*%/�( (c-Src, ()(*/%� 1:1000). �( (&�� "2%�(�(  *!(�

(!��&)�%/& '���+ �)�3! -�(,�) ���3! & �)(�+�/!. 

��( !( (&(!�.%�'� % ('�� ��  )3���(, �$��()( --��293 

 ! )#�&��.0��(! �  DSLET #�( �( (!(#)(,�� !( �)�!��+ -�(%�.�(�(

(����!( 30�) �(� �( �'��()��+ "$�(�( (!�%��(�(�)��!*%���(! � �� (!�*-c-

Src (!�*%/�( �(� (!��! $0��(! � (!�*%/�( 2!(!�� ��� STAT5. <&/�

,(*! �(�, � c-Src - ! (""�" &�-)+ � �� STAT5� ��(! �)�%���&���$� 

"$�(�(, �( �&�*( - !  *!(�  ! )#�&����2!( (�������� 2),  !3 (!�*0 �(, %�(

�$��()( &�' 2��'!  ! )#�&���0 * �  DSLET  �,(!*9 �(� ��( 93!� &�'

(!��&)�%/& $ � �� STAT5�, # #�!�� &�' - ��!$ � �� ,'%��. (""�" &*-)(%�

��� STAT5� � �� c-Src ��!+%� (��������� 3-5). �(�*( 93!� - !

&()(��) *�(� %�( �'��()��+ "$�(�( &�' 2��'! (!�%��(�(�)��!�%� * � 

,'%��"�#��� �)� ��'! "��$ (NRS) (�������� 6). �� (&��2" %�( ('�� - ��!$ �

��� � c-Src (""�" &�-)+ � �� STAT5� ��!� � �+ ��!  ! )#�&�*�%� ��' --OR 

%�( ��293 �$��()(. 
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3.8 � J��2 ����*� ��" ��� *���" ,�� �!%�-����� *�� ��*� �����*�

��" STAT5B �%� � � ,- %� ��, �% , .-�

<&/�  *!(� #!/%��, �� � �(#)(,���* &()+#�!� � STAT 

,/%,�)'"�3!�!�(� �(� 6��.! (&� �2"� ��� ����#2! �(� �/! J�� ��!(%3!, 

� �+ ��!  ! )#�&�*�%� �/! '&�-��2/! �/! �'����!3! (Levy and Darnell 

2002). �()�"( ('�+, &�""2� 1�1"��#)(,��2� (!(,�)2� (&�- ��!$�'! ��!

 �&"��. �/! J�� ��!(%3! %�� ,/%,�)'"*/%� �/! STATs �(� � �+ (&�

 ! )#�&�*�%� -�(,�)/! GPCRs.  0') � �-��)�&�� �)��!� (TSH), �2%/

&)�%- %�� %��! '&�-��2( ��� (TSHR),  &+# � �� J��2- 6()�3� !�

� �(#)(,��.  ! )#�&�*�%� ��� STAT3 (Park et al., 2000). ���*/�, �

 ! )#�&�*�%� ��' (1-(-) ! )#���$ '&�-��2( � ,(�!'" ,)*!� �(�(".# � %��

,/%,�)'"*/%� ��� STAT1 � ��!  �&"��. ��� J��2 (Sasaguri et al., 2000).  

C"" � � "2� � &)�� *!�'! ��� �2"� �/! Src �(� J�� ��!(%3!

%'! )#+9�!�(� #�( �� ,/%,�)'"*/%� STAT � �(#)(,��3! &()(#�!�/!

(Reddy et al., 2000; Ingley and Klinken, 2006). 
�� %��(��-����� ��!�&+��

&�'  &+# � �  )'0)�&����*!�, �� Src �(� J��2 -)�'! %'! )#(���+ #�( ��

,/%,�)'"*/%� ��� STAT5� (Okutani et al., 2001),  !3 #�( �� �2#�%��

 ! )#�&�*�%� ��� STAT3 % �!�1"+%� � (&(�� *�(� �('���)�!( �  ! )#����(

�/!  Src �(� J��1 ��!(%3! (Zhang et al., 2000). �()����(, � ,/%,�)'"*/%�

��� STAT3 (&� ��! �-OR �(� ��! --OR #*! �(� � ��! �('���)�!�  

� %�"+1�%� ��!(%3! &�' (!.��'! %��� ����#2! � � �/! J�� �(� Src (Lo and 

Wong, 2004; Yuen et al., 2004).  

�)�� ��2!�' !( (&(!�.%�'� %��  )3���(  +!, �('���)�!( � �� c-Src, 

 �&"2� �(� �(� � J��2 %�� ,/%,�)'"*/%� ��� STAT5� � �+ ��!

 ! )#�&�*�%� ��' --OR,  "2#6(� ()���+ �(  &*& -( ,/%,�)'"*/%�� ���

J��2 ��!+%�� � �+ ��!  ! )#�&�*�%� ��' --'&�-��2(. ��( �� "�#� ('��, 

�$��()( --��293  &���"$!0��(! � �� cDNA ��� J��2 �(�

 ! )#�&��.0��(! �  DSLET #�( -�(,�) ���2� �)�!��2� & )��-�'�. �(

 &*& -( ,/%,�)'"*/%�� ��� J��2  "2#�0��(! � (!�*%/�( &�'

(!(#!/)*9 � ,/%,�)'"�/�2!( �(�+"��&( �')�%*!��, � �+ (&�

(!�%��(�(�).�!�%�   ���   J��2,    (!�%�(&��$&/%�   �(�    (!�%� !��&�%�. 

<&/� ,(*! �(� %��! ����!( 31�, � DSLET- ! )#�&�*�%� ��' --OR  &+# � ��

,/%,�)'"*/%� ��� J��2 (��������� 4-5), # #�!�� &�' (&�� " * (&()(*����

&)�;&�0 %� #�( ��!  ! )#�&�*�%� ��� %'#� �)��2!�� ��!+%��.  
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����� 31. � JAK2 ����*� ,�� ��'&����� ��� ��� �%���!��� �%� � � ,-OR 

��*� �����*� ��" STAT5B. (�) �$��()( --��293, &()�-��+  &���"'%�2!( � 

�� JAK2 (��������� 1 �(� 3-5),  ! )#�&���$!�(� (��������� 4-5) . ��� (��������� 2-3) 

�  1 �� DSLET #�( -�(,�) ���+ �)�!��+ -�(%�.�(�( �(� (!�%��(�(�)��!*9�!�(� �   

2!(  �-��� (!�*-JAK2 (!�*%/�( (��������� 2-5). �� �(�(�)��!�%�2! � &)/� :! �

-�(�/)*9�!�(� % &.��/�( 8% SDS-PAGE �(� (!�%�(&��'&3!�!�(� % � �1)+!�

PVDF. ���"�'0 * (!�%� !��&�%� � �� (!�*%/�( &�' (!(#!/)*9 �

,/%,�)'"�/�2!( �(�+"��&( �')�%*!��  (p-Tyr, Santa Cruz Biotechnology) % 

()(*/%� 1:500. (�) �$��()( --��293  &���"$!�!�(� &()�-��+ � �� J��2 �(�

&)� &/+9�!�(� &()�'%*( (��������� 4-5) . (&�'%*( (��������� 2-3) ��'  �-���$ #�(

�� J��2 ��!+%� (!(%��"2( AG490 (10 ��), #�( 30 " &�+. ���"�'0 *  &3(%� �/!

�'��+)/! &()�'%*( (��������� 3 �(� 5), . (&�'%*( (��������� 2 �(� 4) 1 �� DSLET 

#�( 5 " &�+. 500 �g (&� �( �'��()��+ "$�(�( (!�%��(�(�)��!*9�!�(� �  �-��� (!�*-

STAT5 (!�*%/�( (��������� 2-5), �" ��)�,�)�$!�(� % &.��/�( SDS-PAGE �(�

(&��'&3!�!�(� % � �1)+!� PVDF.  �������� 1 (!��&)�%/& $ � ��

 ! )#�&����2!( �'��()��+ "$�(�(.  ,/%,�)'"�/�2!� STAT5B  �,(!*9 �(� � �+

��! (!�%� !��&�%� � �� (!�*%/�(  p-STAT5 �(� � %'!�"��. &)/� :!�  "2#� �(�

%��! *-�( � �1)+!� � �� (!�*%/�( 2!(!�� ��� STAT5 % ()(*/%� 1:1000. �&�&"2�!, 

 "2#� �(� �(� � 2�,)(%� ��� J��2 � �(�+""�"� (!�*%/�( % ()(*/%� 1:1000. �(

(&�� "2%�(�( �/! &'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3!

± Standard Error of the Mean (SEM), (&� �)*( (! 6+)���( & �)+�(�(.  %�(��%���.

(!+"'%� �/! (&�� " %�+�/! 2#�! � �� Student’s t-test. **p < 0.005 �(� ***p < 0.0005 

%�(��%���3� %��(!���2� ���2� % %�2%� � �( ��  ! )#�&����2!( �$��()(. 

� %��&� !( (&�%(,�!*%�'� �� )�"� ��� J��2 %�� ���(!�%��

,/%,�)'"*/%�� ��� STAT5�,  "2#6(� �(  &*& -( ,/%,�)'"*/%�� ���

STAT5� &()�'%*( ��' J��2 (!(%��"2(, AG490. 
'#� �)��2!(, --��293 

�$��()(, &()�-��+  &���"'%�2!( � �� J��2, &)� &/+%���(! #�( 30 " &�+

�  10 �� ��' (!(%��"2( AG490 &)�! (&� �� ��).#�%� ��' DSLET. <&/�

,(*! �(� %��! ����!( 31�, � ($6�%� %�� ,/%,�)'"*/%� ��� STAT5�, � �+

��!  &3(%� �/! �'��+)/! �  DSLET (�������� 3) &()(�2! � �(� &()�'%*(

��' AG490 (�������� 5). �� (&��2" %�( ('�� (&�- ��!$ � ��� � ��!+%� J��2 

- !  �&"2� �(� %�� ,/%,�)'"*/%� ��� STAT5� � �+ ��!  ! )#�&�*�%� ��'

--OR. �� %'#� �)��2!� (&��2" %�(  !3 (&��" * � �� %'�� ���. ��� J��2 

��!+%��, - ! (&��" * � ��  !- ��� !�  �&"��.� +""/! � "3! �/!  J��
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��!(%3!, �&/�  *!(� �� J��1, J��3 �(� TYK2, %�� ,/%,�)'"*/%� ���

STAT5�.  

3.9 � J��2 ����*� ������%�,�� in vitro !� � � ,- %� ��, �% , .-�

�"�03)( � " �3! �2�)� %.� )( 2� � - *6 � ��� �2"� ��� ����#2! �(� �/!

JAK ��!(%3! 2��'! �� -'!(�����( !( (""�" &�-)�$!,  ���� (&� ��'�

'&�-�� *� �/! �'����!3! (Rane and Reddy, 2000), �(� � ��'�

 &�( "��� �- *� '&�-�� *�, &)�! . � �+ ��!  ! )#�&�*�%. ��'� (Marrero et al., 

1995; Guillet-Deniau et al., 1997; Vila-Coro et al., 1999). ��( &()+- �#�(, �

 ! )#�&�*�%� ��' '&�-��2( ��� 0') � �-��)�&�' �)��!�� �-�# * %��

-����')#*(  !�� %'�&"���' (&�� "�$� !�' (&� ��! '&�-��2(, ��� JAK1 �(�

JAK2 �(03� �(� �� STAT3 (Park et al., 2000). �&�&"2�!, � TYK2, 2!( +""�

�2"�� ��� ����#2! �(� �/! JAK ��!(%3!, (""�" &�-)+ � ��! '&�-��2( ��'

&()+#�!�(  ! )#�&�*�%�� �/! (���& �("*/! (PAFR), ��%� &)�!, �%� �(�

� �+ ��!  ! )#�&�*�%. ��' (Lukashova et al., 200). �(%�9�� !�� %�(

(&�� "2%�(�+ �(� &�' - *�!�'! ��� � JAK2 ��!+%� ,/%,�)'"�3! �(� � �+

��!  ! )#�&�*�%� ��' --OR, -� )/��0.�(�  +! �  ! "�#/ ��!+%�

(""�" &�-)+ � ��! --'&�-��2(, �&/� #*! �(� �(� % & )�&�3% �� +""/!

'&�-��2/! (�'����!3!, GPCRs). �&�&"2�!, - -��2!�' ��� ��%� ��

�()1�6'� "��� +�)� �%� �(� � �)*��  !-��'��()��. 0�"�+ �/! �&�� �-3!

'&�-��2/!  *!(� ��.�(�( �&�' &)�%-2!�!�(� -�+,�) � &)/� :! � (Milligan, 

2005; Georgoussi, 2008; Georgoussi et al., 2011), 0 /).%(� /� &�0(!�

 !- ��� !� � JAK2 ��!+%� !( (""�" &�-)+ � ���  ! "�#/  !-��'��()��2�

& )���2� ��' --OR.  

��( �� %��&� ('��, 2#�!(! & �)+�(�( in vitro %'!-�(�(�).�!�%��

&)/� 7!3! �)�%���&��3!�(� () �� GST-%'!��#�2!� &)/� :!� ��'

�()1�6'� "���$ +�)�' ��' --OR (--CT), 1) �� � �(""(#�2!� ���(�)��.

&)/� :!�, 	�26---CT, (&� ��! �&�*( (&�'%�+9 � �� %'!��)��2!� ��.�( ��'

--CT, #) �� GST-%'!��#�2!� & &�*-�� &�' (!��%���� * %��! �)*��

 !-��'��()��. 0�"�+ ��' --OR (--i3L) �(� "$�(�( ��293 �'��+)/!, �( �&�*(

2��'!  &���"'!0 * 3%� !(  �,)+9�'! �� JAK2 ��!+%� (����!( 21). 

�()+""�"(, /� ()!������ �+)�')(� �)�%���&��.0�� � �(0(). GST 

&)/� :!� ��!� ���.  JAK2 (""�" &�-)+ � �"��"�)� �� �()1�6'� "��� +�)�

��' --OR (����!( 32, �������� 2), �(03�  &*%�� �(� � ��! �)*��
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 !-��'��()��. 0�"�+ ��' '&�-��2( (--i3L) (����!( 32, �������� 4), �&/�

,(*! �(� (&� ��! &()�'%*( ��(� 93!�� ��)�(��$ 1+)�'� 128 kDa, � �&�*(

(!��%���� * %�� JAK2, # #�!�� �� �&�*� (&�- ��!$ �(� � �+ (&� %$#�)�%� � 

2!( &�"'& &�*-�� *-��' ��)�(��$ 1+)�'� &�' (!��&)�%/& $ � "$�(�(

�'��+)/! &�'  �,)+9�'! �� JAK2 (����!( 32, �������� 1). �!�*0 �(, �&/�

,(*! �(� %�� �������� 5, � &)/� :!� GST - ! &)�%-2! � �� JAK2 (()!������

�+)�')(�). �( & �)+�(�( ('�+ - *�!�'! ��! +� %� in vitro (""�" &*-)(%�

��� JAK2 � �� �()1�6'� "��� +�)� �(� ��! �)*��  !-��'��()��. 0�"�+ ��' --

OR. <�(! %�( *-�( & �)+�(�( %'!-�(�(�).�!�%�� �)�%���&�� *�(� �

 "" ���(���. &)/� :!� 	�26---CT � 93!� &�' (!��&)�%/& $ � �� JAK2 

 6(,(!*9 �(� (%$#�)�%� �/! ��������� 2 �(� 3). �( (&�� "2%�(�( ('�+

(&�- ��!$�'! ��� � JAK2 (""�" &�-)+ in vitro � �� %'!��)��2!� ��.�( ��'

--CT (�� 311-336) �(� ��! --i3L.  


����� 32. � JAK2 ������%�,�� �!�*� !� � � ,- %� ��, �% , .-�. �$�(�(

��293 �'��+)/!, &()�-��+  &���"'%�2!/! � �� JAK2 (5 �g),  &/+9�!�(� �  1 

�� �/! GST-���(�)��3! &)/� 7!3! &�' (!��&)�%/& $�'! �� --CT (�������� 2), ��

	�26---CT (�������� 3), �� --i3L (�������� 4), . �� GST &)/� :!� (()!������

�+)�')(�, �������� 5).   �������� 1 (!��&)�%/& $ � 100 �g (&� �( �'��()��+

"$�(�(, �( �&�*( 2��'!  &���"'!0 * 3%� !(  �,)+9�'! �� JAK2 (0 ����� �+)�')(�, 

input). �( &)/� 7!��+ %$�&"��( -�(�/)*9�!�(� %  SDS-PAGE (10%) �(� �

&)�%- �2!� JAK2 (!��! $ �(� � �� (!�*%����� (!�*%/�( % ()(*/%� 1:1000. ��

���(�)��2� &)/� :! � --CT, 	�26---CT, --i3L �(� � GST (!��! $�!�(� � (!�*%/�(

2!(!�� ��� GST % ()(*/%� 1:5000.
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3.10 � ��*� �����*� ��" STAT5B !��� ��� ����� % ��*� � � ,-

 %� ��, &" �% , .-� ��������� �%� ��" G�i/G�o %����:��"

��1"��#)(,��+ - -��2!( 2��'! (&�- *6 � ��!  �&"��. �(� �� )�"�

-�(,�) ���3! '&���!+-/! �/! G &)/� 7!3! %��!  ! )#�&�*�%� �/! STAT 

� �(#)(,��3! &()(#�!�/! (Ho et al., 2009). �&�&"2�!, &�""+ (&� �(

%��(��-����+ # #�!��( &�' &')�-�� * �  ! )#�&�*�%� ��' --OR 

� %�"(1�$!�(� (&� -�(,�) ���2� '&���!+- � �/! G &)/� 7!3!, (!+"�#( � 

�� %$%���( &�' � " �+�(� �(� ��'� �&�� �- *� (#/!�%�2� &�'

�)�%���&���$!�(� (Georgoussi et al., 1993; Law et al., 2000; Lo and Wong, 

2004). �(%�9�� !�� %�( &()(&+!/, 0 ".%(� !(  "2#6�'� �� %'�� ���.

�/! G &)/� 7!3! %�� ���(!�%�� ,/%,�)'"*/%�� ��� STAT5B (&� ��! --

OR. � #!3��!( �� # #�!�� ��� �� �&�� �- *� '&�-�� *� %'9 $#!'!�(� �(�+

&)��*��%� � �2"� ��� ����#2! �(� �/! G(i/G(o &)/� 7!3!, 

�)�%���&��.%(� ��! ��6*!� ��' ���*�� (pertussis toxin- PTX), #�( !(

(& ! )#�&��.%�'� ��� G(i/o &)/� :! � 3%� !( (&�%(,�!*%�'� ��!

&�0(!� ��'� )�"� %�� ,/%,�)'"*/%� ��� STAT5B (&� ��!  ! )#�&����2!�

--OR.  ��6*!� ��' ���*�� )�1�%'"�3! �, � ��! &)�%0.�� ADP, ��� G(i/o 

'&���!+- � �/! G &)/� 7!3! �(� ��� -�(��) * %��! (! ! )#. ��'� ��),.

(Milligan, 1990).  

��( �� "�#� ('��, �$��()( --��293 &)� &/+%���(! �  PTX (100 

ng/ml) #�( 18 3) �, %�� %'!2� �( � PTX (&��(�)$!0�� �(� �( �$��()(

 ! )#�&��.0��(! . ��� �  1 ��  DSLET #�( 5 " &�+. <&/� ,(*! �(� %��!

����!( 33, (!�%�(&��$&/%� � �� �(�+""�"� (!�*%/�( 2- �6 ��! &()�'%*(

��(� 93!�� &�' (!��&)�%/& $ � �� ,/%,�)'"�/�2!� STAT5 � �+ ��!

 ! )#�&�*�%� ��' '&�-��2( (&�'%*( PTX (�������� 2), % (!�*0 %� � ��

��).#�%� DSLET &()�'%*( PTX (�������� 4), # #�!�� &�' (&�- ��!$ � ���

� PTX-&)��("�$� !� ADP-)�1�%'"*/%� �/! Gi/Go &)/� 7!3! (!(%�2"" �

 !� "3� �� DSLET- &(#�� !� ,/%,�)'"*/%� ��� STAT5B. �� (&��2" %�(

('�� -�"3! � ��� %�� %��(��-����� ��!�&+�� ��� STAT5B ,/%,�)'"*/%��

� �+ ��!  ! )#�&�*�%� ��' --OR %'�� �2��'! �2"� ��� ����#2! �(� �/!

G(i/o  &)/� 7!3!. 
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����� 33. � ��*� �����*� ��" STAT5B �%� �  DSLET ��������� �%� ��"

G�i/o �% ! ��,�". �$��()( --��293 &)� &/+9�!�(� &()�'%*( (��������� 3-4) 

. (&�'%*( (��������� 1-2) 100 ng/ml PTX #�( 18 3) �. 
�� %'!2� �(

 ! )#�&���$!�(� �  1 �M DSLET #�( 5 " &�+ (��������� 2 �(� 4), . ��� (��������� 1 

�(� 3) �(� �( �'��()��+ "$�(�( (!�%��(�(�)��!*9�!�(� � �� STAT5 (!�*%/�( (2 �g), 

�" ��)�,�)�$!�(� �(� (!�%�(&��'&3!�!�(� %  PVDF � �1)+!�. 

,/%,�)'"�/�2!� STAT5� (!��! $ �(� � �� p-STAT5 (!�*%/�( % ()(*/%� 1:500, 

 !3 � &�%�����&�*�%� ��� STAT5� #*! �(�  � �� (!�*%/�( &�' �)�%���&��.0�� 

#�( ��! (!�%��(�(�).�!�%. ��� % ()(*/%� 1:1000.   

3.11 � STAT5B ������%�,�� !� *�������!-� �" �%���% �" ���

G�i/G�o �% ! ��,��  

�!/)*9�!�(� ��� �� �()1�6'� "��� +�)� ��' --OR  '0$! �(� #�( ��!

 ! )#�&�*�%� �(� ��! (""�" &*-)(%. ��' � &�""2� G( '&���!+- �, 

%'�& )�"(�1(!��2!/! �/! G(i/o (Merkouris et al., 1996; Connor and 

Christie, 1999; Georgoussi et al., 2006) �(�  &�&"2�! #!/)*9�!�(� ��� �

 &(#�� !� (&� ��! --OR ,/%,�)'"*/%� ��� STAT5B  6()�+�(� (&� ���

G(i/o '&���!+- �, (!()/��0.�(�  +! � STAT5B 0( �&�)�$% !(

%'9 $#!'�(� � �2"� ��� ����#2! �(� �/! G(i/o &)/� 7!3!. ��( !(

(&(!�.%�'� %��  )3���( ('��, "$�(�( --��293 �'��+)/!

 ! )#�&����2!/!, . ��, � -�+,�)�'� �&�� �- *� (#/!�%�2�, (!�%�-

�(�(�)��!*%���(! � �(�+""�"( (!��%3�(�( 2!(!�� �/! (!�*%����/! G(

'&���!+-/!. <&/� ,(*! �(� %��! ����!( 34�, ��%� � �+ �� ��).#�%�

DSLET (��������� 3-5) �%� �(� � �+ �� ��).#�%� ��),*!�� (��������� 9-10), 

�� (!�*-G(i3 (!�*%/�( (!�%��(�(�)��!*9 � 2!( &�"'& &�*-��  ��)�(��$

1+)�'� ~ 92 kDa,  �� �&�*�  (!��%���� * %�� STAT5B,  
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����� 34. � STAT5B *��-�� * �������!��;���� !� ��" G�i/G�o �% ! ��,�"

*�� HEK293 �&�����. �$��()( --HEK293  ! )#�&���$!�(� �  1 �M DSLET, 

��),*!� . DPDPE #�( -�(,�) ���+ �)�!��+ -�(%�.�(�(. �( �'��()��+ "$�(�(

(!�%��(�(�)��!*9�!�(� �  (A) 2!( (!�*-G(i3 (!�*%/�( (��������� 2-5 �(� 8-10), (B) 

2!( (!�*-G(o (!�*%/�( (OC1) (��������� 2-5 �(� 8-10) �(� (') 2!( (!�*-G(i2 

(!�*%/�( (SG3) (��������� 2-5). �� ��������� 6, %�( A, B �(� ' (!��&)�%/& $�'!

��  ! )#�&����2!( --HEK293 �'��()��+ "$�(�( (!�%��(�(�)��!�%�2!( � 2!( (!�*-

STAT5 (!�*%/�( (4 �g),  !3 �� ��������� 7, %�( A, B �(� ' (& ���!*9�'! ��'�

()!�����$� �+)�') �, "$�(�( �(�(�)��!�%�2!( � ,'%��"�#��� �)� ��'! "��$ (NRS). 

�( (!�%�%$�&"��( &�' &)��$&��'! -�(�/)*9�!�(� %  10% SDS-PAGE �(�

(!�%� !��&*9�!�(� � 2!( (!�*-STAT5 (!�*%/�( (&��� ����������������). 

%'!�"��. &�%����( �/!  !-�# !3! G( '&���!+-/! (!��! $ �(� %��� *-� �

� �1)+! � � �( (!�*%����( (!�*-G( (!��%3�(�( (��� ����������������). 

�������� 1 (input) %�( A, B,  �(� ' (& ���!*9 � ��!  !-�# !. 2�,)(%� �/! STAT5B 

�(� G( '&���!+-/! %�( �'��()��+ "$�(�( (50 �g). �( (&�� "2%�(�( �/!

&'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3! ± Standard Error of 

the Mean (SEM), (&� �)*( (! 6+)���( & �)+�(�(. �� ���2� �/! ��  ! )#�&����2!/!

�'��+)/! "(�1+!�!�(� /� 1.  %�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � ��

Student’s t-test. *p <0.05 �(� **p <0.005. 

�&/� (&�- ��!$ �(� � �+ (&� %$#�)�%� � ��� 93! � &�'  �,(!*9�!�(� %���

��������� 6 (0 ����� �+)�')(�) �(� 1 (�'��()��� "$�(, input). �!�*0 �(, �(�*(

&()����( 93!�  - ! &()(��) *�(� %�( ��  ! )#�&����2!( �'��()��+ "$�(�(

&�' �(�(�)��!*9�!�(�  *� � �� G(i3 (!�*%/�( (&��� ���������#����, 

��������� 2 �� 8), . � �� STAT5 (!�*%/�( (��� ���������#����, 

�������� 6) �(03�  &*%�� �(� %�( "$�(�( &�' �(�(�)��!*9�!�(� � 

,'%��"�#��� �)� ��'! "��$ (NRS) (�������� 7).   


�� %'!2� �( 0 ".%(� !( -� '�)�!*%�'�  +! �(� +""( �2"� ���

����#2! �(� �/! G(i/G(o &)/� 7!3!, �&/� � G(o �(� � G(i2 (""�" &�-)�$!

 &*%�� � �� STAT5B. <&/� ,(*! �(� %��! ����!( 34�, � G(o %'�&()(%$) �

��  STAT5B (���( �(� %��! �(�+%�(%� �) �*(� ��' '&�-��2( (��������� 2 

�� 8).  (""�" &*-)(%� ('�. -�(��) *�(� �2�)� �( 5 " &�+  ! )#�&�*�%��  

��' '&�-��2( (��������� 3, 4 �� 9) �(�  6(,(!*9 �(� � �+ (&� 15 " &�+

��).#�%�� ��' (#/!�%�. DSLET (�������� 5), . DPDPE (�������� 10). 

�!�*0 �(, ��(! �( *-�( �'��()��+ "$�(�( (!�%��(�(�)��!*9�!�(� � (!�*%/�(
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2!(!�� ��� G(i2, �(��+ 93!� &�' !( (!��&)�%/& $ � �� STAT5B (92 kDa) - !

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

��' --OR (����!( 34�). �( (&�� "2%�(�( ('�+ - ��!$�'! ��� � STAT5B 

&)�%-2! �(�  &�" ����+ � %'#� �)��2! � '&���!+- � �/! G &)/� 7!3!, 

�&/�  *!(� �� G(i3 �(� G(o.  (""�" &*-)(%� ��� STAT5B � ('�2� ���

&)/� :! � #*! �(� � 2!( -�(,�) ���� ���(!�%��, �&/� (&�- ��!$ �(� (&�

��! -�(,�) ���� �)�&� %$9 '6�� ('�3! � �� STAT5B &)�! �(� � �+ ��!

 ! )#�&�*�%� ��' --OR.  

  

3.12 � STAT5B ������%�,�� !� ��" G$� �% ! ��,�"  

� #!3��!( �( (&�� "2%�(�+ �(� &�' (,�)�$! %��! &)�%- %� �/!

G( '&���!+-/! � �� STAT5B �(� #!/)*9�!�(�, (&� &)��#�$� ! � � "2� �

��'  )#(%��)*�' �(�, ��� �� G1# '&���!+- � (""�" &�-)�$! in vitro � ��

�()1�6'� "��� +�)� �/! --OR �(� �-OR (Georgoussi et al., 2006), �20�� ��

 )3���(  +! �� G1# '&���!+- �, �(�+ (!��%����*( � ��� G(, �&�)�$!  &*%��

!( %'9 '�0�$! (& '0 *(� � �� STAT5B �(� (! !(� � &��� ��)�(��

���(!�%��. �)�� ��2!�' !( (&(!�.%�'� % ('�+ �(  )/�.�(�(, --��293 

�$��()(  ! )#�&���$!�(� �  DSLET . ���, (!�%��(�(�)��!*9�!�(� � 2!(

(!�*-G1 �(� (!�%� !��&*9�!�(� � 2!( (!�*-STAT5 (!�*%/�(. <&/� ,(*! �(�

%��! ����!( 35�, � 93!�  &�' (!��%���� * %��! STAT5B  �,(!*9 �(� %�(

"$�(�( ��  ! )#�&����2!/! �'��+)/! �(� #*! �(� (����  !��!�� )� � �+ ��!

 ! )#�&�*�%� ��' --�&�� �-�$� '&�-��2( (��������� 2 �(� 3, (!�*%����(). 

���*/�, ��(! �( ��  ! )#�&����2!( �'��()��+ "$�(�(

(!�%��(�(�)��!*9�!�(� � 2!( (!�*-STAT5 (!�*%/�(, � G1 �&�) * !(

(!��! '0 * � �+ (&� (!�%� !��&�%� � �� (!�*%����� (!�*%/�( (�������� 4, 

��� ���������#����). �� (&��2" %�( ('�� - *�! � ��� �� G1# '&���!+- �

(""�" &�-)�$! � �� STAT5B %��! �(�+%�(%� �) �*(� ��' --OR �(� �

(""�" &*-)(%� ('�. #*! �(� � � #("$� )� %'##2! �( � �+ ��!  ! )#�&�*�%�

��' '&�-��2(.  
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�

	


����� 35. ?!�*� ������%�,��*� ��" STAT5B !� � ,�!��-" ��� G$�

�% ! ��,��. (�)  G1 &)/� :!� (!�%��(�(�)��!*9 �(� (&� --��293 �'��()��+

"$�(�( &)�! (�������� 2), . � �+ �� ��).#�%� 1 �M DSLET (�������� 3). 
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�������� 4, (!��&)�%/& $ � "$�(�( �(�(�)��!�%�2!( � �� STAT5 (!�*%/�(,  !3 �

�������� 5, (!��&)�%/& $ � "$�(�( �(�(�)��!�%�2!( � ,'%��"�#��� �)�

��'! "��$ (NRS).  &)�%- �2!� STAT5B (!�%� !��&*9 �(� � 2!( (!�*-STAT5 

(!�*%/�(.  �������� 1 (& ���!*9 � ��!  !-�# !. 2�,)(%� ��� STAT5B  �(�  �/!

G1# '&���!+-/! %�( �'��()��+ "$�(�( (50 �g). �( (&�� "2%�(�( �/!

&'�!�� �)��3! (!("$% /! &()�'%�+9�!�(� /� �2%�� �)�� ���3! ± Standard Error of 

the Mean (SEM), (&� �)*( (! 6+)���( & �)+�(�(. �� ���2� �/! ��  ! )#�&����2!/!

�'��+)/! "(�1+!�!�(� /� 1.  %�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � ��

Student’s t-test. *p <0.05. (�) �$�(�( --��293 �'��+)/! (400-500 �g) &�'

 �,)+9�'!  !-�# !3� ��� G1# '&���!+- �  &/+9�!�(� �  1 �� �/! GST 

&)/� 7!3! &�' (!��&)�%/& $�'! �"��"�)� �� STAT5B (�� 1-786) (�������� 2), .

�� STAT5B-CT (�� 572-786) (�������� 3), . �� GST &)/� :!� ��!� ��� (()!������

�+)�')(�, �������� 4).   �������� 1 (input) (!��&)�%/& $ � 50-100 �g �'��()��3!

"'�+�/!. �( &)/� 7!��+ %$�&"��( -�(�/)*9�!�(� %  SDS-PAGE (10%) �(� �

&)�%- �2!� G1 &)/� :!�  (!��! $ �(� � �(�+""�"� (!�*%/�( % ()(*/%� 1:5000. 

�� ���(�)��2� &)/� :! � STAT5B FL, STAT5B-CT �(� � GST (!��! $�!�(� � �� (!�*-

GST (!�*%/�( % ()(*/%� 1:5000.

�� STAT &)/� :! � (&�� "�$!�(� (&� -�(,�) ���2� -����2� �(�  

" ���')#��2� & )���2� (����!( 12), �� & )�%%�� ) �  � �/! �&�*/! &(*9�'!

)�"� %�� %���(��%�� %'�&"��/! � +"" � &)/� :! �. 	$� (&� ��� & )���2�

&�'  '0$!�!�(� #�( ��� &)/� 7!��2� (""�" &�-)+% �� �/! STATs  *!(� �� SH2 

�(� TAD &�' 1)*%��!�(� %�� �()1�6'� "��� ��'� +�)� (Lim and Cao, 2006). 

��( �� "�#� ('��, �(�(%� '+%(� -$� GST-���(�)��2� &)/� :! � ��� STAT5�

&�' (!��&)�%/& $�'! � �*( ��! �"��"�)� STAT5� (STAT5� FL) �(� �

- $� )� �� �()1�6'� "��� +�)� ('�.� (STAT5�-CT) (����!( 18). 8��!�(� /�

 )#(" *� ��� -$� ('�2� GST-���(�)��2� &)/� :! �, 2#�!(! in vitro & �)+�(�(

%'!-�(�(�).�!�%��, &)�� ��2!�' !( �()��#)(,.%�'� ��� 02% �� &)�%- %��

��� G1 %�� STAT5�. <&/� ,(*! �(� %��! ����!( 35�, �( & �)+�(�( in vitro

�(�(�).�!�%�� &)/� 7!3! � �� GST-STAT5� &".)�'� �.��'� (�� 1-786) 

�(� "$�(�( --��293 �'��+)/! 2- �6(! ��! +� %� (""�" &*-)(%� ��� G1

'&���!+-(� � �� STAT5� (�������� 2),  &�1 1(�3!�!�(� �� &)��#�$� !�

(&��2" %�( ��� %'!-(!�%��(�(�).�!�%��. �&� ��! +""� &" ')+, � G1 - !

&)�%-2! �(� %�� STAT5�-CT ���(�)��� & &�*-�� (�� 572-786), �� �&�*�

& )�"(�1+! � ��� SH2 �(� TAD & )���2� ��� STAT5� (�������� 3). �(
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(&�� "2%�(�( ('�+ (&�- ��!$�'! ��� �� �()1�6'� "��� +�)� ��� STAT5� - !

(&�� " * �� %�� *� (""�" &*-)(%.� ��� � ��� G1# '&���!+- � �(� ��� ��

� " '�(* � &)�%-2!�!�(� %��! (""�"�'�*( 1-571 ��� STAT5�.  

   

3.13 �� ������%�,��*��" ��" STAT5B !� ��" G %����:��" ��� %�; ����

*� �������%��*!� ��� ,-�
�293 ��������

��  � )��)�� ) *� G &)/� :! �  �&"2��!�(� % ��( &"�03)(

-�(,�) ���3! %��(��-����3! ��!�&(��3! �2%/ �/! �&�*/! )'0�*9�'! ��!

 ! )#����( -�(,�)/! � �(#)(,��3! &()(#�!�/! �(� �(�’  &2��(%� ��

� �(#)(,. #�!�-*/! (Ho et al., 2009).  �� G &)/� :! �  *!(�  ')2/� #!/%�2�

/� 2!( � �1)(!�-%'!- �� !�  � )��)�� )2� %$�&"���, �� �&�*�

(&�%'9 $#!'�(� � �+ ��!  ! )#�&�*�%� ��' '&�-��2(. �()�"( ('�+, 

& �)(�(���+ - -��2!( (&�- ��!$�'! &"2�! �(� ��! �� � �1)(!���  !��&�%��

�/! G &)/� 7!3!, �(� %'#� �)��2!( (&�- ��!$�'! �� %$!- %� �/! G 

&)/� 7!3! � ��! �'��()�%� " �� �(� ��! &').!( �(03�  &*%�� �(� ��'�

���(!�%��$�, �2%/ �/! �&�*/! #*! �(� � � �(��&�%. ��'� % ('�2� ���

'&��'��()��2� & )���2� (Willard and Crouch, 2000). �!("'����� )(, ��%� ��

G1# �%� �(� �� G( '&���!+- � 2��'! 1) 0 * !( %'!-2�!�(� � ��'�

���)�%/"�!*%��'� ��' �'��()�%� " ��$ �(� �� ���/���. +�)(���, )'0�*9�!�(�

-�(,�)��+ �� %'!- %��"�#*( ��'�,  !3 �� &')�!��� G1# -�� )2� (""�" &�-)+

+� %( � � �(#)(,���$� &()+#�!� � �(� %'!-)'0��%�2� ��� � �(#)(,.�, 

�&/� ��! (&�(� �'"+%� �/! �%��!3! 5 (HDAC5) (Spiegelberg and Hamm, 

2005; 2007; Roychowdhury and Rasenick, 2008).  

	 -��2!�', "��&�!, ��� �� G &)/� :! � �(� � STAT5B  !��&*9�!�(� ��%�

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

-�(�2)�%�( "(�1+!�'! �3)( �� � �(6$ ��'� (""�" &�-)+% ��. ��( �� "�#�

('��, (&���!30��(! �'��()�&"(%�(���+ �(� &')�!��+  ��'"*%�(�( --

��293 �'��+)/!, �&/� & )�#)+, �(� %�( «�"��+ �(� �20�-��» 

(&()+#)(,�� 2.3.1.2), �(� �( "$�(�( �(� )#+%���(! � �( �(�+""�"(

(!��%3�(�( 2!(!�� �/! G( �(� G1 '&���!+-/!. 
�� %'!2� �(, �( &)/� 7!��+

%$�&"��( (!("$0��(! % &.��/�( &�"'(�)'"(��-*�' �(�

(!(%� !��&*%���(! � (!�*%/�( 2!(!�� ��� STAT5, &)�� ��2!�' !(

'&�"�#�%��$! �(  &*& -( ��� %'!-�(�(�)��!�%�2!�� STAT5� % �+0 

'&��'��()���  -�(�2)�%�(.   
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�

	  


����� 36. � STAT5B ������%�,�� !� ��" G�i3 ��� G$� �% ! ��,�" *� 

�������%��*!� ��� ,-�
�293 ��������. --��293 �$��()(  ! )#�&���$!�(� .

��� �  1 �M DSLET #�( 5 " &�+ �(� �� �'��()�&"(%�(���� �"+%�( -�(�/)*9 �(� (&�

�� &')�!��� �&/� & )�#)+, �(� %�� � ,+"(�� «�"��+ �(� �20�-��». �( �'��()��+

"$�(�( (500 �g) (!�%��(�(�)��!*9�!�(� �  (A) 2!( (!�*-G1 (!�*%/�( (2-4 �g)  

(��������� 2-5) �(� (B) 2!( (!�*-G(i3 (!�*%/�( (2-4 �g) (��������� 2-3). �(  &*& -(
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��� %'!-�(�(�)��!�9�� !�� STAT5B % �+0 �'��()��� �"+%�( &)�%-��)*9�!�(� � 

(!�%� !��&�%� � (!�*%/�( 2!(!�� ��� STAT5.  �������� 1 (input) %�( A �(� B

(!��&)�%/& $ � �'��()�&"(%�(���+ "$�(�( ��  ! )#�&����2!/! --��293 

�'��+)/!. �!��%3�(�( 2!(!�� ��� ��'�&�'"*!�� (1:1000) �(� ��� �%��!�� 2� (1:200) 

�)�%���&���$!�(� /� �+)�') � #�( �( �'��()�&"(%�(���+ �(� &')�!��+  ��'"*%�(�(, 

(!�*%����(.  

<&/� &()(��) *�(� %��! ����!( 36�, � G1 %'!-(!�%��(�(�)��!*9 �(�

�   �� STAT5� %�( �'��()�&"(%�(���+ "$�(�( (��������� 2-3),  !3 - !

&()(��) *�(� &')�!��. (""�" &*-)(%� ('�3! &()+ ��!  &()�. 2�,)(%� �(�

�/! -$� &)/� 7!3! %��! &').!( �/! ��293 �'��+)/! (��������� 4-5). 

���*/�, %��! ����!( 36� ,(*! �(� ��� � &')�!��. G(i3 - ! -$!(�(� !(

%'�&()(%$) � ��  STAT5� (��������� 2-3), (&�- ��!$�!�(� ��� � � �(6$

��'� (""�" &*-)(%� - ! ',*%�(�(� %��! &').!( �/! �'��+)/!. 


'�& )(%�(���+, �( (&�� "2%�(�( ('�+ - ��!$�'! ��� �� (""�" &�-)+% ��

��� STAT5� � ��� G(i3 �(� G1# '&���!+- �  !��&*9�!�(� %��

�'��()�&"(%�( �/! --��293 �'��+)/!.

3.14 �� G$� �% ! ��,�" *.�!���; �� -�� �,� *&*��� ���� ���!��-"

*&!%� � !� � � ,- %� ��, �% , .-� ��� �� c-Src  

<&/� 2� � .-� (!(, )0 *, &)��#�$� ! � � "2� � ��'  )#(%��)*�' �(�

2- �6(! ��! in vitro (""�" &*-)(%� �/! G1# '&���!+-/! �/! G &)/� 7!3!

� ��! --OR �(� ��! �-OR (Georgoussi et al., 2006). � ".%(� , "��&�!, !(

 6 �+%�'�  +! � (""�" &*-)(%� ('�.  &�) +9 �(� . ��� (&� ��!

 ! )#�&�*�%� ��' '&�-��2( ()���+ �(� (! � --OR �(9* � ��� G1# %���(�*9 �

%$�&"��� � �� c-Src, � �&�*( ,/%,�)'"�3! � �� STAT5B. ��( !(

(&(!�.%�'� %�� &)3��  )3���(, �$��()( --HEK293  ! )#�&��.0��(! � 

DSLET, . (&�'%*( ('��$ �(� (��"�$0/� � '&�-��2(�

(!�%��(�(�)��!*%��� (&� �( �'��()��+ "$�(�(, � �� �(�+""�"� (!�*%/�(. 

<&/� ,(*! �(� %��! ����!( 37� (���� ���������#����), �� (!�*-flag 

(!�*%/�( (!�%��(�(�).�!�% 2!( &�"'& &�*-�� ~36 kDa, �� �&�*�

(!��%���� * %�� G1 '&���!+-(, �&/� (&�- ��!$ �(� � �+ (&� %$#�)�%� � ��

93!� ��' *-��' ��)�(��$ 1+)�'� &�'  �,(!*9 �(� %�( �'��()��+ "$�(�(

(�������� 1).  &�%����( ��� G1 '&���!+-(� &�' %'!-�(�(�)��!*9 �(� � 
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��! flag---OR  *!(� (! 6+)���� (&� �� ��).#�%� . ��� DSLET (%$#�)�%�

��������� 2 �(� 3, ���� ���������#����), (&�- ��!$�!�(� ��� �

(""�" &*-)(%� �/! G1# '&���!+-/! � ��! --OR %'�1(*! � �-��%$%�(�( �(�

 *!(� (! 6+)���� (&� ��!  ! )#�&�*�%� ��' '&�-��2(. �(�*( 93!� - !

&()(��) *�(� %�( "$�(�( &�' �(�(�)��!*9�!�(� � ,'%��"�#��� �)� &�!����$

(NMS) (�������� 4). 

8��!�(� .-� (&�- *6 � ��� �� -�� )2� �/! G1# '&���!+-/!

(""�" &�-)+ � �� STAT5B �(� ��� � c-Src (&(�� *�(� #�( �� ,/%,�)'"*/%�

��� STAT5B, 0 ".%(� !( -� ) '!.%�'�  +! � --OR �&�) *  &*%�� !(

(""�" &�-)+ � �� c-Src, �&/� 2� � (!(, )0 * % � "2� � �/! Archer-Lahlou 

et al., 2009 �(� Hong et al., 2009. ��( �� "�#� ('��, � PVDF � �1)+!� ��'

*-��' & �)+�(���, %��! �&�*( (!�%�(&��'&3! �(� � �(�(�)��!�%�2!�� --OR, 

(!("$ �(� /� &)�� ��! &)�%- %� ��� Src ��!+%�� (����!( 37�, ����!�

���������#����) �&�' - ! &()(��) *�(� �(�*( &)�%- %� ��� c-Src �$� 

%��! �(�+%�(%� �) �*(� �$� � �+ ��!  ! )#�&�*�%� ��' --'&�-��2(

(��������� 2-3), &()+ ��!  !-�# !. &()�'%*( ��� c-Src %�( �'��()��+

"$�(�( (�������� 1). �� (&��2" %�( ('�� - *�! � ��� � c-Src - !

(""�" &�-)+ � ��! (!0)3&�!� flag---OR %�( ��293 �$��()(.  &()�'%*(

��' '&�-��2( (!��! $ �(� %�( *-�( (!�%��(�(�)��!*%�(�( �(� �'��()��+

"$�(�( � �� �).%�  !�� (!�*-flag (!��%3�(��� (����!( 37�, ���

���������#����). 


 (!�*0 %� � �� &)��#�$� !� (&��2" %�(, � "2� � �/! Hong et al., 

2009 %  CHO �$��()( &)�� *!�'! ��� � DPDPE- ! )#�&����2!�� --OR 

%���(�*9 � %$�&"��� � �� Src ��!+%�. � #!3��!( ('�. ��! &()(�.)�%�

�(� "(�1+!�!�(� '&�5� �� ,(�!�� !� ��� «�(� '0'!�� !�� (&� ��!

&)�%-2�� %��(��-���%��» (‘biased agonism’),  "2#6(� ��! &�0(!.

(""�" &*-)(%� ��� c-Src � ��! --OR &()�'%*(  !�� +""�' �&�� �-�$�

(#/!�%�., ��' & &��-*�' DPDPE, %�( ��293 �$��()( &�' (&�� "�$! ��

%$%���( � "2��� �(�. 
'#� �)��2!(, �$��()( --HEK293  &/+9�!�(� (&�'%*(

(����!( 37�, ��������� 2 �(� 5), . &()�'%*( 1 �� DPDPE #�( 5 �(� 15 " &�+

(����!( 37�, ��������� 3, 6 �(� 4, 7, (!�*%����(). �( �'��()��+ "$�(�(

(!�%��(�(�)��!*9�!�(�  *� � (!�*%/�( 2!(!�� ��� c-Src (��������� 2-4),  *� 

� �� (!�*-flag (��������� 5-7). ���"�'0 * (!�%� !��&�%� � �� (!�*-c-Src 

(!�*%/�( (���� ���������#����) �(� � (!�*%/�( 2!(!�� ��' flag  &���&�'
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(��� ���������#����). <&/� -�(�)*! �(� %��! ����!( 37�, �(�*( (&� ���

-$� (!�%��(�(�)��!�9�� ! � &)/� :! � - ! %'�&()(%$) � ��! +""�

(��������� 2-4 �(� 5-7), (&�- ��!$�!�(� ��! 2"" �5� (""�" &*-)(%�� � �(6$

�/! &)/� 7!3! ('�3!, (���� �(� � �+ ��!  ! )#�&�*�%� ��' '&�-��2( � ��

& &�*-�� DPDPE. 

�

	

�
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����� 37. � *&!%� � ��� G$� �% ! ��,�� ������%�,�� !� � � ,-OR ���

�� c-Src ����*� *�� HEK293 �&�����.  (�) �$�(�( (&� --��293 �$��()(

(& )*&�' 500 �g &)/� :!��), �( �&�*(  �,)+9�'!  !-�# !3� ��� G1# �(� �� c-Src 

(!�%��(�(�)��!*9�!�(� �  4 �g (!��%3�(��� 2!(!�� ��' flag  &���&�' (M2, Sigma) 

(&�'%*( (�������� 2) . &()�'%*( (�������� 3) 1 �M DSLET #�( 15 " &�+. 

(!�%� !��&�%� #*! �(� � (!��%3�(�( 2!(!�� �/! G1# '&���!+-/! % ()(*/%�

1:5000 (���� ���������#����), ��� c-Src ��!+%�� % ()(*/%� 1:1000 (����!�

���������#����) �(� ��' flag  &���&�' % ()(*/%� 1:500 (���

���������#����). 
�� �������� 1, & )�"(�1+!�!�(� ��  ! )#�&����2!( �'��()��+

"$�(�( (50 �g) �(� %�� �������� 4, "$�(�( (!�%��(�(�)��!�%�2!( � ,'%��"�#���

�)� &�!����$. (�) �$�(�( --��293 �'��+)/!,  ! )#�&����2!/! �   DPDPE 

(��������� 3-4 �(� 6-7) . �� (��������� 2 �(� 5), (!�%��(�(�)��!*9�!�(� �  4 �g 

(!��%3�(��� 2!(!�� ��� c-Src (��������� 2-4) . ��' flag  &���&�' (��������� 5-7). 

(!�%� !��&�%� #*! �(�  *� � �� (!�*-c-Src (!�*%/�( % ()(*/%� 1:1000 (����

���������#����),  *� � �� (!�*-flag (!�*%/�( % ()(*/%� 1:500 (���

���������#����). 
�� �������� 1, & )�"(�1+!�!�(� ��  ! )#�&����2!( �'��()��+

"$�(�( (50 �g). (') --��293 �'��()��+ "$�(�( (!�%��(�(�)��!*9�!�(� � 

(!�*%/�( 2!(!�� ��� G1 '&���!+-(� (&�'%*( (�������� 2) . &()�'%*( (���������

3-4) 1 �M DSLET, #�( �( (!(#)(,�� !( �)�!��+ -�(%�.�(�(.  (!�%� !��&�%�

#*! �(� � (!�*%/�( 2!(!�� ��� c-Src ��!+%��.  �������� 5, (!��&)�%/& $ � ��

 ! )#�&����2!( �'��()��+ "$�(�( �(�(�)��!�%�2!( � �� (!�*-c-Src (!�*%/�( �(� �

�������� 6, (!��&)�%/& $ � - *#�( (!�%��(�(�)��!�%�2!� � ,'%��"�#��� �)�

��'! "��$ (NRS) (1 �g).  

�!/)*9�!�(� ��� � c-Src ��!+%� ,/%,�)'"�3! � �� STAT5B (""+ - !

(""�" &�-)+ � ��! --OR, -� )/��0.�(�  +! �� %$�&"��� �/! G1#

'&���!+-/! 0( �&�)�$% !( &(*9 � )�"� ��)�3�(��� &)�� ��2!�' !(  

%�)(��"�#.% � �� c-Src %��! '&�-��2(. ��( �� "�#� ('�� &)��/).%(� % 

&()����( & �)+�(�( %'!-(!�%��(�(�).�!�%��, &)�! �(� � �+ ��!

 ! )#�&�*�%� �/! --HEK293 �'��+)/! �  DSLET, � (!��%3�(�( 2!(!�� �/!

G1 �(� c-Src &)/� 7!3!. <&/� ,(*! �(� %��! ����!( 37�,  � (""�" &*-)(%�

�/! G1# '&���!+-/! � �� c-Src (!��! $ �(� ��!� (&�'%*( ��' �&�� �-�$�

(#/!�%�. (�������� 2, ���� ���������#���� �(� �������� 5, ���

���������#����). �!�*0 �(, � 93!� &�' (!��%���� * %��! &)�%- �2!�  c-Src 

 6(,(!*9 �(� � �+ ��!  ! )#�&�*�%� �/! �'��+)/! �  DSLET (%$#�)�%� ���
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��������� 2 � ��� ��������� 3 �(� 4).  �(�*( 93!� - ! (!��! $ �(� %�(

�'��()��+ "$�(�( &�' (!�%��(�(�)��!*9�!�(� � ,'%��"�#��� �)� ��'! "��$

(�������� 6). �( (&�� "2%�(�( ('�+ -�"3!�'! ��� � c-Src ��!+%� %���(�*9 �

%$�&"��� � ��� G1# '&���!+- �, �(� ��� � ��! '&�-��2(, (&�'%*(

 ! )#�&�*�%�� %�( HEK293 �$��()( �(� � ('�� ��! �)�&� &�0(!3� !(

1)*%� �(� ��!�+ %�� & )�1+""�! ��' --�&�� �-�$� '&�-��2(, &)�� ��2!�' !(

,/%,�)'"�3% � �� STAT5B � �+ �� ��).#�%� (#/!�%�.. 

3.15 � c-Src ������%�,�� !� �� G�i3 �% ! ��,� !��� ���

����� % ��*� � � ,- %� ��, &" �% , .-� *�� H
�293 �&�����

	 -��2!/! �/! &)�(!(, )02!�/! (""�" &�-)+% /! � �(6$ �/! G 

&)/� 7!3! �(� ��� c-Src ��!+%�� � �� STAT5B �(03�  &*%�� �(� �/! G1#

'&���!+-/! � �� c-Src, 0 ".%(� !( -� ) '!.%�'�  +! � c-Src 

(""�" &�-)+  &*%�� � ��� G( '&���!+- �, �&/� 2� � (!(, )0 * % +"" �

� "2� � (Ma et al., 2000; Gentili et al., 2006; Sánchez-Blázquez et al., 2009). 

��( �� "�#� ('��, 2#�!(! & �)+�(�( %'!-(!�%��(�(�).�!�%�� ��� c-Src � ��

G(i3 '&���!+-( % --��293 �$��()(  ! )#�&����2!( �  DSLET . ��. 

<&/� &()(��) *�(� %��! ����!( 38, � c-Src (""�" &�-)+ � �� G(i3 ��!�

� �+ ��!  ! )#�&�*�%� ��' flag---OR (�������� 3) �(� ��� �-��%$%�(�(

(�������� 2, ���� ���������#���� �(� �������� 4, ���

���������#����). �( &()(&+!/ (&�� "2%�(�( &)�� *!�'! ��� � c-Src 

��!+%� (""�" &�-)+ � �� G(i3 � �+ ��!  ! )#�&�*�%� ��' --OR (����!( 38), 

 !3 %'9 $#!'�(� �-��%$%�(�( � ��� G1# '&���!+- � (����!( 37�).  


����� 38. � c-Src ����*� *��-�� * �������!��;���� !� �� G�i3 !��� ���

����� % ��*� � � ,-OR. �$�(�( --��293 �'��+)/! (500 �g &)/� :!��), �(

�&�*(  �,)+9�'!  !-�# !3� ��� G(i3 �(� c-Src, (!�%��(�(�)��!*9�!�(� � (!�*%/�(
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2!(!�� ��� G(i3 (2-4 �g) (Santa Cruz Biotechnology) (&�'%*( (�������� 2) .

&()�'%*( (�������� 3) 1 �M DSLET #�( 15 " &�+.  (!�%� !��&�%� #*! �(� � 

(!�*%/�( 2!(!�� ��� c-Src ��!+%�� % ()(*/%� 1:1000. 
�� �������� 1 

& )�"(�1+!�!�(� ��  ! )#�&����2!( �'��()��+ "$�(�( (50 �g), � �������� 4

(!��&)�%/& $ � ��  ! )#�&����2!( �'��()��+ "$�(�( �(�(�)��!�%�2!( � �� (!�*-c-

Src (!�*%/�( (2-4 �g) �(� � �������� 5 (!��&)�%/& $ � - *#�(

(!�%��(�(�)��!�%�2!� � ,'%��"�#��� �)� ��'! "��$ (NRS).  

3.16 � -����*� � � ,- %� ��, &" �% , .-� ����� �%�������� ��� � 

*.�!���*!� ��� �,� *&*����� *�!%����� !����& ��� G %����(��� !�

�� c-Src ��� �� STAT5B 

	 -��2!�� ��� $&()6�� �-��%$%�(�/! (""�" &�-)+% /! � �(6$ �/!

G1# '&���!+-/! � �� c-Src �(� �/! G1#/G( '&���!+-/! � �� STAT5B, 

-� )/��0.�(�  +! �� (""�" &�-)+% �� ('�2� ',*%�(!�(� �(� (&�'%*( ��' --

OR, .  +! � $&()6� ��' '&�-��2(  *!(� (&()(*���� #�( �� %���(��%�� ��'�. 

��( !( (&(!�.%�'� %��  )3���( ('��  &(!("+1(� ��� *-� � � "2� � %'!-

(!�%��(�(�).�!�%�� � �(6$ �/!  ! "�#/ &)/� 7!3! % ��293 �$��()(, �(

�&�*( - !  �,)+9�'! ��! --�&�� �-. '&�-��2(. <&/� ,(*! �(� %��! ����!(

39, %�( ���)��.� &)�2" '%�� ��293 �$��()(, - ! -�(�)*! �(� �(�*( (&� ���

&)�(!(, )0 *% � (""�" &�-)+% �� &�' &()(��)�$!�(� %�( --��293 

�$��()( (��������� 2-3). �( (&�� "2%�(�( ('�+ '&�-�"3!�'! ��� �

&()�'%*( ��' --OR %�( ��293 �$��()(  *!(� (&�"$�/� (!(#�(*( #�( ��

%���(��%�� �/! �-��%$%�(�/! G1# - c-Src, G1# - STAT5B �(� G(� - STAT5B 

&)/� 7!��3! %'�&"��/!. 


����� 39. � %�� �*�� � � ,-OR �%�������� ��� � *.�!���*!� ���

*�!%����� !����& ��� G %����(��� !� �� c-Src ��� �� STAT5B. ��293 

�$��()(, �( �&�*( - !  �,)+9�'! ��! --OR, (!�%��(�(�)��!*9�!�(� � (!�*%/�(
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2!(!�� ��� G(o (�������� 2), ��� G1 (�������� 3), ��� STAT5 (�������� 4) �(� ��� c-

Src ��!+%�� (�������� 5) (500 �g �'��()��.� &)/� :!�� �(� 2-4 �g (!��%3�(���). 

(!�%� !��&�%� #*! �(� � (!�*%/�( 2!(!�� ��� STAT5 (��� ���������#����) . ���

c-Src (��� ���������#����).  �������� 1 (!��&)�%/& $ � ��293 �'��()��+

"$�(�( (50 �g) �(� � �������� 6 (!��&)�%/& $ � "$�(�( (!�%��(�(�)��!�%�2!( � 

NRS &�' �)�%���&���$!�(� /� ()!������ �+)�')(�.  

+3#��2�����# ��2�# ��3 ,-OR - p-STAT5B 

#�����������3 ��1�0����3

3.17 � ��*� �����*� ��" STAT5B !-*� � � ,- %� ��, &" �% , .-�

*�!$����� *��� �%�$��*� ��� SH-SY5Y ��� Neuro-2A ��������

<&/� 2� � .-� (!(, )0 *, �� �&�� �- *� '&�-�� *�  �&"2��!�(� % ��(

&"�03)( ,'%��"�#��3! " ���')#�3!, �&/�  *!(� � &�""(&"(%�(%��� �/!

�'��+)/!, � (!+&�'6� �/! ! ')3!/!, � %'!(&���. &"(%�������( �(� �

�'��()��.  &�1*/%� (Tegeder and Geisslinger, 2004; Chen et al., 2008). 

�&�&"2�!,  *!(� #!/%�� ��� ��%� � --�&�� �-.� '&�-��2(� �%� �(� � STAT5 

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

�'��+)/! (Zhang et al., 2002; Narita et al., 2006; Um and Lodish, 2006; 

Zhang et al., 2007; Heiss et al., 2009). �(�1+!�!�(� '&�5� �( &()(&+!/

- -��2!( �(�  ) '!3!�(� �� ,'%��"�#��. %��(%*( ��' --OR-STAT5B 

%��(��-�����$ ��!�&(���$ � " �.%(� ()���+ �� )�"� ���  ! )#�&�*�%��

��� STAT5B (&� ��! --OR %��!  &�1*/%� -�(,�)/! ! ')��3! �'��+)/!. 

�)�� ��2!�' !(  6 �+%�'�  +! �  ! )#�&�*�%� ��' --OR �-�# * % 

('6��2!� �'��()��.  &�1*/%�, �)�%���&��.%(� (!0)3&�!( ! ')�1"(%���+

�$��()( SH-SY5Y &�'  �,)+9�'!  !-�# !3� ��! --�&�� �-. '&�-��2(

(����!( 40�) �(� �$��()( Neuro-2A, �( �&�*(  &���"$!0��(! &()�-��+ � 

��! flag---OR (����!( 40�). �( �$��()(  &�%�)30��(! % &".) � 0) &����

'"��� (����! � 40� �(� 40�, �������� ��	��
�������) . % 0) &���� '"���

(&�'%*( �)�$ (����! � 40� �(� 40�, ����� ��	��
�������) �(�  &/+%���(!

�  1 �� DSLET &()�'%*( . (&�'%*( 10 �� ��' (!�(#/!�%�. !("�)�!��"�

(naltrindole). 8& ��( (&� 24 3) �, � ()�0��� �/! 9/!�(!3! �'��+)/!



175 

&()(��).0�� �(� �(�(� �).0�� � �� �).%� ,/��!���$ ���)�%��&*�'

&()�'%*( ��� �)/%���.� trypan blue, �&/� & )�#)+, �(� %�� � ,+"(��

«�"��+ �(� �20�-��».  

�

	


����� 40. � ����� % ��*� � � ,-OR – p-STAT5B ! � %��� &  ,���� *���

�%�$��*� �������� ��������. (�) SH-SY5Y �$��()(, �(� (�) Neuro-2A �$��()(

&()�-��+  &���"'%�2!( � ��! flag---OR (1 �g) ./�(� �� DN-STAT5B (1 �g), % 
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&".) � 0) &���� '"��� (�������� ��	��
�������) . (&�'%*( �)�$ (�����

��	��
�������)  &/+9�!�(� &()�'%*( 1 �� DSLET . DSLET �(� 10 ��

!("�)�!��"�� #�( 24 3) �, �&/� & )�#)+, �(� %�( «�"��+ �(� �20�-��». � ()�0���

�/! 9/!�(!3! �'��+)/! �(�(� �) *�(� � �� �).%� ,/��!���$ ���)�%��&*�'

&()�'%*( ��� �)/%���.� trypan blue. �( (&�� "2%�(�( &()�'%�+9�!�(� /� �2%��

�)�� ���3! ± Standard Error of the Mean (SEM), (&� �)*( (! 6+)���( & �)+�(�(. ��

���2� �/! ��  ! )#�&����2!/! �'��+)/!-�()�$)/! "(�1+!�!�(� /� 100%. 

%�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � �� Student’s t-test. *p <0.05, **p

<0.005 �(� ***p <0.0005 %�(��%���3� %��(!���2� ���2� % %�2%� � �( ��

 ! )#�&����2!( �$��()(. 

<&/� ,(*! �(� %���  ���! � 40� �(� 40�, � �+ �� ��).#�%� ��'

(#/!�%�. DSLET &()(��) *�(� '5�"�� )� &�%�%�� 9/!�(!3!  �'��+)/!  �(�  

%���  -$�  �'��()��2�  % �)2�  &�'   "2#�0��(!,   *� &()�'%*(  *� (&�'%*(

�)�$. �� (&��2" %�( ('�� (!��%�)2, �(� � �+ �� %'!- &3(%� �/! �'��+)/!

� ��! (!�(#/!�%�. !("�)�!��"�,  &�1 1(�3!�!�(� &/� �  &�1*/%� �/!

�'��+)/!  &+# �(� (&� ��!  ! )#�&����2!� --�&�� �-. '&�-��2(.  

�&�&"2�!, &)�� ��2!�' !(  " #�0 * �(� !( &�%��&���0 * �  �&"��. ���

STAT5B %�� ,(�!�� !� ��� �'��()��.�  &�1*/%�� � �+ ��!  ! )#�&�*�%� ��'

--OR �  DSLET, �( Neuro-2A �$��()( %'!- &���"$!0��(! &()�-��+ � ��

cDNA ��� � �(""(#�2!�� His-STAT5B (Y699F), � �&�*( " ���')# * /�

()!����� �')*()�� � �+""(#�( ��� STAT5B (DN-STAT5B), (!(%�2""�!�(� ��

,/%,�)'"*/%� ���  !-�# !�$� STAT5B (����!( 41). ��( �� "�#� ('�� %'!-

 �,)+%(� %�( Neuro-2A �$��()( �� DN-STAT5B �(� (��"�'0.%(� ��! *-�(

& �)(�(���. &�) *( � &)��#�'�2!/�. �( (&�� "2%�(�+ �(� 2- �6(! &/� �

 &(#�� !� (&� �� ��).#�%� DSLET �'��()��.  &�1*/%� �&"��+) �(� ��(!

%�( Neuro-2A �$��()(  �%(�0 * � DN-STAT5B (����!( 40�), (&�- ��!$�!�(�

&/� �  &�1*/%� �/! �'��+)/! � �+ ��!  ! )#�&�*�%� ��' --OR � %�"(1 *�(�

(&� �� ,/%,�)'"�/�2!� STAT5B. 
'�& )(%�(���+, �( &()(&+!/

(&�� "2%�(�( - *�!�'! ��� �  ! )#�&�*�%� ��' --OR- p-STAT5B 

%��(��-�����$ ��)�(��$ ���(!�%��$ &(*9 � %��(!���� )�"� %��!  &�1*/%�

�/! ! ')��3! �'��+)/! ��%� % ,'%��"�#��2� %'!0.� � �%� �(� % %'!0.� �

(%��*(�.  
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����� 41. � !�������!-�� His-STAT5B (Y699F) ���� ����� �" ��������

������. !�������!� ��" STAT5B (DN-STAT5B). Neuro-2A �$��()(, &()�-��+

 &���"'%�2!( � ��! flag---OR (��������� 2-5) �(� �� DN-STAT5B (��������� 4-5) 

 ! )#�&���$!�(� �  1 �� DSLET #�( 5 " &�+ (��������� 3 �(� 5), . (&�'%*( ('��$

(��������� 2 �(� 4).  �������� 1 (!��&)�%/& $ � ��  ! )#�&����2!( �(� ��

 &���"'%�2!( �'��()��+ "$�(�( (input). �( - *#�(�( (!�%��(�(�)��!*9�!�(� � 2!(

(!�*-STAT5 (!�*%/�( �(� � ,/%,�)'"�/�2!� STAT5 (!�%� !��&*9 �(� � ��

(!�*%/�( p-STAT5 % ()(*/%� 1:500. �&�&"2�!, �'��()��+ "$�(�( �/! *-�/!

- �#�+�/! -�(�/)*9�!�(� %  SDS-PAGE (10%) �(� (!�%� !��&*9�!�(� � (!��%3�(�(

2!(!�� ��' flag  &���&�' (1:500), . 2!(!�� 6 -�(-����3! �(�("�*&/! �%��-*!�� ((!�*-

6xHis) % ()(*/%� 1:500, &)�� ��2!�' !(  " #�0 * � (&�-��������( �/!

 &���"$!% /!.   

3.18 � ����� % ��*� � � ,- %� ��, &" �% , .-� �%���� �� ��������

���%���� ��� Neuro-2A �������� !-*� ���  G�i/o �% ! ��,�� ���

��" p-STAT5B  

� "2� � &)� )��� ! � (&� '&�-�� *� &�' %'9 $#!'!�(� �  G(i/o 

'&���!+- �, �&/�  *!(� � '&�-��2(� ��� % )���!*!�� 5-�1R �(� �

�(!!(1�!� �-.� CB1R,  2- �6(! ��� �  ! )#�&�*�%� �/! '&�-��2/! ('�3!



178 

 &+# � ��! ! ')����. (!+&�'6� �/! Neuro-2A �'��+)/! �2%/  !��

%��(��-�����$ ��!�&(���$ &�' & )�"(�1+! � ��� G(i/o '&���!+- �, �� Src 

��!+%� �(� ��! STAT3 � �(#)(,��� &()+#�!�( (Fricker et al., 2005; He et al., 

2005). 	 -��2!/! �/! &()(&+!/ (&�� " %�+�/! �(03�  &*%�� �(� ���

 �&"��.� �/! �&�� �-3! '&�-��2/! %��! �'��()��. (!+&�'6� �(�

-�(,�)�&�*�%� (Hauser and Mangoura, 1998; Bodnar, 2009), �(� %�( &"(*%�(

��� & )(��2)/ -� ) $!�%�� ��� ,'%��"�#��.� %��(%*( ��' --OR-STAT5B 

��)�(��$ ���(!�%��$ %��(��-���%��,  "2#6(� �(�+ &�%�! �  ! )#�&�*�%�

��' --OR – G( – p-STAT5B &)/� 7!���$ -���$�' �-�# * %��! -�(,�)�&�*�%�

! ')��3! �'��+)/! �(� %'#� �)��2!( %�� ! ')����. ��'� (!+&�'6�, � �&�*(

(&�� " * ��( -�(-��(%*(-�" �-* �(�+ �� -�+)� �( ��� ! ')/!��.�

-�(,�)�&�*�%��. �� ! ')����. (!+&�'6� �)*9 �(� � ($6�%� ��' �.��'� �/!

! ')��3! % ��'"+��%��! -�&"+%�( ���. (&� �� -�+� �)� ��' ! ')���$

�'��+)�'.  

��( ('�� �� "�#�, �$��()( Neuro-2A  &���"$!0��(!  *� � +- �� ,�)2(

2�,)(%�� pcDNA3, . � ��! --�&�� �-. '&�-��2(, &()�'%*( . (&�'%*(  !��

,�)2( &�' & )�2� � �� � �(""(#�2!� His-STAT5B (Y699F) (DN-STAT5B). 


��! &)3�� % �)+ & �)(�+�/!, �( �$��()( %'!- &���"$!0��(! � 2!(

&"(%�*-�� 2�,)(%��  !�� & &��-*�' &�' %��� $ � %��! �'��()��. � �1)+!�

(CAAX) �(�  *!(� %'9 '#�2!� � ��! �*�)�!� ,0�)*9�'%( &)/� :!� (yellow 

fluorescent protein-YFP), 3%� !( -� '��"$! �(� � (& ���!�%� �/! ! ')��3!

(����!( 42�). 
 ��( - $� )� % �)+ & �)(�+�/!, �( �$��()(  & 6 )#+%���(!

� ��! *-�� �)�&�, &()(��).0��(! %�� *-�� ���)�%��&�� �(�

,/��#)(,.0��(! (&�'%*( ��' YFP-CAAX & &��-*�' (����!( 42�). �(

�$��()(  &/+%���(! �  1 �� DSLET, . 10 �� !("�)�!��"�, . 1 �� DSLET 

�(9* �  10 �� !("�)�!��"� (naltrindole) #�( 16-20 3) � &)�! (&� �� �2�)�%�

��' �.��'� �/! ! ')��3!,  !3 /� �+)�') � �)�%���&��.0��(! �$��()( %�(

�&�*( - !  *� ��)�#�0 * �(!2!( �&�� �-2� (!+"�#�. <&/� ,(*! �(� %���

(!��&)�%/& '���2� ����! � 42� �(� 42�, � 2�,)(%� ��' --OR %�( Neuro-2A 

�$��()( �-�# * % ($6�%� ��' �.��'� �/! ! ')��3! ��'�, (���� �(� (&�'%*(

(#/!�%�. ((���
��(!�� 2). �� (&��2" %�( ('�� '&�-�"3! � ��� � --

�&�� �-.� '&�-��2(�  &�- ��!$ �  !-�# !.  ! )#����(, ��(!. !(  &+# � ��

! ')����. (!+&�'6� �/! Neuro-2A �'��+)/!.  
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����� 42. � ����� % ��*� � � ,-OR - G� - p-STAT5B ! � %��� &  ,���� *��

�������� ���%���� ��� Neuro-2A ��������. Neuro-2A �$��()(,  &���"'%�2!(

(A) � �� YFP-CAAX &"(%�*-�� &�' %��� $ � %��! � �1)+!�, . (�) �/)*� ('��, �(�

 &���"'%�2!(  *� � ��! +- �� ,�)2( pcDNA3 ((���
��(!�� 1, 6), . ��! flag---OR 

((���
��(!�� 2-5 �(� 7-10), &()�'%*( ((���
��(!�� 5, 10) . (&�'%*( ��� DN-

STAT5B  &/+%���(! �/)*� ((���
��(!�� 1-5) . �  ((���
��(!�� 6-10) 1 ��

DSLET, . 10 �� naltrindole (Nltr) &()�'%*( ((���
��(!�� 8) . (&�'%*(

((���
��(!�� 3) DSLET, . 100 ng/ml PTX �  ((���
��(!�� 9) . �/)*�

((���
��(!�� 4) DSLET #�( 16-20 3) � %��'� 370C, �&/� & )�#)+, �(� %��

� ,+"(�� «�"��+ �(� �20�-��». ��  ���! � "(�1+!�!�(� (A) &()�'%*(, . (�) (&�'%*(

,0�)�%��$, �)�%���&��3!�(� 2!( Zeiss Axiovert 25 ���)�%��&��. 
�( (A) �(� (�) 

&()�'%�+9�!�(� (!��&)�%/& '���2� ,/��#)(,* � �'��+)/! (&� -�(,�) ���+, �'�(*(

 &�" #�2!( & -*( ��' �+0 - *#�(���.  


�� %'!2� �(  6 �+%��� �  &*-)(%� ���  ! )#�&�*�%�� ��' --OR %��!

($6�%� ��' �.��'� �/! ! ')��3! �/! Neuro-2A �'��+)/!. <&/� ,(*! �(�

%��� ����! � 42� �(� 42�, �  &3(%� �/! �'��+)/! �  DSLET �-�# * % 

%��(!���. ($6�%� ��%� ��' ()�0��$ �/! �'��+)/! &�' ,2)�'! ! ')*� �, �%�

�(� %�� %'!�"��� �.��� ('�3! �/! ! ')��3! (%'#�)*!(� ��� (���
��(!�� 7 

� ��� 2), # #�!�� &�'  6()�+�(� (&� ��!  ! )#�&�*�%� ��' --'&�-��2(, 

(,�$ � %'!-��).#�%� ��' (!�(#/!�%�. !("�)�!��"� �&"��+) � ��! (!+&�'6�

�/! ! ')��3! ((���
��(!�� 8). 

�)�� ��2!�' !(  " #�0 * �  �&"��. �/! G(i/o '&���!+-/! %��!

 &(#�� !� (&� ��! --OR ! ')����. (!+&�'6� �/! Neuro-2A �'��+)/!, �(

�$��()( &)�- &/+%���(! � ��! ��6*!� ��' ���*�� (PTX) &)�! (&� ��

��).#�%� ��' (#/!�%�.. <&/� (&�- ��!$ �(� (&� ��� ����! � 42� �(� 42�

((���
��(!�� 9), � PTX- &3(%� �/! �'��+)/! &() �&�-*9 � ��!  &(#�� !�

(&� �� DSLET (!+&�'6� �/! ! ')��3!,  !�%�$�!�(� �� %'�� ���. �/! G(i/o 

&)/� 7!3! %�� --OR-� %�"(1�$� !� ! ')����. (!+&�'6� �/! Neuro-2A 

�'��+)/!.  

�2"��, � %��&� !( -� ) '!�0 * �(�+ &�%�! � ,/%,�)'"*/%� �(�

 ! )#�&�*�%� ��� STAT5B  �&"2� �(� %�� --OR- &(#�� !� ! ')����.

(!+&�'6�, �( �$��()( Neuro-2A %'!- &���"$!0��(! � �� DN-STAT5B, �

�&�*(, �&/� &)�(!(,2)0�� , &() �&�-*9 � �� ,/%,�)'"*/%� ��� STAT5B 

(����!( 41). 
�� %'!2� �(, �( �$��()( &�'  �,)+9�'! �� DN-STAT5B 
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 ! )#�&��.0��(! �  DSLET (1 ��) �(� � �).0�� �� �.��� �/! ! ')��3!

��'�. <&/� ,(*! �(� %��� ����! � 42� �(� 42� ((���
��(!�� 10) � &()�'%*(

��� DN-STAT5B � �3! � -)(�(���+ ��!  &(#�� !� (&� ��! --OR ! ')����.

(!+&�'6� �/! Neuro-2A �'��+)/!,  &�1 1(�3!�!�(� �� %��(%*( ���

,/%,�)'"*/%�� ��� STAT5B %�� --OR-� %�"(1�$� !� ! ')����. (!+&�'6�. 


'!�"��+, �( &()(&+!/ (&�� "2%�(�( &)�� *!�'! ��� �  ! )#�&�*�%�

��' --OR �  DSLET �-�# * %�� ! ')����. (!+&�'6� �/! Neuro-2A �'��+)/!

�2%/  !�� ��)�(��$ ���(!�%��$ �'��()��.� %��(��-���%�� &�'

& )�"(�1+! � ��� G(i/o '&���!+- � �(� ��! � �(#)(,��� &()+#�!�( STAT5B. 

�( %'#� !�)/���+ (&�� "2%�(�( �/! &()(&+!/ & �)(�+�/! (����!( 42) 

(& ���!*9�!�(� %���(���+ %�� )(1-�#)(��( ��� ����!(� 43. 


����� 43. 1������� ���%���� (%) ��� Neuro-2A �������� !��� ���

����� % ��*� � � ,-OR - G� - p-STAT5B ! � %��� &. �( �$��()( &�' ,2)�'!

! ')*� � � �.��� ��'"+��%��! 2 ,�)2� � #("$� )� (&� �� -�+� �)� ��' �'��+)�'

%�� �3!�!�(� 0 ���+ /� &)�� �� ! ')����. ��'� (!+&�'6�. �� �.��� �/! ! ')��3!

'&�"�#*9 �(� � �� 1�.0 �( ��' &)�#)+��(���  & 6 )#(%*(�  ���!/! NeuronJ 

(ImageJ-Public Domain). �( (&�� "2%�(�( ��' )(1-�#)+��(���  6.�0�%(! (&�

���3 (! 6+)���( � �(6$ ��'� & �)+�(�( �(� &()�'%�+9�!�(� /�  &* ���� % �$��()(

&�'  �,(!*9�'! ! ')����. (!+&�'6� %'#�)�!�� !(  *� � �( �$��()( &�' 2��'!

 &���"'!0 * � ��! +- �� ,�)2(,  *� � �� - *#�( &�' - ! 2� � '&�%� * �(�*(

�(� )#(%*(.  %�(��%���. (!+"'%� �/! (&�� " %�+�/! 2#�! � �� Student’s t-test. 
***p <0.0005 %�(��%���3� %��(!���. ���. % %�2%� � �( ��  ! )#�&����2!( �$��()(.
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�V. #3)���#�

	 -��2!( -�"3!�'! ��� �  ! )#�&�*�%� '&�-��2/! &�' %'9 $#!'!�(�

�  G &)/� :! �, %'�& )�"(�1(!��2!/! �(� �/! �- �(� --�&�� �-3!

'&�-��2/!, �-�# * %�� ,/%,�)'"*/%� STAT � �(#)(,��3! &()(#�!�/!

(Lo and Wong, 2004; Yuen et al., 2004; Mazarakou and Georgoussi, 2005). 

��%� �� �&�� �- *� '&�-�� *�, �%� �(� �� STAT &)/� :! �  �,)+9�!�(� % 

(,0�!*( %��!  #�2,("�. 	 -��2!�' ��� �� � ! �&�� �- *� '&�-�� *� )'0�*9�'!

��! (!+&�'6� �(� -�(,�)�&�*�%� �/! ! ')3!/! �(� �� %'!(&��%/���.

&"(%�������( (Hauser and Mangoura, 1998; Christie, 2008), �� -  STATs 

 �&"2��!�(� %��! �'��()��. (!+&�'6� �(� -�(,�)�&�*�%� (Bromberg, 2001), 

�&�) * �(! *�  $��"( !( '&�02% � ��� '&+)��'! !2( %��(��-����+ ��!�&+��(

%�� ! ')��� %$%���(, �2%/ �/! �&�*/! �� �&�� �- *� '&�-�� *� )'0�*9�'! ��

� �(#)(,. #�!�-*/!,  6()�3� !/! (&� ��� STATs, �( �&�*(  �&"2��!�(� %���

,'%��"�#��2� ('�2� -�(-��(%* �. 

�)��#�$� ! � � "2� � ��'  )#(%��)*�' �(� 2- �6(! ��� � STAT5A 

(""�" &�-)+ � ��! �-�&�� �-. '&�-��2( �(� ,/%,�)'"�3! �(� � �+ ��!

 ! )#�&�*�%. ��' (Mazarakou and Georgoussi, 2005). �(�+ %'!2& �(, 

0 ".%(� !( -� ) '!.%�'�  +! �(� �  ! )#�&�*�%� ��' --�R �-�# * % 

&()����( %��(��-����+ ��!�&+��(. �&�"26(� /� %$%���( � "2��� �(�

�$��()( HEK293,  & �-.  �,)+9�'!  !-�# !3� ��!� �� STAT5B �(� 2��'!

 &���"'!0 * 3%� !(  �,)+9�'! ��!��( ��! flag-%��(%�2!� --�R (--

��293). �)�%���&��.%(� ��! flag  &*��&�, -���� � 2"" �5� -�(02%��/!

��(!�&������3! (!��%/�+�/! 2!(!�� �/! �&�� �-3! '&�-��2/! %��  �&�)��

(&(�� * �� %$9 '6� �/! '&�-��2/! ('�3! � �(�+""�"�'� (!��#�!���$�

 &���&�'� #�( ��! (!*�! '%. ��'�. �&�&"2�!,  &�"26(� �( ��293 �$��()(

-���� � %'#� �)��2!� �'��()��. % �)+ (&�� " * 2!(  $��"� %$%���( � "2���, 

�� �&�*� (! �(� ,�/��� )� % %�2%� � �( ! ')��+ �$��()(,  �,(!*9 � '5�"�

&�%�%��  &��'�*(� %��'� � �)�%��$� �(� ���  &���"$!% ��. � �)+�(�( %'!-

(!�%��(�(�).�!�%�� �(� in vitro �(�(�).�!�%�� &)/� 7!3! 2- �6(! ��� �

STAT5B ����������� ����� �� �� ��	�������� ��� ��� �-)R ���� ����

�������� ����!�� ��� �����*��, ��������� ���� �� *���
��� ��� �-

��������#� ����
������ �����������, ���� � �������!����� ���� ����
�!���
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���� ��� ����
���!��� ��� ������� �� �� ��������� �����
� DSLET. �(

(&�� "2%�(�( ('�+ - *�!�'! ��� � -�(��),/%� &�' "(�1+! � � --�R � �+

��!  ! )#�&�*�%. ��' � �� �&�� �-2� & &�*-�� DSLET (&�%�(0 )�&�� * ��!

(""�" &*-)(%. ��' � �� STAT5B, &�0(!3� "�#/ ��� ,/%,�)'"*/%�� ��'

'&�-��2( (Kramer et al., 2000) ./�(� ��� %'! &(��"�'0��  ! )#�&�*�%�� ���

STAT5B. �()���� � �-��%$%�(� � (""�" &�-)+% �� � �(6$ � "3! ��� STAT 

����#2! �(� �(� '&�-��2/! &�' %'9 $#!'!�(� �  G &)/� :! � 2��'! .-�

(!(, )0 * #�( �� STAT3 � ��! '&�-��2( ��� 0') ��)�&*!�� (TSH) (Park et 

al., 2000). �( &)2& � !( %�� �/0 * ��� %��! & )*&�/%� ��' �-OR, �

&)�%- %� ��� STAT5A % ('��! - !  &�) +9 �(� (&� ��!  ! )#�&�*�%� ��'

'&�-��2( �(� �� (&��2" %�( ('�� - *�! � -�(,�) ���� &)��'&�

(""�" &*-)(%�� �/! -$� �&�� �-3! '&�-��2/! � ��� STAT5�/�

(Mazarakou and Georgoussi, 2005).  -�(,�) �������( ('�. 0( �&�)�$% !(

�, *" �(� %�( -�(,�) ���+ %��(��-����+ ��!�&+��( &�' �� �-OR �(� --�R 

 &+#�'! � �+ ��!  ! )#�&�*�%. ��'�, �(03�  &*%�� �(� %��! &)�%- %� �(�

 ! )#�&�*�%� -�(,�) ���3! G &)/� 7!3!, �&/� 0( (!("'0 * %�� %'!2� �(

(Georgoussi et al., 2006).  

�( �()1�6'� "��+ +�)( �/! �-OR �(� --OR & )�2��'! 2!( '5�"+

%'!��)��2!� ��.�(, �� NPVLYAFLDENFKRCFR, �� �&�*� (&�� " * & )���.

&)�%- %�� #�( &���*" � (""�" &�-)3% � &)/� :! �  (Megaritis et al., 2000; 

Milligan, 2005; Georgoussi, 2008; Georgoussi et al., 2011).  & )���. ('�.

& )�"(�1+! � �� %'!��)��2!� YXXL ���*1�, �� �&�*�  *!(� %�� *�

(#�')�1�"�%�� ��� STAT5, �&/� 2� � - ��0 * #�( ��'� '&�-�� *� ���

(## ��� !%*!�� II (McWhinney et al., 1998) �(� ��' �-�&�� �-�$� (Mazarakou 

and Georgoussi, 2005). �()��#)+,�%� �/! 02% /! (""�" &*-)(%�� ���

STAT5B %�� �()1�6'� "��� +�)� ��' --�R (--CT), 2- �6 ��� � STAT5B 

����������� ��� ����������� 318YAFL321 ���������!��� ��� �-�����*��, 

 &�1 1(�3!�!�(� �� )�"� ��' %'#� �)��2!�' ���*1�' /� & )���.

(""�" &*-)(%�� �/! STAT5A/B � �(#)(,��3! &()(#�!�/!.   

�&� ��! +""� &" ')+, �� STAT � �(#)(,���* &()+#�!� � & )�2��'!

�)�%�2! � ���!2� " ���')#��2� & )���2�, �+0 �*(  � �/! �&�*/!  �&"2� �(�

% �*( . & )�%%�� ) � " ���')#* �.  �$)�( & )���., � �&�*(  '0$! �(� #�(

��! (""�" &*-)(%� �/! STATs � ��'� '&�-�� *�  *!(� � SH2 (Src Homology 

2), � �&�*(  �,(!*9 �(� /� � & )�%%�� )� %'!��)��2!� � �(6$ �/! � "3!



187 

��� STAT ����#2! �(� (Levy and Darnell, 2002; Lim and Cao, 2006). �()�"(

('�+, �( & �)+�(�+ �(� 2- �6(! ��� �� ��	�������� ��� ��� STAT5B, ���

���!� �������*���� � SH2 �����*�, ��� ��������� ���� �������!����� ��� ��

��� �-)R �(� ��� �� ��.�( ��� STAT5B, �� �&�*�  '0$! �(� #�( ��!  ! "�#/

(""�" &*-)(%� 2#� ��(� � �(6$ �/! (��!�62/! 1 �(� 571. �*( - $� )�

& )���. �/! STATs � �&�*( 2� �  �&"(� * % &)/� 7!��2� (""�" &�-)+% ��, 

%'�& )�"(�1(!��2!/! �(� (""�" &�-)+% /! � �(6$ STATs �(� '&�-��2/!, 

 *!(� � coiled-coil & )���. (Lim and Cao, 2006). � )(��2)/ � "2� � (&.�. 

(&("��,.� �(� � �(""(6�#2! %��, . � �� �).%� & &��-*/! &�' !(

(!��%�����$! % %'#� �)��2!( STAT ��.�(�() �2"" �(� !( &)�%-��)*%�'! ��!

(�)�1. 02%�  &(,.� ��' --�R %�� STAT5B. 

�&�&)�%0 �( & �)+�(�( 2- �6(! ��� � STAT5B,  ���� (&� �� !(

(""�" &�-)+ � ��! --�R, (��(����������� ���� ��� ����
���!��� ���

�����*�� ���� ��� �-HEK293 ��� �� ��� SH-SY5Y #����� ��� �#�

���(������#� ��������!� �
�������, �� DSLET �� �� ���(!��. �&�&"2�!

� "2� � 2- �6(! �� ���������� ��� STAT5B ���� ������ �� �� ����
��(��

����
���!��� ���� STAT-���
������ 
����!�� ���(���� ���� ���

����
���!��� ��� �-)R. <&/� 2� � .-� &)�-(!(, )0 *, in vivo

,()�(��"�#��2� � "2� � 2��'! &)�� *! � ��! $&()6� -$� '&��$&/! ��' --

�&�� �-�$� '&�-��2(, �/! -1 �(� -2, ��'� �&�*�'�  ! )#�&���$! .

�&"��+)�'! �(�+ &)��*��%� -�(,�) ����* &)�%-2� � (Jiang et al., 1991; 

Mattia et al., 1991; Sofuoglu et al., 1991; Vanderah et al., 1994). �� # #�!��

��� %��! &()�$%( � "2�� �� %��(��-����� ��!�&+�� ��' --�R  ! )#�&�� *�(�

(&� �� & &�*-�� DSLET �(� &() �&�-*9 �(� (&� ��!  �-��� (!�(#/!�%�.

!("�)�!��"�, %'!�#�) * #�( ��! &�0(!. %'�� ���. �(� 2�,)(%� ��' -2 

'&��'&�' %�� %$%���+ �(�.  &�0(!����( ('�.  !�%�$ �(� �(� (&� ��

# #�!�� ��� �� --�&�� �-2� & &�*-�� DPDPE, &�'  ! )#�&�� * �(�+ &)��*��%�

��! '&��'&� -1, - ,/%,�)'"�3! � �� STAT5B %�( --��293 �$��()(

((-���%* '�( (&�� "2%�(�( ��'  )#(%��)*�'). �&�&"2�!, ,()�(��"�#��2�

� "2� � 2��'! &)�� *! � ��� �( SH-SY5Y �$��()(  �,)+9�'! &�0(!3� ��! -2 

'&��'&� ��' --�R (Toll et al., 1997), # #�!�� �� �&�*�  &("�0 $ �(� � �(

& �)+�(�+ �(�, �( �&�*( - *�!�'! ��� � *���
��� DSLET ��� SH-SY5Y 

#����� ���
�! ��� (��(����!��� ��� STAT5B. 
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�"�03)( & �)(�(���3! - -��2!/! 2� � (&�- *6 � ��� �( �&�� �-.

 &+#�'! -'!(���2� (""(#2� %��! 2�,)(%� #�!�-*/! &�' �(0�)*9�'! ��

%'!(&���. &"(%�������( �(� +"" � �'��()��2� (&��)*% �� %�� ! ')���

%$%���( (Christie, 2008). �'�2� �� � �(#)(,��2� (""(#2� 0( �&�)�$%(! !(

'&(#�) $�'! ��%� �( ,(�!�� !( (!��.� �(�  6+)��%�� &�' &)��(" * � ".5�

�&�� �-3! �'%�3!, �%� �(� &�""2� ,'%��"�#��2� (&��)*% ��, �&/�  *!(� �

(!+&�'6� �(� -�(,�)�&�*�%� �/! ! ')��3! �'��+)/!. ��( % �)+

-�(,�) ���3! � " �3! 2� � - *6 � ��� � ��).#�%� �&�� �-3! (!("�#/!  &+# �

��!  ! )#�&�*�%� -�(,�)/! � �(#)(,��3! &()(#�!�/!, 

%'�& )�"(�1(!��2!/! ��' CREB, ��' (activator protein) AP-1, � "3! ��'

��!�&(���$ �/! MAP ��!(%3! �(� ��' NF-kB, � �(6$ +""/! (Tso and Wong, 

2003). ��( &()+- �#�(, �  ! )#�&�*�%� ��' --OR �  DPDPE % ��293 

�$��()(  &+# � ��!  ! )#�&�*�%� �/! ERK1/2 �(� ��' &()+#�!�( CREB � 

�� � %�"+1�%� ��� G(z '&���!+-(� (Tso et al., 2000). �&�&"2�!, � --OR 

)'0�*9 � ��!  ! )#����( ��� ��!+%�� JNK, � �&�*( �-�# * %��!  ! )#�&�*�%�

��' � �(#)(,���$ &()+#�!�( c-Jun, �2%/  !�� %��(��-�����$ ���(!�%��$

&�' & )�"(�1+! � ��� G1# '&���!+- �, �� Src ��!+%� �(� ��� ���)2� GTP+% �

Rac �(� Cdc42 (Kam et al., 2003). �)��#�$� ! � � "2� � 2��'!  &*%�� - *6 �

��� �� �- �(� --�&�� �- *� '&�-�� *�, �(��&�!  ! )#�&�*�%��, �-�#�$! %��

,/%,�)'"*/%� �/! STAT3 (Lo and Wong, 2004; Yuen et al., 2004) �(�

STAT5A (Mazarakou and Georgoussi, 2005) � "3! ��� ����#2! �(� �/!

STAT � �(#)(,��3! &()(#�!�/!. <" � ('�2� �� &()(��).% �� &)�� *!�'!

��� �� �&�� �- *� '&�-�� *�  �&"2��!�(� % &���*"( -�(,�) ���+ %��(��-����+

-*��'(, �( �&�*( %'�1+""�'! % (""(#2� %��! 2�,)(%� %'#� �)��2!/!

#�!�-*/!-%���/!.  

�� &�� #!/%�2� �')�%�!��2� ��!+% � &�' ,/%,�)'"�3!�'! ��� STATs 

 *!(� ('�2� ��� J�� ����#2! �(� (Levy and Darnell, 2002). ��( &()+- �#�(, �

J��2 � %�"(1 * %�� ,/%,�)'"*/%� � "3! ��� ����#2! �(� �/! STAT 

&)/� 7!3!, � �+ ��!  ! )#�&�*�%� ��%� ��' '&�-��2( ��� (## ��� !%*!�� ��

(��1) �%� �(� ��' '&�-��2( ��� % )���!*!��, 5-�2� (Marrero et al., 1995; 

Guillet-Deniau et al., 1997; McWhinney et al., 1998; Ali et al., 2000). �()�"(

('�+, &)��#�$� ! � � "2� � 2��'! (&�- *6 � ��!  �&"��. �(� �/! Src 

��!(%3!. �)+#�(��, � Src ��!+%� ,/%,�)'"�3! � �� STAT5 � �+ ��

��).#�%�  )'0)�&����*!�� (Okutani et al., 2001), �� STAT3 � �+ ��!
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 &*-)(%� (## �� !%*!�� �� (Liang et al., 1999) �(� DPDPE (Lo and Wong, 

2004) �(� ��� STAT3 �(� STAT5A � �+ ��!  ! )#�&�*�%� ��' �-�R � 

DAMGO (Yuen et al., 2004; Mazarakou and Georgoussi, 2005). 
��!

&()�$%( � "2�� - *6(� ��� � (��(����!��� ��� STAT5B ��� 
!����� ��
�

��� J��2 ������, �(� 1(%�9�� !�� %�� # #�!�� ��� �  ! "�#/ ,/%,�)'"*/%�

 6(,(!*9 �(� &()�'%*( ��' ��1 (!(%��"2( ��� Src ��!+%��, %'�& )(*!�'� 

��� � c-Src ���
�� �� (��(����!��� ��� STAT5B. 

�)� �2� (!(,�)2� �2�)� %.� )( 2��'! - *6 � ��� �� Src ��!+% �

(""�" &�-)�$! ��%� � �2"� �/! STAT &)/� 7!3! (Cao et al., 1996; 

Kazansky et al., 1999) �%� �(� � +""( %��(��-����+ ��)�( (Ma et al., 2000; 

Gentili et al., 2006). ��( �� "�#� ('��, -� ) '!.%(�  +! � c-Src ��!+%�

%'9 $#!'�(� � �� STAT5B %�� �'��()��� �(� %$%���(. �( (&�� "2%�(�+

�(� 2- �6(! ��� � c-Src ����������� �� �� STAT5B �� ���� � �������!�����

�!��� �(��� ���� ���� ��� ����
���!��� ��� �-OR, -�"3!�!�(� ��� � DSLET-

 ! )#�&����2!� c-Src �')�%�!��. ��!+%� (&���+ ��( (!����. -�(��),/%�

&�'  &��)2& � %�� ,/%,��')�%*!� ��� !( (""�" &�-)+% � � ��! SH2 

& )���. ��� ,/%,�)'"�/�2!�� STAT5B. 
��! �(�+%�(%� �) �*(� ��'

'&�-��2(, �� STAT5B �(� c-Src 0 /)�$� ��� (!.��'! %�� *-�� &�"$-

&)/� 7!��� %$�&"��� (signalosome), &()�"� &�' - ! (""�" &�-)�$! +� %(

� �(6$ ��'�. �� # #�!�� ('��  !- ���2!/� �, *" �(� %��! 2"" �5�

�')�%�!��.� ,/%,�)'"*/%�� ('�3! �(� %��! (&�'%*( �(�+""�"��

-�(��),/%�� &�' 0(  &2�) & �� � �(6$ ��'� (""�" &*-)(%�. �*( +""�

&�0(!.  6.#�%� #�( ��! 2"" �5� �-��%$%�(��� c-Src-STAT %$9 '6�� 0(

�&�)�$% !( (&�� " * �� # #�!�� ��� �� %�� *� &)�%- %�� ��� c-Src %��!

STAT5B  *!(� �("'��2!� (&� ��! '&�-��2(, �(� ���*/� � STAT5B-

(""�" &�-)3%( & )���. ��� c-Src  *!(� - %� '�2!� (&� ��� G1# '&���!+- �. 

�( &()(&+!/ (&�� "2%�(�( (&�- ��!$�'! �� %&�'-(�����( ���

 ! )#�&�*�%�� ��� %'#� �)��2!�� ��!+%�� ��%� #�( �� %���(��%�� ��'

%'�&"���' c-Src-STAT5B �%� �(� #�( �� ,/%,�)'"*/%� ��� STAT5B. 

���*/�, 2� � - ��0 * &/� � �!� )" '�*!�-3  ! )#�&�� * �� c-Src ��!+%�, �

�&�*( (""�" &�-)+ � �� STAT3 (Chaturvedi et al., 1998),  !3 % (!0)3&�!(

�&(���$��()( �  ! )#�&�*�%� ��' (1-(-) ! )#���$ '&�-��2( � 

,(�!'" ,)*!�  !�%�$ � ��! �-��%$%�(�� (%0 !. &)�%- %� ��� Src %��!

STAT3 (Han et al., 2008).   
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��(!���2� �'��()��2� " ���')#* �, �&/�  *!(� � &�""(&"(%�(%��� �(� �

-�(,�)�&�*�%�, )'0�*9�!�(� �2%/ &�""(&"3! ��!�&(��3!. 
 

-�(,�) ����$� �$&�'� �'��+)/!, �� -�(-��(%* � ('�2� �&�)�$! !(

� %�"(1�$!�(� (&� �� Ras-MAPK ��!�&+�� . �� G(i/o-Src-S���3 ��!�&+��

(Zhang et al., 1999; He et al., 2005). �'�+ �( -$� ��!�&+��( �&�)�$!,  &*%��, 

!( %'!'&+)��'! %�� *-�� �$��()�. � )(��2)/ (&�� "2%�(�( ��� &()�$%(�

-�(�)�1.� 2- �6(! ��� � �������� �������� ��� Neuro-2A ������� ���� ���

����
���!��� ��� �-OR ������	�!��� ��� ��� G�i/o-S+�+5� ������

��*������ �������������.  

�� Src �')�%�!��2� ��!+% �  �&"2��!�(� % -�+,�) � &�'�2� ���

(!+&�'6�� �/! ! ')3!/! �(� ��� " ���')#*(� ��' ! ')���$ %'%�.�(���. 

�()�"( ('�+ �� ���(!�%��* -)+%�� ��'� - !  *!(� (&�"'�( -� '�)�!�%�2!��. 

8� � 1) 0 * ��� �  ! )#�&�*�%� ��%� ��' '&�-��2( ��� % )���!*!�� 5-�1�, 

�%� �(� ��' �(!!(1�!� �-�$� CB1 �-�# * %�� ! ')����. (!+&�'6� �/! Neuro-

2A �'��+)/! � �� � %�"+1�%� �/!  ! "�#/ ��!(%3! (Fricker et al., 2005; 

He et al., 2005).  c-Src 1)20��  &*%�� !( � %�"(1 * %��!  &(#�� !� (&�

��!  &�- )���� ('6����� &()+#�!�( (EGF) ! ')����. (!+&�'6� �/! PC12 

�'��+)/!, (! 6+)���( (&� �� ,/%,�)'"*/%� �/! MAPKs (Yang et al., 2002). 

�&�&"2�! 2� � &)��(0 * ��� � G(o- &(#�� !�  ! )#�&�*�%� �/! Src 

��!�&(��3! �-�# * %��!  ! )#�&�*�%� ��)*/! &�' )'0�*9�'! ��!

�'��()�%� " �� ��� (��*!��, � �&�*��, �&/� 0( (!("'0 * %�� %'!2� �(, 

(&�� " * 1(%��� %���� *�  "2#��' ��� ! ')����.� (!+&�'6�� (He et al., 2006). 

� 1+%� ('�+ �( - -��2!( �(� �( %'�& )+%�(�( ��� &()�$%(� -�(�)�1.�

&�' 2- �6(! ��� � c-Src ��!+%�  ! )#�&�� *�(� (&� ��! --OR �(�

,/%,�)'"�3! � �� S���5�,  *!(� &�0(!� � %'#� �)��2!� ��!+%� !(

 �&"2� �(� �(� %�� ! ')����. (!+&�'6� �/! Neuro-2A �'��+)/! � �+ ��!

 ! )#�&�*�%� ��' --OR.  

	�+,�) � � "2� � 2��'! - *6 � ��! (""�" &*-)(%� � "3! ��� ����#2! �(�

�/! Src ��!(%3! � &�""�$� GPCRs. �&* &()(- *#�(��, � c-Src (""�" &�-)+

� ��'� 12- �(� 13- (-) ! )#���$� '&�-�� *� (Luttrell et al., 1999; Cao et al., 

2000; Fan et al., 2001), �(� � ��!+%� Fyn %'9 $#!'�(� � ��! (!0)3&�!�

'&�-��2( ��� % )���!*!�� 5-�6 (Yun et al., 2007). �! ��$����, �(

& �)(�(���+ �(� - -��2!( 2- �6(! ��� � c-Src ��� ����������� �� ��� �-

�����*�� �#�� �����!�, ���� �#�� �� ���� ��� ����
���!��� ��� �-OR ��
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�#� ���(������ �������� ����!���, ���� �!��� �� DSLET �� �� DPDPE. 
 

(!�*0 %� � �( (&�� "2%�(�+ �(� 2)��!�(� -$� &)�%,(� �  )#(%* � &�'

&()�'%�+9�'! �� %���(��%�� %'�&"���' � �(6$ ��' --�&�� �-�$� '&�-��2(

�(� ��� Src ��!+%��. �(  ').�(�( �/! -$� ('�3! � " �3! ��/�  *!(�

(!��,(���+ /� &)�� �� &��( -�(��),/%� ��' '&�-��2( (�  ! )#. . ��) 

 '!� * �� %���(��%�� %'�&"���' '&�-��2(-Src (Archer-Lahlou et al., 2009; 

Hong et al., 2009). 
'#� �)��2!(, �� Hong et al. (2009) (!(,2)�'! ��� �

DPDPE- &(#�� !� ,/%,�)'"*/%� ��' --OR  *!(� %��(!���. #�( ��

%�)(��"�#�%� ��� Src %��! '&�-��2( %  CHO �$��()(, # #�!�� �� �&�*� - !

 &("�0 $ �(� %�� -��� �(� %$%���(. �&� ��! +""� &" ')+, �� Archer-Lahlou 

et al. (2009) &()�'%�+9�'! %�( �� �$��()( 2!( �-��%$%�(�� ((&�'%*(

(#/!�%�.) --OR-Src %$�&"���, �� �&�*� (&�%'9 $#!'�(� �(�2/� � �+ ��!

 ! )#�&�*�%� ��' --OR �  DPDPE. ��0(!2�  6�#.% �� #�( �� �� %���(��%��

%'�&"���' � �(6$ ��' --OR �(� ��� c-Src %��� � "2� � �(� 0( �&�)�$%(! !(

(&�-�0�$! %�� # #�!�� ��� () � %'#� �)��2!� (""�" &*-)(%�  6()�+�(� (&�

��  �+%��� �'��()��� & )�1+""�! %�� �&�*� 1)*%� �(� � '&�-��2(�, 1) �

flag---OR, � �&�*��  ! )#�&�� *�(� (&� �� DSLET  �,(!*9 � �(��"�� )�

%'##2! �( &)�%- %�� #�( �� Src ��!+%�, �(� #) �(  !-�# !.  &*& -( ��� Src 

 *!(� �(��"�� )( %�( ��293 �$��()( (&� ��� %�( CHO. �&�&"2�!, (6*9 � !(

%�� �/0 * &/� -) �� &)�(!(, )0 *% � � "2� � &�' 2#�!(! %��! --OR 

�)�%���&���$! '&�-��2( &�!����$, % (!�*0 %� � ��! &()�$%( -�(�)�1., 

%��! �&�*( � --OR  *!(� (!0)3&�!�� &)�2" '%��. 
 (!��%����*( � �(

(&�� "2%�(�+ �(�, %��! & )*&�/%� ��' �-OR - *���� &/�, &()�"� &�' �

,/%,�)'"*/%� ��� STAT5� � �+ ��!  ! )#�&�*�%� ��' �-'&�-��2(

 &��'#�+! �(� (&� �� c-Src ��!+%�, � � " '�(*( - ! (""�" &�-)+ � ��! �-OR 

(! 6+)���( (&� �� ��).#�%� ��),*!�� . ��� %  COS-7 �$��()( (Mazarakou 

and Georgoussi, 2005). <" � ('�2� �� &()(��).% �� %'!�#�)�$! %�� ��� �

(""�" &*-)(%� ��� Src ��!+%�� � ��! --OR  6()�+�(� ��%� (&� ��

��).#�%�  6 �-�� '�2!/! (#/!�%�3!, �� �&�*�� &)��("�$! -�(,�) ���2�

-�(�)��2� -�(��),3% �� ��' '&�-��2( &�' -� # *)�'! %'#� �)��2!(

��!�&+��( �(� &()+#�'! %'#� �)��2! � �'��()��2� (&��)*% �� (‘biased 

agonism’), �%� �(� (&� �� �'��()��� %$%���( %�� �&�*� �+0 ,�)+ � " �+�(�

� '&�-��2(� (Piñeyro, 2009).  
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�&� ��! +""� &" ')+, � JAK2 �����, � �&�*( - ! %'�� �2� � %��

���(!�%�� ,/%,�)'"*/%�� ��� STAT5B � �+ ��!  ! )#�&�*�%� ��' --OR, 

,+!�� !( ����������� in vitro �� ��
������� ������� ��� �-�����*��. 

(""�" &*-)(%� �/! JAK ��!(%3! ��%� � ��'� '&�-�� *� �/! �'����!3!, 

�%� �(� �  GPCRs (&�� " * 2!( ,(�!�� !� &�' (&(!�+�(� %'�!+ (Marrero et 

al., 1995; Park et al., 2000; Rane and Reddy, 2000).  JAK2 (""�" &�-)+ � 

��! 5-�2� '&�-��2( � �+ �� ��).#�%� % )���!*!�� % �'�1"+%� � (Guillet-

Deniau et al., 1997),  !3 ��%� � JAK2, �%� �(� �  JAK3 %'9 $#!'!�(� � ��!

 ! )#�&����2!� '&�-��2( ��� ��� ���*!�� SDF1(, CXCR4 (Vila-Coro et al., 

1999). �2"��, 2!( +""� �2"�� ��� ����#2! �(� �/! JAK ��!(%3!, � ���2 

%���(�*9 � �-��%$%�(�� %$�&"��� � ��! '&�-��2( ��' &()+#�!�(

 ! )#�&�*�%�� �/! (���& �("*/! (PAFR)  (Lukashova et al., 2001). � "2� �

%'!-(!�%��(�(�).�!�%�� �2"" �(� !(  &�1 1(�3%�'! ��� (""�" &�-)+% �� ���

JAK2 � ��! --OR % �'��()���  &*& -�, �&/� �(� �� " ���')#��� )�"� ���  !

"�#/ ��!+%�� %�� %��(��-���%� ��' --'&�-��2(.  

� "2� � 2��'! - *6 � ��� �� G &)/� :! � &(*9�'! 2!(! &�"$ %��(!����

)�"� %�� )$0��%� ���  ! )#�&�*�%�� �/! STAT &)/� 7!3!. ��( &()+- �#�(, 

� 2�,)(%� �/! � �(""(#�2!/!-�-��%$%�(�(  ! )#�&����2!/! G(i2 �(� G(o 

%�( NIH-3T3 �$��()( �-�# * %��!  ! )#�&�*�%� ��� STAT3,  !3 � 2�,)(%�

 !�� ()!�����$ �')*()��' � �(""+#�(��� ��� G(i2 � �3! � �� Src-

 6()�3� !� ,/%,�)'"*/%� ��� STAT3 (Corre et al., 1999; Ram et al., 2000). 

�&�&"2�!, � �-OR 2� � - ��0 * !(  &+# � �� ,/%,�)'"*/%� ��� STAT3 � 

2!(! PTX- 6()�3� !� �)�&� (Yuen et al., 2004). ����� ��/� (&� ('�2� ���

(!(,�)2� &�'  �&"2��'! ��� PTX- '(*%0�� � G &)/� :! �, +""�� 2��'! - *6 �

��� �� PTX-(! 6+)��� � G(16 �(� G(14 &)/� :! � %'�1+""�'! %��!

 ! )#�&�*�%� ��� STAT3 % �$��()( HEL (Lo et al., 2003; 2006). ���*/�, ��

 ! )#�&����2! � PTX-(! 6+)��� � G(q, G(11, G(14, G(16 �(� G(s

'&���!+- � �-�#�$! %��!  ! )#�&�*�%� ��� STAT3, ��%� %�( ��293, �%�

�(� %�( HeLa �$��()( (Yuen et al., 2010). 
��! *-�(  )#(%*( - *���� &/�, 

 ���� (&� ��� G( '&���!+- �, -�(�)���* %'!-'(%��* �/! G1# '&���!+-/!

�&�)�$!  &*%�� !( )'0�*9�'! �� STAT3 %��(��-����� ��!�&+��. �2"��, ��

ORL1 �(� fMLP (N-formyl-methionyl-leucyl-phenylalanine) '&�-�� *�

�)�%���&���$! �� G(16 #�( !(  &+#�'! �� ,/%,�)'"*/%� �(� � �(#)(,��.

 ! )#�&�*�%� ��� STAT3 (Wu et al., 2003),  !3 �  ! )#�&����2!�� �-OR % 
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�$��()( COS-7 �-�# * %�� ,/%,�)'"*/%� �(� � �(#)(,��.  ! )#�&�*�%�

��� STAT5� �2%/  !�� ���(!�%��$ (! 6+)����' (&� ���  '(*%0�� � %��!

��6*!� ��' ���*�� G &)/� :! � (Mazarakou and Georgoussi, 2005). 
��!

&()�$%(  )#(%*( - *6(� ��� �  &3(%� --��293 �'��+)/! � ��6*!� ��'

���*�� (PTX)  �&�-�% �� DSLET- &(#�� !� ,/%,�)'"*/%� ��� STAT5�, 

'&�-�"3!�!�(�, 2�%�, ��! ������ PTX-����������� ����� ��� G�

���������� (G�i/o) ��� �������� (��(����!���� ��� STAT5�. <" � ('�2�

�� &()(��).% �� - ��!$�'! ��� �  ! )#�&�*�%� �/! STAT &)/� 7!3! �2%/

�/! GPCR '&�-��2/!  �&"2� � -�(,�) ���+ %��(��-����+ ��!�&+��(, � ��

%'�� ���. . �� %'#� �)��2!/! G &)/� 7!3!, (!+"�#( � �� �'��()���

%$%���( �(� ��! '&�-��2( � "2���. �&� ��! +""� &" ')+, &�""2� � "2� �

2��'! - *6 � ��� �� ��!�&+�� �/! JAK/STATs �(� � ����#2! �( �/! Src 

��!(%3!, � �(6$ +""/!, �&�)�$! !( � �+#�'! GPCR- &(#�� !( %.�(�(

(! 6+)���( (&� ��� G &)/� :! � (Sun et al., 20071). ��( &()+- �#�(, �

&()+#�!�(�  ! )#�&�*�%�� �/! (���& �("*/! (PAF) �&�) * !(

 ! )#�&��.% � ��! ��!+%� Tyk2, �2"�� �/! JAK ��!(%3!, �2%/

 ! )#�&�*�%��  !�� � �(""(#�2!�' '&�-��2( (PAFR), � �&�*�� - ! �&�) *

!( 9 '#()3% � � �(�*( (&� ��� G &)/� :! � (Lukashova et al., 2001). 
 

(!�*0 %� � ('�2� ��� (!(,�)2�, �( (&�� "2%�(�( ��� &()�$%(� -�(�)�1.�

2- �6(! ��� �� G ��������� �!��� �����!����� 
�� ��� ���
�
� ��� c-Src-

STAT5B ���������# ���� ��� ����
���!��� ��� �-OR. 

�� STAT &)/� :! �,  ���� (&� ��! ��(!����+ ��'� !( -�� )*9�!�(� �(�

!( &)�%-2!�!�(� % %'#� �)��2! � DNA (""�"�'�* �, (""�" &�-)�$! � 

+""�'� � �(#)(,���$� &()+#�!� �, �&/�  *!(� � c-jun �(� � '&�-��2(� �/!

#"'����)���� �-3! (GR), � &���*"�'� '&�-�� *� (&.�. �'����!3!, GPCRs) 

�(� -�+,�) � �'��()�&"(%�(���2� �(� &')�!��2� &)/� :! �, �&/� ��!

(�2�'"�-�)(!%, )+%� �/! �%��!3! p300 (Shuai, 2000). �2�)� %.� )( 2� �

& )�#)(, * 2!(� �"�2!( ('6(!�� !�� ()�0��� STAT-(""�" &�-)3!�/!

&)/� 7!3! &�' &()�'%�+9�'! &���*"�'� -�(�)���$� )�"�'� %��'�

���(!�%��$� " ���')#*(� �(� �'��()��.� %��(��-���%�� �/! STAT 

� �(#)(,��3! &()(#�!�/!. �(�()�+� �� STAT-(""�" &�-)3% � &)/� :! �

�&�)�$! !( " ���')#�$! /� 0 ����* (&.�. ERKs, GR), . ()!�����* (&.�. SOCS, 

PIAS) )'0��%�2� ��� %��(��-���%�� �/! STATs. �&�&"2�!,  & �-. �� STATs 

&(*9�'! %��(!���� )�"� % &�""2� 0 � "�3- �� �'��()��2� -� )#(%* �, �
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(""�" &*-)(%� � +""�'� � �(#)(,���$� &()+#�!� � %*#�')( %'�1+"" �

%��!  &�" ��������( �(� ��! &�"'&"������( ��� STAT-� %�"(1�$� !��

#�!�-�(�.�  ! )#�&�*�%��. ��( &()+- �#�(, 2� � &)��(0 * ��� � %'!-2�,)(%�

�(� (""�" &*-)(%� ��' '&�-��2( �/! #"'����)���� �-3! � �� STAT5 % 

COS �$��()(,  !�%�$ � ��! ��(!����( �(� ('6+! � �� -�+)� �( -2%� '%�� ���

STAT5 %�� DNA �(�  &�&"2�! �-�# * % ('6��2!(  &*& -( ,/%,�)'"*/%��

��� � " '�(*(�, &�0(!+ "�#/ � */%�� %�� )'0�� (&�,/%,�)'"*/%.� ���

(Wyszomierski et al., 1999). �2"��, � " ���')#*( �)�%�2!/! STAT-

(""�" &�-)3!�/! &)/� 7!3!, �&/�  *!(� � ERK, �-�# * % -� &����!/!*(

� �(6$ �/! STATs �(� +""/! �'��()��3! %��(��-����3! ��!�&(��3!. � 

1+%� ('�+ �( - -��2!( �(� ��� (&�- - �#�2!�� %'�� ���.� �/! G 

&)/� 7!3! %�� ,/%,�)'"*/%� ��� STAT5B � �+ ��!  ! )#�&�*�%� ��' --

OR, 0 ".%(� !( &)�%-��)*%�'� () (! � STAT5B �&�) * !( (""�" &�-)+

+� %( � ��� G &)/� :! � �(� 1) (! � DSLET- &(#�� !�  ! )#�&�*�%� ��' --

OR �-�# * %�� %���(��%��  6 �-�� '�2!/! &)/� 7!��3! %'�&"��/! � �(6$

��� STAT5B �(� � "3! �/! G( '&���!+-/! �/! G &)/� 7!3!. �(

(&�� "2%�(�( ��� &()�$%(� � "2��� 2- �6(! ��� � STAT5B �����������

����� �� ��� G�i3 �� G�o ���� �*� �� �� G�i2. �� &)��'&� ���

(""�" &*-)(%�� � �(6$ �/! -$� G &)/� 7!3!  *!(� -�(,�) ����, �(03� �

STAT5B ����������� �����#����� ���� �� �� G��, ��� �� �� G�i3 

��,��
�#���� ���� ��� ����
���!��� ��� �����*��. �+% � �/! �%/!

#!/)*9�'� �2�)� %.� )(, �( (&�� "2%�(�( ('�+ &()2��'! ��! &)3��

2!- �6� #�( �� %���(��%��  &�" ����3! 9 '#3! � �(6$  !�� STAT 

� �(#)(,���$ &()+#�!�( �(� %'#� �)��2!/! G( '&���!+-/!, (!+"�#( � 

��! �(�+%�(%� ( ! )#�&����2!� . ��)  !�� GPCR �(� ��! &"�0'%�� �/! G 

&)/� 7!3! &�'  *!(� &()�$% � %�� �'��()��� �(� %$%���(. �)��#�$� !(

(&�� "2%�(�( 2��'! - *6 � ��! ��(!����( ��� STAT3 !( (""�" &�-)+ � �2"�

��� ����#2! �(� �/! ���)3! G &)/� 7!3!, �&/�  *!(� �� Rac1, RhoA �(� ��

Ras ���"�#� �2"�� I (Simon et al., 2000; Nishimoto et al., 2005). �&�&"2�!, �

(## ��� !%*!� ��  ! )#�&�� * �� STAT3 �2%/ +� %�� (""�" &*-)(%�� ���

� " '�(*(� � �� Rac1 % �()-�(�+ �'��$��()( (Tsai et al., 2008),  !3 2!(

&()����� Rac1-STAT3 &)/� 7!��� %$�&"��� %���(�*9 �(� �(� � �+ ��

��).#�%� PDGF (Platelet-derived growth factor) % (!0)3&�!( " *( �'7�+
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�$��()( �/! ( )(#/#3!, �-�#3!�(� %��! &�""(&"(%�(%�� ��'� (Simeone-

Penney et al., 2008).  

�� +��!�- �(� �()1�6'- � "��2� & )���2� �/! STATs  *!(� �( �$)�(

��.�(�( &�' � %�"(1�$! %��� & )�%%�� ) � (""�" &�-)+% �� ��'� � +"" �

&)/� :! � (����!( 12). 	 -��2!�' ��� �� 02% �� -2%� '%��

&�""3! STAT-(""�" &�-)3!�/! &)/� 7!3!  *!(� (""�" &��("'&��� ! �, 

 *!(� &�0(!� &�""+ &)/� 7!��+ %$�&"��( �/! STATs !( '&+)��'! in vivo. 

,'%��"�#��. %��(%*( &�""3! STAT-(""�" &�-)3!�/! &)/� 7!3! �(03� �(�

� ��)�(�. 1+%� �/! (""�" &�-)+% /! ('�3! &()(�2!�'! (-� '�)*!�%� �. 

	 -��2!�' ��� � (&�))'0��%�2!�  -)(%��)�����( �/! STATs %� �*9 �(� � 

-�+,�) � (!0)3&�! � (%02! � �, %'�& )�"(�1(!��2!�' �(� ��' �()�*!�',  

� ""�!���2� � "2� � %� ���+ � ��� STAT-(""�" &�-)3% � &)/� :! � 0(

�&�)2%�'! !( 1��0.%�'! %��!  6 $) %� �(� �(�’  &2��(%� %�� %� -�(%��

�(�!����/! � 0�-�"�#�3! � (&3� )� %���� ��! (!(�+"'5� !2/!

,()�(��"�#��3! �(� 0 )(& '���3! %���/!. 

<&/� &)�(!(,2)0�� , � --�R, % (!��%����*( � +""�'� GPCRs, 2� �

�� -'!(�����( !( (&���+ &���*" �  ! )#2� -�(��),3% ��,  6()�3� ! � (&�

��  )20�%�( ((#/!�%�.) &�' ��)�# *�(� �+0 ,�)+, �(� �� �&�* � &')�-���$!

 &�" ����2� (""�" &�-)+% �� � %'#� �)��2! � '&���!+- � �/! G &)/� 7!3!

�(� %��(��-����+ ��)�( (Piñeyro, 2009).  $&()6� &�""(&"3!  ! )#3!

-�(��),3% /! &)�%-*- � �-�(*� )� &����"���),*( %�� ��)�(�. ,()�(��"�#*(

�(� %�� ���(!�%�� " ���')#*(� �/! �&�� �-3! '&�-��2/! �(� -����')# * !2 �

&)��&���2� #�( ��! (!+&�'6� �("$� )/! �(� � #("$� )�� -�+)� �(�

(!("#����3! ,()�+�/!. �( %�� )�!+ - -��2!( %� ���+ � ��! &()�'%*(

-�(,�)/!  ! )#3! -�(��),3% /! �/! �&�� �-3! '&�-��2/!  *!(� &�""+ ��

�-�(*� )( & �%���+ 3%�  !�%�$�'! ��! �-2( ��� �&�)�$! !( (!(&�'�0�$! !2��

0 )(& '����* &()+#�!� � . %� '+%�(�( &�' 0( %��� $�'! % -�(,�) ���+

&)/� 7!��+ -*��'( %��(��-���%��, (&�� "�$� !( (&� -�(�)��+ %��(��-����+

��!�&+��( �(� )'0��%���2� &)/� :! �. �!��$����, � &)��"�%� &�' &()(�2! �

 *!(� !( &)�%-��)*%�'� &�� �  *!(� �� %'#� �)��2! � ('�2� %��(��-����2� �(�

)'0��%���2� �-����� � &�' &)2& � !(  !�%�'0�$!  (. !( &() �&�-�%0�$!), 

&)�� ��2!�' !( �(��)03%�'� !(  &��$��'� ���  &�0'���2� -)+% �� �/!

!2/! &()(#�!�/!, (&(""(#�2! � (&� �&��(-.&�� (! &�0$����

&() !2)# �(. �� (&+!��%� %�( &()(&+!/ 2)��!�(� �� «" ���')#��+
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 &�" �����*» («biased») &)�%-2� �, �� �&�*�� �&�)�$! !( �)�%���&���0�$!

(, !�� /�  )#(" *( #�( ��! �(�(!��%� ��� 1(%��.� 1��"�#*(� �/! GPCRs �(�

(, �2)�' /� 1 "��/�2!�� 0 )(& '����* &()+#�!� � &�' 2��'! ��! ��(!����(

!( ('6+!�'! ���  ' )# ���2�  &�-)+% �� �/! �"(%��3! (#/!�%�3!, 

 "(��%��&��3!�(� ��� �'��! (! &�0$��� � &() !2)# � � ('�3!  (Bosier and 

Hermans, 2007; Galandrin et al., 2007). �!-�(,2)�! &()+- �#�( (&�� " * �

()�&�&)(9�"� (aripiprazole), 2!(  ')2/� �)�%���&���$� !� (!��5'�/%���-

(!���(�(0"�&���� ,+)�(�� �(� � )���� (#/!�%�.� ��' D2 !��&(��! )#���$

'&�-��2(, � �&�*( 0 /) *�(� /� �� &)3�� «" ���')#��+  &�" �����» �"�!���

,+)�(��  !(!�*�! ��� �(�+0"�5�� (Mailman, 2007).  

  �&� ��! +""� &" ')+, ()� �+  *!(� �( -���%� '�2!( (&�� "2%�(�(, �(

�&�*( - *�!�'! ��� -�(�)���* %'!-'(%��* �/! G(, G1 �(� G# '&���!+-/!

(""�" &�-)�$! � �+0 '&�-��2( . %'�� �2��'! % %'#� �)��2!( -*��'(

'&�-��2(-� " %�. (Albert and Robillard, 2002). �� -�����* �(0�)�%�2� &�'

&)�%-��)*9�'! ��!  6 �-*� '%� �(� �-�(�� )����( �/! %'�&"��/! '&�-��2(-G 

&)/� :!�� - !  *!(� &".)/� �(�(!����*, (""+ ,(*! �(� ��� & )�"(�1+!�'!

��%� ��� & )���2� (""�" &*-)(%�� � �(6$ �/! '&�-��2/! � ��� G &)/� :! �, 

�%� �(� +"" � &)/� :! �-��)�3�(�(. �-�(*� )(, �%�! (,�)+ %��! '&�-

����#2! �( �/! G(i/o '&���!+-/!, &�""2� � "2� � 2��'! - *6 � �� -'!(�����(

�/! '&���!+-/! ('�3! !( %���(�*9�'!  &�" ����+ %$�&"��( � 

%'#� �)��2!�'� '&�-�� *� �(� (!�*%�����'� � " %�2� (Albert and Robillard, 

2002; Piñeyro and Archer-Lahlou, 2007). �!��$����, &()��� �� � "2� � ('�2�

(&�- ��!$�'! ��! $&()6�  &�" ��������(� � �(6$ '&�-��2/!-G &)/� 7!3!, 

0( �&�)�$% !( '&�%��)*6 � �(! *� ��� �  6 �-*� '%� � �(6$ �/! � "3! ���

����#2! �(� �/! G &)/� 7!3! �(� �/! GPCRs (&"+ (!���(��&�)*9 � �(

 &*& -( 2�,)(%�� �/!  !-�# !3! G &)/� 7!3! %��  �+%��� %$%���( &�'

� " �+�(�. ��  &�� *)��( ('�� �(�())*,0�� , ��(! 1)20�� ��� -�(,�) ����*

'&�-�� *� % *-�( �$��()(  �,+!�%(!  &�" ��������( /� &)�� %'#� �)��2! �

'&���!+- � �/! G &)/� 7!3! (Kleuss et al., 1991; Albert and Robillard, 

2002). �()�"( ('�+, � �'��()���� �$&��, �(�  !- ���2!/� � &�%����(

2�,)(%�� �/! G &)/� 7!3! % -�(,�) ���+ �'��()��+ %'%�.�(�(, 

 &�) +9�'! �(� �)�&�&���$! ��!  6 �-*� '%� %��!  &�"�#.  !��

%'#� �)��2!�' '&�-��2( � �� &��(( �) G &)/� :!�( �) 0( %'9 '�0 *. 8� �

1) 0 * ��� -����+ �� G(i/o &)/� :! �  �,(!*9�'! '5�". ���"�#*(, �-*/�
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� �(6$ �/! G(i1-3 (����!( 44). ��  )3���(, �� �&�*� �*0 �(�, "��&�!,  *!(�

&/� �&�) * !(  &�� '�0 *  6 �-*� '%� �(�  &�" ��������( � �(6$ ('�3! �/!

&)/� 7!��3! '&���!+-/!. ��( (&+!��%� 0( �&�)�$% !( (&�� "2% � ��

# #�!�� ��� �  6 �-*� '%�/ &�" ��������( �/! '&�-��2/! #�( ���  G &)/� :! �

�(0�)*9 �(� &�0(!+ (&� ��  � )��)�� )2� %$�&"��� �/! G '&���!+-/!, 

&()+ (&� �*( �(� ��!� '&���!+-(.  

    


����� 44. �! � ��� ��� G� �% ! ��,�� ��� '���*�����. 

%'##2! �( �/!  &��2)�'� G( '&���!+-/! �/! 0�"(%���3! (!���(��&�)*9 �(� %��

-2!�)� ���  ���!(�.  �)�!�"�#*( �"/!�&�*�%�� �/! cDNAs 

&�' (!��%�����$! % �+0 �2"�� ��� ����#2! �(� &()�'%�+9 �(� % &()2!0 %�

(Milligan and Kostenis, 2006). 


��! & )*&�/%� �/! �&�� �-3! '&�-��2/!, 2� � - ��0 * ��� ',*%�(�(�

 6 �-*� '%� %�� %$9 '6� %'#� �)��2!/! G &)/� 7!3! � ('��$� ��'�

'&�-�� *� (Piñeyro and Archer-Lahlou, 2007). ��( &()+- �#�(, % (!0)3&�!(

SH-SY5Y ! ')�1"(%���+ �$��()(, �� --�&�� �- *� (#/!�%�2� - *�!�'!

&)��*��%� %��� G(i1 �(� G(i3, 2!(!�� ��� G(i2 '&���!+-(� (Albert and 

Robillard, 2002). � �� �20�-� ��� %'!-(!�%��(�(�).�!�%�� %  CHO 

�$��()( 1)20�� ��� � --�&�� �-.� '&�-��2(�, %��! (! ! )#. ��' �(�+%�(%�, 

%'9 $#!'�(� � ��� G(i1, G(i3 �(� G(o,  !3 &()�'%*( (#/!�%�. (""�" &�-)+
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� ��� G(i2 �(� G(i3  (Law and Reisine, 1997).  �-��%$%�(�� (""�" &*-)(%�

��' --OR � �� G(o 2)� �(� % %'�,/!*( � �( (&�� "2%�(�( ��� &()�$%(�

 )#(%*(� &�' - *�!�'! �� �*�������� ���� �-OR-STAT5B-G�o 

������������#� ��������, �� ���!� �(!������ �����!� ����
���!���� ��� �-

�����*��. ��  6 �-�� '�2! � (""�" &�-)+% �� �/! '&�-��2/! � ��� G 

&)/� :! � �-�#�$!  &*%�� %  6 �-�� '�2!� %��� '%� �/! G &)/� 7!3! % 

&���*"�'� � " %�2�, �&/�  *!(� #�( &()+- �#�( � (- !'"��. �'�"+%� �(�

-�+,�)( �(!+"�( ��!�/! (Albert and Robillard, 2002). �� # #�!�� ��� �

����
���!��� ��� �-OR �� DSLET ������ ��� �*�������� ��� STAT5�-G�i3 

�� STAT5�-G�� �������� ���� � ����
���!��� �� ���(!�� �� DPDPE, 

���!����*�, (&�- ��!$ � ��� �� (""�" &�-)+% �� ('�2� - !  6()�3!�(� (&� ��

��).#�%� �/! %'#� �)��2!/! (#/!�%�3!, (""+ (&� ��! �(�+%�(%�

 ! )#�&�*�%�� ( ! )#. -�(��),/%�) ��' --'&�-��2( %�( ��293 �$��()(.    

  6 �-*� '%� %$9 '6�� �/! G &)/� 7!3! � ��'� '&�-�� *� �(� ��'

� " %�2� �(0�)*9 � �(� ��!  &(#/#. %'#� �)��2!/! 1��"�#��3! (&��)*% /!. 

� � #("$� )�� ()�0��� � " �3! &�' (%��"�$!�(� � ��!  6 �-*� '%� �/!

%'�&"��/! '&�-��2(-G &)/� :!�� . G &)/� :!��-� " %�. 2� � #*! � % in 

vitro %'%�.�(�(. �()�"( ('�+,  *!(� %(,2� &/� �  &�" ��������(/ 6 �-*� '%�

�/! G &)/� 7!3! &�' &()(��) *�(� in vivo  *!(� &�"$ � #("$� )� (&� ('�.

&�' �&�) * !( (!��! '0 * � in vitro -����(%* �. �&�&"2�!, � %���(��%���

-�� )�%�2!/! ��),3! �/! GPCR '&�-��2/! �&�) * !(  '!� * ��!

 ! )#�&�*�%� %'#� �)��2!/! G &)/� 7!3! �(� �� -����')#*(  &�" ����3!

%'�&"��/! '&�-��2(-G &)/� 7!3! (����!( 45). �2"��, -�+,�) � &)/� :! �, 

&()+#�!� � &�' %'�� �2��'! %�� %��(��-���%� �/! GPCRs, �&�)�$! !(

�(0�)*%�'! ��!  6 �-*� '%� %�� %$9 '6�  !�� '&�-��2( � -�(,�) ���2� G 

&)/� :! �. �2���� &()+- �#�( (&�� " * � &)/� :!� RGS4 &�', �&/� 2� �

- ��0 * (&� � "2� � ��'  )#(%��)*�' �(�, %���(�*9 �  &�" ����+ %$�&"��( � 

-�(,�) ���2� '&���!+- � �/! G(i/o &)/� 7!3! �(� ��'� �- �(� -- �&�� �- *�

'&�-�� *�, &)�! . � �+ ��!  ! )#�&�*�%. ��'�, �(0�)*9�!�(� � ��! �)�&�

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

RGS4 ,(*! �(� !( '&(#�) $ � %��'� �&�� �- *� '&�-�� *�, (!+"�#( � ��!

�(�+%�(%�  ! )#�&�*�%.� ��'�, � &�� � G &)/� :! � 0( (""�" &�-)+%�'!

(Leontiadis et al., 2009). 
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����� 45. #.�!���� �%������*� ����� !�.���*!�� % ���� ! ����" ��"

GPCR *�!�� ,���*�". (�) ��""(&"�*  !-�# ! *� &)�%-2� �  �,(!*9�'!

-�(,�) ���. %'##2! �( #�( ��'� '&�-�� *� ��'� �(� �-�#�$! % -�(,�) ���2�

(&��)*% �� %�� � �(#/#. ��' %.�(���, %��! (& '(�%0���&�*�%� �(� %��!

 %/� )*� '%� ��' '&�-��2(. (�) � �"�#�� )�%��� � �(6$ �/! GPCRs �-�# * % 

6 �/)�%�+ ,()�(��"�#��+ �(� " ���')#��+ �()(���)�%���+ �/! -�� )�%�2!/!

'&�-��2/!, �&/�  *!(� � %'##2! �( &)�%- %�� #�( %'#� �)��2!�'� &)�%-2� �

((#/!�%�2�) �(� �  &�"�#. %$9 '6�� � %'#� �)��2! � G &)/� :! �. (') ��%� �( ���- 

�%� �(� �( 2� )�- �"�#�� ). %$�&"��( '&�-��2/! 2��'! �� -'!(�����( !(

9 '#()3!�'! � & )�%%�� ) � (&� �*( G &)/� :! �, (!+"�#( � �� �'��()��� ��'�

& )�1+""�!,  &+#�!�(� -�(,�) ���2� �'��()��2� (&��)*% ��.  

  ����� (&� �� -)+%� ��'� %��'� � " %�2�, �� G(i/o &)/� :! � &(*9�'!

%��(!���� )�"� �(� %�� )$0��%� ��� ! ')����.� (!+&�'6�� (Bromberg et al., 

2008). 
'#� �)��2!(, � G(� '&���!+-(, � �&�*( (!��&)�%/& $ � �� 1% �/!

� �1)(!��3! &)/� 7!3! %��!  #�2,("�  �,)+9 �(� �')*/� %��� � �1)+! �

�/! ('6����3! �3!/!, �� �&�*�� (&�� "�$!  6 �-�� '�2! � -��2� %��! +�)�

�/! (!(&�'%%�� !/! ! ')��3! (He et al., 2006).  2�,)(%� �-��%$%�(�(

 ! )#�&����2!/! � �(""(#�2!/! G(� '&���!+-/! % �$��()(

! ')�1"(%�3�(��� PC12 �(� N1E-115 ('6+! � ��%� ��! ()�0��, �%� �(� ��

�.��� �/! ! ')��3! (!+ �$��()� (Strittmatter et al., 1994). �� # #�!�� ��� �

STAT5B (""�" &�-)+ � �2"� �/! Gi/o &)/� 7!3!  !�%�$ � ��! '&�0 %� ���
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&�0(!.� %'�� ���.� �/! 9 '#3! STAT5B-Gi/o %�� -�(,�)�&�*�%� �/!

! ')3!/!. �)+#�(��, �( (&�� "2%�(�( ��� &()�$%(� -�-(���)��.� -�(�)�1.�

2- �6(! ��� � ���
����� ��� ��� �-OR �������� �������� �� ���	!��� ���

Neuro-2A ������� �����
*������ �� �� ������	��� ��� G�i/o ����������

�� ��� (��(����������� STAT5B. <&/� - *���� ,  � ��).#�%� ��6*!�� ��'

���*�� �(� � 2�,)(%� ��� DN-STAT5B (!(%�2""�'! �� ! ')����. (!+&�'6� �(�

 &�1*/%� �/! �'��+)/!. �( (&�� "2%�(�( ('�+ ,(! )3!�'! 2!( ���(!�%��

" ���')#*(� ��' --OR, +#!/%�� �2�)� %.� )(, �2%/ ��' �&�*�' � --

'&�-��2(� ,(*! �(� !( %'�� �2� � %��'� ��)�(��$� ���(!�%��$�  � *!�'�

&�' %� �*9�!�(� � �� ! ')��. (!+&�'6� �(� -�(,�)�&�*�%�.  

 ! ')����. (!+&�'6�  *!(� 2!( �'��()��� ,(�!�� !� &�' ��� *�(� ��

! ')��. -�(,�)�&�*�%� �(� (!(#2!!�%� %��! �)#(!�%��. �( ��!�&+��( &�'

)'0�*9�'! �� ,(�!�� !� ('�� %  &*& -� �'��()��.� �(""�2)# �(�  *!(�

&�0(!� !( &(*9�'! )�"� %��! � "��. -�(,�)�&�*�%� �/! ! ')3!/! in vivo. 

-� '�)*!�%� �/! ��)�(�3! ���(!�%�3!, � ��'� �&�*�'� �� G(i/o-%'9 '#�2!��

'&�-�� *�, �&/� %��! & )*&�/%. �(� � --OR, )'0�*9�'! �� ! ')����.

(!+&�'6�, -*! � �� -'!(�����( !( %'�& )+! � �(! *� ��� � �(�+""�"��

� �)�%��� �/! G(i/o- &(#�� !/! %��+�/! &()�'%�+9 �(� /� ��( !2(

-'!(���. #�( �� 0 )(& *( -�(,�)/! ! ')� �,'"�%���3! !�%��+�/!. �

 �,'"�%��� . �)('�(��%���  !�� ! ')3!( �-�# * %'!.0/� % ��( (��"�'0*(

��)�(�3! �(� �'��()��3! (&��)*% /!. 
'#� �)��2!(, %��! �)('�(��%�2!�

! ')3!(, �  �(� *( +,�6� %��+�/! &�' %'�1+""�'! %��! �'��()��. 1"+1�

(��"�'0 *�(� (&� ��!  &(#/#. � �(#)(,��3! &()(#�!�/!, ��)*/!

&)�%��""�%��, &)/� 7!3! &�' %� �*9�!�(� � ��! (!+&�'6� �(� -����3!

&()(#�!�/! &�' (&(���$!�(� #�( ��!  &��.�'!%� �/! ! ')��3! (6�!/!

(Makwana and Raivich, 2005).  

�(�+ �� -�+)� �( ��� ! ')����.� (!+&�'6��, �( -*��'( ��'

�'��()�%� " ��$ ��� (��*!�� �(� �/! ���)�%/"�!*%�/!  )#+9�!�(� � 2!(!

%'!��!�%�2!� �)�&� #�( !( -����')#.%�'! �(� !( %�(0 )�&��.%�'! ��'�

(!(&�'%%�� !�'� ! ')*� �. 
'#� �)��2!(, � �'��()�%� " ��� ��� (��*!��

(!(-��)#(!3! �(� #�( !(  &��)25 � ��! %���(��%�� �/! ('6����3! �3!/!, 

 !3 �� ���)�%/"�!*%��� (!(&)�%()��9�!�(� % -2%� � &)�� ��2!�' !(

%�(0 )�&��.%�'! ��'� (!(&�'%%�� !�'� ! ')*� � (Bromberg et al., 2008). 

� "2� � 2��'! - *6 � ��� �� G(i/o '&���!+- � �/! G &)/� 7!3! &(*9�'!
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)�"�-�" �-* %��! (!(-��)#+!/%� ��' �'��()�%� " ��$ &�' "(�1+! � �3)(

�(�+ �� -�+)� �( ��� 2!()6��, �(0�-.#�%�� �(�  &��.�'!%�� �/! ! ')��3!. 

%��(��-���%� �/! G(i/o &)/� 7!3! %��! �'��()�%� " �� ��� (��*!�� �(�+

�� -�+)� �( ��� ! ')����.� (!+&�'6�� ,(*! �(� !( & )�"(�1+! � ��)�(-�" �-�+, 

�&/�  *!(� �� GRIN, Cdc42 �(� Rac1 (Bromberg et al., 2008).  G(o-

(""�" &�-)3%( GRIN (G protein-regulated inducer of neurite outgrowth) 

'& ) �,)+9 �(�  &*%�� %��'� ('6�����$� �3!�'� �(� ��(! %'!- �,)+9 �(� � 

2!(  ! )#�&����2!� � �+""(#�( ��� G(o %�( Neuro-2A �$��()(  !�%�$ � ��

! ')����. (!+&�'6� ('�3! (Chen et al., 1999). 
'!-2�,)(%� �/! -$� ('�3!

&)/� 7!3! %  Neuro-2A �$��()( �-�# *  &*%�� %��!  ! )#�&�*�%� ���

Cdc42 (Cell division control protein 42) �(� %  &(��"�'0� ! ')����.

(!+&�'6�, � �&�*( �&"��+) �(� (&� �( ()!����+ �')*()�( � �(""+#�(�(

��%� ��� Cdc42, �%� �(� ��� Rac1 (Nakata and Kozasa, 2005).  ���)�$

��)�(��$ 1+)�'� G &)/� :!� Rac1 2� �  &*%�� %'!- 0 * � �� ! ')����.

(!+&�'6� �/! Neuro-2A �'��+)/! � �+ ��!  ! )#�&�*�%� ��'

�(!!(1�!� �-�$� '&�-��2( CB1 (He et al., 2005).  

�� ��)�(��* ���(!�%��* ���  &(#�� !�� (&� ��� G &)/� :! �

%��(��-���%�� %��! �'��()�%� " �� 2��'! ��"�� ()�*% � !( -� '�)�!*9�!�(�

�(� �2""�!�(�  !-�(,2)�'% � (!(�("$5 �� (&� ��!  ) '!����. ���!����(. 

�*!(� &�0(!� ���,  ���� (&� ��� G(,  �(� �� G1# '&���!+- � �-�#�$! %��!

(!(-��)#+!/%� ��' �'��()�%� " ��$ ��� (��*!��, ��"�!��� �� (!�*%������

� " %�2� �/!  G1# - ! 2��'! (���� &)�%-��)�%0 * (Bromberg et al., 2008). 

�&� ��! +""� &" ')+, 2� � - ��0 * ��� ��%� �� (, �%� �(� �� 1# '&���!+- �

�/! G &)/� 7!3! (""�" &�-)�$! � ��! ��'�&�'"*!� �/! ���)�%/"�!*%�/!, 

)'0�*9�!�(� � ('��! ��! �)�&� �� -'!(���. �(� �� %'!- %��"�#*( ��'�. 

%'#�)���%� �(� � -'!(���. �/! ���)�%/"�!*%�/!  *!(� %� !+ %'!- - �2! �

� �� ! ')/!��. -�(,�)�&�*�%�, �� ! ')����. (!+&�'6� �(� ��

%'!(&��%/���. &"(%�������( (Roychowdhury and Rasenick, 2008). 
 

%'�,/!*( � �( &()(&+!/  ').�(�(, &)��(�()����2� � "2� � ��'

 )#(%��)*�' �(� � ���)�%'%����* � RNA (&� ! ')��+ �$��()( SH-SY5Y, �(

�&�*(  �,)+9�'!  !-�# !3� ��'� �-�R/--OR �(�  ��*0 !�(� % ��),*!� #�(

-�(,�) ���2� �)�!��2� & )��-�'�, '&2- �6(! /� #�!*-�(-%����'� ��%� ��!

��'�&�'"*!�, �%� �(� ��)�( &�'  �&"2��!�(� %�� )$0��%� ��'

�'��()�%� " ��$ ��� (��*!��. ���  !- " � *� � "2� � (!(�2! �(� !( �(�
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-3%�'! %(, *� &"�)�,�)* � #�( �( #�!*-�( &�' ($6�- . � *�- )'0�*9�!�(�

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

��  !-�(,2)�! &�""3!  ) '!����3! ��+-/! 2� � %�)(, * ��! � " '�(*�

�(�)� %�� " ���')#��. %��(%*( ��� &)�%- %�� �/! G1# '&���!+-/! %���

 !-��'��()��2� & )���2� �/! GPCRs, �(03� 0 /) *�(� ��� �� %'#� �)��2! �

(""�" &�-)+% �� -� '��"$!�'! �� %$!- %� �/! '&�-��2/! ('�3! � 

-�+,�)( %��(��-����+ ��!�&+��( (Yoon et al., 2008). �-�(*� )�  !-�(,2)�!

&()�'%�+9�'!  &*%�� ��%� � !2�-(!(�("',0 *� )�"�� �/! G1# '&���!+-/!

%�� )$0��%� ��� #�!�-�(�.� 2�,)(%��, �%� �(� � &')�!����  !��&�%��� ��'�

(Spiegelberg and Hamm, 2007). 
��! &()�$%(  )#(%*( - ��!$ �(� ��� ��  G	


���������� �����������#� �����#����� �� �� STAT5B ��� HEK293 #�����

�� ��� � �������!����� ���� ����*#���� ���� ��� ����
���!��� ��� �-)R. ��

(&��2" %�( ('�� (&�- ��!$ � ��� � STAT5B �&�) * !( (""�" &�-)+ � ���

G1# ��(! ('�2�  *!(� &)�%- �2! � %��! G( ( � )��)�� ).� ��),.) �(� � 

� #("$� )� %'##2! �( ��(! ('�2� 1)*%��!�(� %�� -�� ). �(�+%�(%�. ��

- -��2!� ('��  6�# *  &*%�� �(� ��! �-��%$%�(�� (""�" &*-)(%� ��� STAT5B 

� �� G(� '&���!+-( %�( --��293 �$��()(.  


$�,/!( � �� �"(%��� ��!�2"�  ! )#�&�*�%�� �/! G &)/� 7!3!, 

&)�� *! �(� ��� �  ! )#�&�*�%� ��' G(1#  � )��)�� )�$� � �+ �� %$9 '6�

&)�%-2��-'&�-��2( %'!�- $ �(� (&� ��! (&�%$9 '6� �/! G '&���!+-/!

%  G( �(� G1#. ��( �� "�#� ('��,  *!(� -$%��"� !(  6�#.% � �(! *� &3� �  

STAT5B %'9 $#!'�(� �('���)�!( � ��� G( �(� ��� G1# '&���!+- � � �+ ��!

 ! )#�&�*�%� ��' --�R. �*( &�0(!.  6.#�%� 1(%*9 �(� %�( ('6(!�� !(

- -��2!( &�' - *�!�'! ��� �  ! )#�&�*�%� ��� G &)/� :!�� �&�) * !(

(""+6 � �� -�(��),/%. ��� �/)*� !( �-�#�0 * (&()(*���( %��! (&�%$9 '6�

�/! '&���!+-/! ���, �� �&�* � -�(��)�$!�(� %��!  � )��)�� ). ��'� ��),.

� �� GTP &)�%- �2!� % ('�2�, (���� �(� � �+ ��!  ! )#�&�*�%� ��'

'&�-��2( (Rebois et al., 1997; Bunemann et al., 2003). �)�%�2! � � "2� �

2��'!  &*%�� - *6 � ��� �� (""(#2� %�� -�(��),/%� �/!  � )��)�� )3! G 

&)/� 7!3!, �(� ��� � (&�%$9 '6� �/! '&���!+-/! �(0 ('�., ()��$! #�( !(

 &��)25�'! %���  &�,+! � �  &(,.� �/! G '&���!+-/! !( (""�" &�-)+%�'!

� ��'� (!�*%�����'� � " %�2� (Frank et al., 2005; Galés et al., 2006). 8!(

- $� )� &�0(!� % !+)�� &�' 0( �&�)�$% !(  6�#.% � ��! �('���)�!�

(""�" &*-)(%� ��� STAT5B � ��� G( �(� G1# '&���!+- � � �+ ��
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��).#�%� DSLET (&�� " * �� # #�!�� ��� �� G &)/� :! � �&�)�$! !(

� �(��!�$!�(� (&� ��! &"(%�(���. � �1)+!� %��! &').!( �(� (!�*%�)�,(, 

-����')#3!�(� %$�&"��( � &���*"( %��(��-����+ ��)�( (Willard and 

Crouch, 2000; Spiegelberg and Hamm, 2007). ��( !( -� ) '!.%�'� �� �3)�-

�)�!��. $&()6� ('�3! �/! (""�" &�-)+% /!,  "2#6(� % &���

'&��'��()��� -�(�2)�%�(  !��&*9�!�(� �� G( �(� G1# '&���!+- � &)�! �(�

� �+ ��!  ! )#�&�*�%� ��' --OR. �( (&�� "2%�(�+ �(� 2- �6(! ��� �

STAT5B ����������� �� ��� G�i3 �� G	
 ���������� ��� ������������

�� �*� ���� ������ ��� �--&�293 �������, &()+ ��! &')�!��. 2�,)(%�

�/! ��)*/! ('�3!.  ��(!����( ��%� �/! G(, �%� �(� �/! G1# '&���!+-/!

!( (""�" &�-)�$! � ��! � �(#)(,��� &()+#�!�( STAT5B  !�%�$ �

&)��#�$� ! � � "2� � &�' - *�!�'! ��! +� %�  �&"��. �/! G &)/� 7!3!

%�� )$0��%� ��� #�!�-�(�.� 2�,)(%�� (Ho et al., 2009). �)�%,(� � � "2� �

2��'! & )�#)+5 � ()� �2� +� % � &')�!��2� (""�" &�-)+% �� �/! G1#

'&���!+-/! � ��'� � �(#)(,���$� &()+#�!� � MEF2C �(� GR, �(03�

 &*%�� �(� � %'!-)'0��%�2� ��� � �(#)(,.� �&/�  *!(� �� (&�(� �'"+% �

�/! �%��!3! HDAC4/5 �(� � AEBP1 (Spiegelberg and Hamm, 2007).  

�(�1+!�!�(� '&�5� �(  ').�(�( ��� &()�$%(� -�(�)�1.�, �(03� �(�

(&�� "2%�(�( +""/! � " �3!, �(0*%�(�(� (!(#�(*� !( (!(0 /).%�'� ��!  

�)�&� � ��! �&�*� (!��� �/&*9�'� ���  � )��)�� ) *� G &)/� :! � /�

%��(��-����+ ��)�(.   ')2/� &()(- ��. 0 /)*( '&�%��)*9 � ��� () �

 ! )#�&�*�%� �/! G &)/� 7!3! %'!�- $ �(� &+!�( (&� (&�%$9 '6� �/! G 

'&���!+-/! %  G( �(� G1#, �(� 1) �� G &)/� :! �  *!(� (&��" �%���+

� �1)(!�-%'!- �� ! �, �+�� &�' � ��� !2 � (!(�("$5 ��  *!(� &"2�! '&�

(�,�%1.��%� (Willard and Crouch, 2000). �� G &)/� :! �, �&/� ,+!�� %��!

&()�$%( � "2��,  !��&*9�!�(� % -�+,�) � �'��()��2� '&�-& )���2�, �(� �

'&�-�'��()��. ('�. �(�(!��. �)�&�&�� *�(� � �+ ��!  ! )#�&�*�%� �/!

��293 �'��+)/! �(�  '0$! �(� #�( %'#� �)��2!�'� ��)�(��$� ���(!�%��$�

" ���')#*(� ��' --OR �(� ��!  &(#/#. %'#� �)��2!/! %��(��-����3!

��!�&(��3!. 
�� &"(*%�� ('��, (6*9 � !( -3%�'� 2�,(%� %�( - -��2!(

 � *!( &�' (&�- ��!$�'! �(� %'!�#�)�$! %�� ��� �� G &)/� :! � ',*%�(!�(�

�(� -)�'! /� �2"� � #("$� )/! &)/� 7!��3! %'�&"��/!, �(� ��� /�

� ��!/�2!( ��)�( (Willard and Crouch, 2000; Roychowdhury and Rasenick, 

2008).   
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��"'+)�0� � � "2� � %� ���+ � ��! 2" #�� ��� � �(#)(,.� �2%/ ��'

+6�!( �/! GPCRs-G &)/� 7!3! 2��'!  �&"�'�*% � ��� #!3% �� �(� %� ���+

� ���  !- ��� ! � ,'%��"�#��2�  &�&�3% �� (&� ��! 2�,)(%�  !��

%'#� �)��2!�' GPCR, �(� 1��0�$! %�� -� ) $!�%� �/! &(0�"�#��3!

�(�(%�+% /! (&� ��! 2���&� 2�,)(%� ('��$ . ��(� G &)/� :!�� % �+&���!

�%��.  %'! �.� � "2�� �/! ���(!�%�3! )$0��%�� -�(,�)/! � �(#)(,��3!

&()(#�!�/! (&� ��� G &)/� :! � �2"" �(� !(  &�,2) � !2 � &)��&���2� �%�!

(,�)+ %�� %��(!���� )�"� &�' -�(-)(�(�*9�'! �� GPCRs �(� �� G &)/� :! �

%��! 2" #�� ��� (!+&�'6��, %��!  62"�6� ��' �()�*!�' �(� # !���� )( %��!

�'��()��. ,'%��"�#*(. 

  � #!3��!( � "2� � �(� (!(,�)2� &�'  &�1 1(�3!�'! �� %���(��%��

%'�&"��/! � �(6$ -�(,�)/! �'��()�&"(%�(���3! . �� &)/� 7!3!, �&/�

 *!(� � �("��-�'"*!�, � RGS4 �(� � STAT5A, � ��'� �&�� �- *� '&�-�� *�

(Milligan, 2005; Georgoussi, 2008; Georgoussi et al., 2011), �(03�  &*%�� �(�

�( (&�� "2%�(�( ��� &()�$%(� � "2���, -� ) '!.%(� (! �&�)�$! !(

%���(��%��$! &�"$-&)/� 7!��+ %$�&"��( (signalosomes) (&�� "�$� !( (&�

��! --OR, ��� G &)/� :! �, �� c-Src ��!+%� �(� �� STAT5B. �!/)*9�!�(� ��� ��

G1# '&���!+- � &(*9�'! %��(!���� )�"� %��!  ! )#�&�*�%� -�(,�)/!

� " %�3! (Smrcka, 2008) �(� ��� (""�" &�-)�$! +� %( � ��! --OR 

(Georgoussi et al., 2006), � " �.%(� �(�+ &�%�! � --OR  &�) +9 � ��

%��(��-���%� ��� c-Src ��!+%�� �2%/ �/! G1# '&���!+-/!. T(

(&�� "2%�(�+ �(� 2- �6(! ��� � �� ����
���������� �-OR �������
�! ��

����(���� ��� ��������� �� �*�������� ���� ������������#� �������� ��

�� STAT5� �� ��� G	
 ����������, �� ��� �������!�� �� ��!,��� ����

��������� �� �� ��������
�#� �� c-Src ���� ���� �����*��. .��� ���

����
���!��� ��� �����*�� �� DSLET, � c-Src �����,�#
����� ��� ��� G	


�� ����������� �� �� G�i3 ���������. �()����(  ').�(�(, %�( �&�*( � Src 

��!+%� %���(�*9 � 9 $#� � -�(,�) ���2� G &)/� :! �, &)�! �(� � �+ ��!

 ! )#�&�*�%. ���, 2��'! (!(, )0 * &)�%,(�( �(� % � �1)+! � ! ')��3!

�'��+)/! (Sánchez-Blázquez et al., 2009). 
'#� �)��2!(, - *���� ���

(&�'%*(  ! )#�&�*�%�� ��' �-�&�� �-�$� '&�-��2(, � G(z '&���!+-(

&)�%-2! �(� %�� Src �(� �� %�(0 )�&�� * %��! (! ! )#. ��� -�(��),/%�. 

��).#�%� ��),*!�� -�(%&+ �� G(z-Src %$�&"���,  &��)2&�!�(� %�� Src !(

 ! )#�&���0 * �2%/ &)�%- %�� %��!  ! )#. G(i2 '&���!+-( (Sánchez-
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Blázquez et al., 2009). �()(��).% �� %  !� )��$��()( ()�')(*�' 2- �6(!

 &*%�� ��! $&()6� �-��%$%�(�/! (""�" &�-)+% /! ��� Src � ��� G(s �(�

G1# '&���!+- � �(�  !*%�'%� ('�3! �/! (""�" &�-)+% /! � �+ ��!

 ! )#�&�*�%� ��' '&�-��2( ��� &()(0') � �-�$� �)��!�� (��R) (Gentili 

et al., 2006). �2"��, +"" � � "2� � 2- �6(! ��! ��(!����( �/!

 ! )#�&����2!/! G(s �(� G(i '&���!+-/! !( (""�" &�-)�$! � ��!

�(�("'���. & )���. ��� c-Src ��!+%��, ��%� in vitro �%� �(� %�( NG108 

�$��()( (Ma et al., 2000). 

  8!( +""� (6��%�� */�� (&��2" %�( ��� &()�$%(� � "2��� (&�� " *

 &*%�� �� # #�!�� ��� �� &)�-(!(, )02!�( �����#����� �#����� ���

STAT5B �� ��� G�� �� G	
 ���������� �� ��� c-Src �� ��� G	


�*����!,����� ���� ���� � �-��������� �����*��� �(��,���� (�!��� �����) 

��� -&�293 #����� �� �*� �����!� ����#. �()���� � (""�" &�-)+% �� &�'

!(  6()�3!�(� (&� ��! &()�'%*( ��' '&�-��2( 2��'! .-� (!(, )0 * � �(6$

�/! RGS &)/� 7!3! �(� �/! G( '&���!+-/! (Roy et al., 2003).   

�*( %��(!���. (!(�+"'5� ��� � " '�(*(� - �( �*(� (&��2" % ��

# #�!�� ��� �� GPCRs �&�)�$! !( (""�" &�-)�$! � 2!(  ')$ ,+%�(

-�("'�3! . -�(� �1)(!��3! &)/� 7!3!,  ���� (&� ��� G &)/� :! �, �(� !(

�)#(!3!�!�(� % &�"$-&)/� 7!��+ %$�&"��( %��(��-���%��

(signalosomes), �( �&�*(  &�) +9�'! �� � �(#/#. ��� &"�)�,�)*(� � �+ ��!

 ! )#�&�*�%� ��'  �+%��� '&�-��2( (Luttrell, 2004).  (!(#!3)�%� &�"$-

&)/� 7!��3! %'�&"��/! �(� � �()(���)�%��� ��' -���$�' (""�" &*-)(%��

('�3! (&�� " * 2!( � #+"� & -*� 2) '!(� � �"�2!( ('6(!�� ! �  ,()��#2�

%�� %� -�(%�� !2/! ,()�+�/! (Nikolsky et al., 2005; Devos and Russell, 

2007). 
'#� �)��2!(, ��  &�+- "��� �- *� '&�-�� *�, �� � �(#/#�* �/!

%��+�/! ��'� (G &)/� :! �) �(� �� (!�*%������ � " %�2� %���(�*9�'!

�-��%$%�(�( %��(��-����+ %$�&"��( %�� � �1)+!�, �( �&�*( (&�� "�$!

%����'� #�( ��! (!+&�'6� " ���')#��+  &�" ����3! 0 )(& '���3!

&()(#�!�/!. 
��'� ! ')3! �, ('�+ �( &�"'&)/� 7!��+ %$�&"��(

 �&"2��!�(� %�� %/%�. ! ')�-�(1*1(%�, � �&�*(  *!(� '& $0'!� #�(

,(�!�� !( �&/� � �+0�%�, � �!.�� �(� � (!+&�'6� (Bockaert et al., 2010). 

�� # #�!�� ��� �� GPCRs %���(�*9�'! %�(0 )+ %$�&"��( ��%� � ��� G 

&)/� :! � �%� �(� � ��'� � " %�2� '&�- ��!$ � ��� � *-��� � '&�-��2(�

�&�) * % &�""2� & )�&�3% ��, �&/� ('�.� ��' --OR, !( " ���')# * /�
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��)*/�( #�( �� %���(��%�� &�"'&)/� 7!��3! %��(��-����3! %'�&"��/!

(Rebois and Hébert, 2003).  &����"���),*( �(� � �-�(�� )����( ('�3! �/!

%'�&"��/! &()2� � �� -'!(�����( (!(�+"'5�� !2/! ,()�(��"�#��3!

 )#(" */!, ��(!3! !( -�(�()+%%�'! . (!�*0 �( !(  !�%�$�'!  6 �-�� '�2!(

�)�%�2! � (&� ('�2� ��� (""�" &�-)+% �� �/! GPCRs � +"" � &)/� :! �. 

��( &()+- �#�(,  +! 2!(� 0 )(& '����� &()+#�!�(� �&�) * !(  &�-)+% � % 

2!( � ��!/�2!� %$�&"��� %��(��-���%��, ��� �&�) * !(  &�) (%� * ��!�

�  &�0'���. �'��()��. " ���')#*(, �/)*� &() �1+% �� �(� % +"" �

%��(!���2� -�(-��(%* � ��' �'��+)�' (Negro et al., 2008). �&� ��! +""�

&" ')+, � %$9 '6� �/! �&�� �-3! '&�-��2/! � ��( &����"*(  !-��'��()��3!

&)/� 7!3!,  ���� �/! G &)/� 7!3!, 2� � .-� %'�1+"" � %��! (!(�+"'5�

!2/! ���(!�%�3! ��� �&�� �-�$� %��(��-���%�� &�' 6 , $#�'! (&� �(

�"(%��+ &()(- *#�(�( (Georgoussi, 2008; Georgoussi et al., 2011). �! �(� �

,'%��"�#��. %��(%*( &�""3! (&� ('��$� ��'� ���(!�%��$� &()(�2! �

(-� '�)*!�%��, � $&()6. ��'� �(� ��!� (&�- ��!$ � ��� �� ���(!�%��*

%��(��-���%�� �/! �&�� �-3! '&�-��2/!  *!(� (���( &�� &�"$&"���� (&�

���  *�(� '&�02% � %�� &() "0�!. 

� %���(��%��� -'!(���3! &)/� 7!��3! (""�" &�-)+% /! &�'

"(�1+!�'! �3)( %���  !-��'��()��2� & )���2� (�()1�6'� "��� +�)�) ��' --

OR (&��("$&� � 2!( !2� %��(��-����� ��!�&+�� �2%/ ��' �&�*�' � --

�&�� �-.� '&�-��2(� 0( �&�)�$% !( )'0�*9 � �� � �(#)(,. %�� ! ')���

%$%���( �(� ��! (!+&�'6�,  &�1*/%� �(� -�(,�)�&�*�%� �/! ! ')��3!

�'��+)/!. �)��#�$� ! � � "2� � 2��'! - *6 � ��� �  ! )#�&�*�%� ��' --OR 

� - "��),*!� �� (deltorphin II) �-�# * % ! ')����. (!+&�'6� �/! Neuro-2A 

�'��+)/!, ,(�!�� !� &�'  !�%�$ �(� (&� ��! �('���)�!� 2�,)(%� �/! (2�-

(-) ! )#��3! '&�-��2/! (Rios et al., 2004). �&*%��, �  ! )#�&�*�%� ��%�

��' �- �%� �(� ��' -- �&�� �-�$� '&�-��2(  &+# � ��!  &�1*/%� �/! SH-

SY5Y �(� NG108-15 �'��+)/!, (!�*%����(,  ! )#�&��3!�(� �� %��(��-�����

��!�&+�� ��� Akt ��!+%�� (Iglesias et al., 2003; Heiss et al., 2009),  !3 �

 ! )#�&�*�%� �/! --OR �(� �-OR %  PC12 �$��()( � �+ (&� %�2)�%� �)�$

&)�"(�1+! � ��! &)�/)� (&�&�/%� �/! �'��+)/! (Dermitzaki et al., 2000). 

�&� ��! +""� &" ')+, �� 1-�(9���),*! � (1-casomorphins), &)�%- !�� ! �

%��! �-�&�� �-. '&�-��2(, -� # *)�'! �� ! ')����. (!+&�'6� �/! Neuro-2A 

�'��+)/! (Sakaguchi et al., 2003). �2"��, �  ! )#�&�*�%� �/! --�&�� �-3!
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'&�-��2/! &)�%�(� $ � -�+,�)( ! ')/!��+ -*��'( (��' ,"���$, ���

&() #� ,("*-(�, ��' �&&��(�&�') % �(�(%�+% �� '&�6*(� �(� �%�(��*(�

(Zhang et al., 2002; Narita et al., 2006; Johnson and Turner, 2010). �&� ��!

+""� &" ')+ �(� �� STAT � �(#)(,���* &()+#�!� �  �,(!*9�'!

! ')�&)�%�(� '���. �(� (!�*-(&�&�/���. -)+%� (Battle and Frank, 2002; 

Zhang et al., 2007). ��( &()+- �#�(, �� STAT3 �(� STAT5 &)�%�(� $�'! ��'�

! ')3! � � �+ (&�  #� ,("��. 1"+1� �(� &)�+#�'! ��!  &�1*/%. ��'�, 

 &+#�!�(� ! ')�&)�%�(� '���+ #�!*-�( (Dziennis and Alkayed, 2008). 

STAT5, � �+ ��!  ! )#�&�*�%. ��� �  )'0)�&����*!�,  �,(!*9 � (!�*-

(&�&�/���. -)+%� %�( SH-SY5Y �$��()( �(� &)�%�(� $ � ��' ! ')3! � ��'

�&&��(�&�' % & )�&�3% ��  #� ,("��.� �%�(��*(� (Um and Lodish, 2006; 

Zhang et al., 2007). 
 (!��%����*( � ��� &()(&+!/ � "2� �, �(

(&�� "2%�(�( ��� &()�$%(� -�(�)�1.� 2- �6(! ��� � ����
���!��� ��� �-OR 

�� DSLET ���
�� ��� ���	!��� ��� Neuro-2A �� SH-SY5Y ������� ��

�����*���� ���
�! ���� �������� ��� �������� ��� Neuro-2A #�����, ����

����
���!���� ��� STAT5�, '&�- ��!$�!�(� 2!( !2� ,'%��"�#��� )�"� ���

STAT5�---OR (""�" &*-)(%�� �(� 2!( !2� ��)�(�� ���(!�%�� -)+%�� ��'

--'&�-��2(. 

����� ��/� (&� �� ! ')��� %$%���(, � STAT5  �,(!*9 � &)�%�(� '����

)�"� �(� % �$��()( +""/! �%�3!. 
'#� �)��2!(, � STAT5 ,2) �(� !(

-�(-)(�(�*9 � %��(!���� (!�*-(&�&�/���� )�"� % �(�(%�+% �� �()-�(�.�

�%�(��*(� (Yamaura et al., 2003) �(� %  !-�0�"�(�+ �$��()( &�' 1)*%��!�(�

% '&�6*( (Dudley et al., 2005) �(03�  &*%�� �(� �(�+ ��!  &�1*/%�

(���&������3! �'��+)/! (Battle and Frank, 2002; Debierre-Grockiego, 2004). 

�( &)�7�!�( �/! STAT5- &(#�� !/! #�!�-*/! &�' %� �*9�!�(� � �� )$0��%�

��� (&�&�/%�� & )�"(�1+!�'! ��� &)/� :! � Bcl-xL (Socolovsky et al., 1999) 

�(� ��! �-%'!- - �2!� (!(%��"2( ��� &)/� :!�� ��� (&�&�/%�� (X-linked 

inhibitor of apoptosis protein, XIAP) (Mohapatra et al., 2003), �(� �� -$�  �

�/! �&�*/!  &�- ��!$�'! (!�*-(&�&�/���. -)+%� %��! �%�(�����  #�2,("�

(Zhang et al., 2004). 

  &*-)(%� �/! �&�� �-3! %��! �'��()��� &�""(&"(%�(%�� �(� ��

-�(,�)�&�*�%� in vivo  *!(� �-�(��2)/� &�"$&"��� �(� - ! �&�) * !(

�()(���)�%� * /� (&"+ (!(%�("���. . -� # )���.. �� �&�� �-2� %$%���(

)'0�*9 � ��! &�""(&"(%�(%�� �/! ! ')3!/! in vivo �(�, % �)�%�2! �
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& )�&�3% ��, ('�. � )$0��%�  *!(� &�"$ �%�'). (Sargeant et al., 2008). 

	 -��2!( &�""3! � " �3! -*!�'! %(, *� �(� �%�')2�  !- *6 �� ��� ��

 !-�# !2� �&�� �-2� %$%���( (&�� " * 2!(! )'0��%�. ��� ! ')�#2! %�� ��%�

% 2�1)'(, �%� �(� %  !."��( 93(.  )$0��%� ��' &�""(&"(%�(%��$ �(� ���

-�(,�)�&�*�%�� �/! ! ')3!/! (&� �( �&�� �-.  6()�+�(� (&� ��

%'#� �)��2!� & )���. �(� �"��*( ��'  #� ,+"�' �(�+ �� -�+)� �( ��� &)�- �(�

� �+- # !!����.� (!+&�'6.� ��'. 
���� *( (&� knockout 93( (""+ �(�

,()�(��"�#��2� � "2� � 2��'! (&�- *6 � ��� �� �&�� �-2� %$%���( &(*9 �

%��(!���� )�"� %�� ! ')�#2! %� %��!  !."��� �&&��(�&� (Sargeant et al., 

2008). C"" � � "2� � - *�!�'! ��� �  ! )#�&�*�%� ��' --�&�� �-�$�

'&�-��2( &)�+# � �� ! ')�#2! %� �2%/ ��� Trk- 6()�3� !�� �')�%�!��.�

��!+%��, �(�  �&�-*9 � ��! ! ')��� �'��()��� 0+!(�� &�' &)��(" * ��

 &(#�� !� (&� �� '& )�6 *-�� ��' '-)�#�!�' (2�2) %�) � (Narita et al., 

2006).  ! ')�#2! %�  *!(� ��( -�(-��(%*( &�' �()(���)*9 �(� (&� ('6��2!�

�'��()��. -�(*) %�, �'��()��.  &�1*/%� �(� -�(,�)�&�*�%� %��'� ! ')3! �. 

�( & �)+�(�+ �(� 2- �6(! ��� � ����
���!��� ��� �-��������#� �����*��

���
�! �� ������� ���	!��� �� ���
�� �� �������� ��������. <" � ('�2� ��

&()(��).% �� %'�1+""�'! %��! �(�(!��%� �/! ��)�(�3!  � *!/!

���(!�%�3! &�'  �&"2��!�(� %��!  &(#�� !� (&� �( �&�� �-. ! ')�#2! %�

�(� 0( �&�)�$%(! !( 1��0.%�'! %��! (!+&�'6� �(�!����/! ,()�+�/! #�(

�� 0 )(& *( -�(�()(�3! ��' ! ')���$ %'%�.�(���.  

�� ���(!�%��* &�' � %�"(1�$! %��! &�""(&"(%�(%��, ��!  &�1*/%�

�(� �� -�(,�)�&�*�%� �/! ! ')��3! �'��+)/! �(�+ �� -�+)� �( ���

(!+&�'6�� ,(*! �(� !(  &(! ! )#�&���$!�(� %�(  !."��( ! ')��+ �$��()(

� �+ (&� �+&��( 1"+1� (Cattaneo et al., 1999). 	 -��2!�' ��� � --�&�� �-.�

'&�-��2(� �(� � STAT5�  �,)+9�!�(� ��%� %��! (!(&�'%%�� !�, �%� �(�

%��!  !."���  #�2,("�, 0 /) *�(� &�0(!� &/� �� --OR-STAT5B 

%��(��-����� ��!�&+�� &�' (!("$ �(� %��! &()�$%( -�(�)�1. �&�) * !(

 ! )#�&�� *�(� �(�+ �� -�+)� �( ��� ! ')��.� (!+&�'6��, (""+ �(� � �+ ��!

�)('�(��%��  !��  !."���' ! ')3!(. 
 & )�&�3% �� ! ')� �,'"�%���3!

(%0 ! �3! . �)('�(��%�2!/! ! ')3!/!, �  ! )#�&�*�%� ��' --OR-STAT5B 

��!�&(���$ 0( �&�)�$% !( � %�"(1 * �(� !( %'�1+"" � %��!  &�1*/%� ./�(�

-�(,�)�&�*�%� �/! (!�*%����/! �'��+)/!. � )(��2)/ � "2� � % in vivo

%'%�.�(�(, 0( -�(" '�+!�'! (!(�,�%1.���( �� ,'%��"�#��. %��(%*( ��' --
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OR-STAT5B ��!�&(���$ %�� ! ')��� %$%���( �(� 0( &)�%-��)*%�'! �(

#�!*-�( �(� ��'� &()+#�!� � &�'  &+#�!�(� (&� ��!  ! )#�&�*�%� ��'  !

"�#/ ��!�&(���$ �(� &�'  !- ���2!/� � %�"(1�$! %��!  &�1*/%� �(�

-�(,�)�&�*�%� �/! ! ')3!/!.   


����� 46. 0� �����!�� *�!�� , ���� ! � %��� ��� �� ,�!� ����� � �

*�!%��� � ,-OR-STAT5B-G %����(���, % � �!%�-����� *�� ��*� �����*�

��" STAT5B. �� �()1�6'� "��� +�)� ��' --OR (""�" &�-)+ �-��%$%�(�( � ��

STAT5B �(� ��!  � )��)�� ). G(1# &)/� :!� �(� 2�� %(, �2%/ �/! G1#

'&���!+-/!, � �� c-Src, %���(�*9�!�(� 2!( !2� %��(��-����� %$�&"���. 
��!

DSLET- ! )#�&����2!� �(�+%�(%� ��' --OR, �� G1# &()(�2!�'! &)�%- �2! � % 

('��!,  !3 � STAT5B (&�%'9 $#!'�(� (&� ��! '&�-��2( �(� %���(�*9 � 2!( !2�

%$�&"���, (&�� "�$� !� (&� ��� G1#, %'#� �)��2! �  ! )#2� G(i/o '&���!+- � �(�

��!  ! )#�&����2!� c-Src, � �&�*( (""�" &�-)+ � �� G(i3 '&���!+-(. 
��

%'!2� �(, � ,/%,�)'"�/�2!� STAT5B -�� )*9 �(� �(� � �(!(%� $ � %��! &').!(, 

�&�' &)�%-2! �(� % %'#� �)��2! � (""�"�'�* � ��' DNA, � �(1+""�!�(� ��
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#�!�-�(�. � �(#)(,. �(� &�0(!3�  &+#�!�(� ��� -�(-��(%* � ��� �'��()��.�

 &�1*/%�� �(� -�(,�)�&�*�%��.  

�( (&�� "2%�(�( &�' &()�'%�+9�!�(� %�� %'#� �)��2!� -�-(���)��.

-�(�)�1. �(� �-�#�$! !( &)�� *!�'� 2!( !2� %��(��-����� ��!�&+��, �2%/

��' �&�*�' � --�R -����')# * 2!( &�"$-&)/� 7!��� %$�&"���, 

�)�%���&��3!�(� �� �()1�6'� "��� ��' +�)� /� %�� *� (#�')�1�"�%�� �(�

&�0(!�!  ��*!�%�� ��' !2�' ��)�(��$ ���(!�%��$ " ���')#*(� ��'. �)+#�(��, 

�&/� ,(*! �(� %��! ����!( 46, � --�R, %��! �(�+%�(%� �) �*(� ��', 

(""�" &�-)+ � ��� G1# '&���!+- � �(� �� STAT5B, %���(�*9�!�(� 2!(

 � )��)�� )2� %$�&"���.  c-Src (""�" &�-)+ � ��� G1# '&���!+- �, ��

�&�* � &(*9�'! )�"� ��)�3�(��� �(� ,2)!�'! �� c-Src ��!�+ %��! --'&�-��2(. 

� �+ ��!  ! )#�&�*�%� ��' --OR, � STAT5B (&�%'9 $#!'�(� (&� ��!

'&�-��2( �(� ,/%,�)'"�3! �(� (&� ��!  ! )#�&����2!� c-Src ��!+%� � 

2!(! G(i/o- 6()�3� !� �)�&�.  ,/%,�)'"�/�2!� STAT5B (""�" &�-)+ � 

���  " $0 ) � G1# �(� %'#� �)��2! �  ! )#2� G( '&���!+- �, �(03�  &*%��

�(� � ��!  ! )#�&����2!� c-Src ��!+%�, � �&�*( &"2�! - ! &)�%-2! �(� %��

-�� )2� �/! G1# '&���!+-/! (""+ %��! G(i3. ���"�$0/�, �

 ! )#�&����2!� STAT5B -�� )*9 �(� �(� � �(!(%� $ � %��! &').!(, �&�'

&)�%-2! �(� % %'#� �)��2! � (""�"�'�* �-%����'�.  

	 -��2!/! �/! &)�(!(, )02!�/! &()(��).% /! �(� 1+% � �/!

(&�� " %�+�/! ��� &()�$%(� � "2��� �� %��(��-����� ��!�&+��

 ! )#�&�*�%�� ��� STAT5� (&� ��! --OR ,(*! �(� !( (&�� " * 2!(! ��)�(��

���(!�%�� &�'  �&"2� �(� %��!  &�1*/%� �(� �� ! ')����. (!+&�'6� �/!

Neuro-2A �(� SH-SY5Y ! ')��3! �'��+)/!.  ,'%��"�#��. %��(%*( ���

(""�" &*-)(%�� ��' --OR � ��! � �(#)(,��� &()+#�!�( STAT5� �).9 �

(!(�,�%1.���( & )(��2)/ � "2���, � �� �).%� " ���')#��3! �(� # ! ���3!

(!("$% /!. 
 ('�� �� &"(*%��, � ""�!���2� � "2� � 0( �&�)�$%(! !(

 &�� !�)/0�$! %�(  S���5�- &(#�� !( #�!*-�( &�' )'0�*9�'! ��!  &�1*/%�

�(� -�(,�)�&�*�%� �/! ! ')��3! �'��+)/!. �&�&"2�!, �-�(*� )(  !-�(,2)�!

0( .�(! !(  " #�0 *  +! �� &)/� :! � (&()+#�!� � -�(,�)�&�*�%�� �/!

! ')3!/!) &�' )'0�*9�!�(� (&� ��!  ! )#�&�*�%� ��� STAT5� �(�+ ��

-�+)� �( ��� ! ')����.� (!+&�'6��,  �&"2��!�(�  &*%�� %��!  &�1*/%� �/!

! ')��3! �'��+)/!. �'�� 0( �(� 1��0.% � !( -�(&�%�3%�'� �� %�2%�
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� �(6$ �/! -$� �'��()��3! -� )#(%�3! �(� !( &)�� *!�'� ��! &�0(!.

%'�� ���.  &�&"2�! %��(��-����3! ��!�&(��3! %��� (""�" &�-)+% �� �(� �(

��)�(�+ ('�+ # #�!��(.  " &��� ).� (&��)'&��#)+,�%� �/!

%��(��-����3! -���$/! &�' )'0�*9�'! �� «--OR-� %�"(1�$� !� ! ')����.

(!+&�'6�» (&� ��!  ! )#�&�*�%� ��' '&�-��2( �2�)� ��! 2�,)(%� �/!

 &(#�� !/! #�!�-*/! �2"" �(� !( %'�1+"" � %��! �(�(!��%� ��' �)�&�' � 

��! �&�*�  &��'#�+! �(� � %'#� �)��2!�� ��)�(��� ���(!�%��� � �(#/#.�

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

'&�-��2(.   
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SUMMARY 

Opioid receptors are prototypical Gi/o-coupled receptors and participate in 

mechanisms controlling neural growth, differentiation and synaptic plasticity. 

Previous work from our laboratory has shown that the conserved YXXL motif 

within the C-terminal tail of the �-opioid receptor (�-OR) serves as a docking 

site for STAT5A binding, with the latter being phosphorylated upon �-OR 

stimulation. Given that the --opioid receptor (--OR) contains the same 

structural motif within its C-terminal tail (--CT), we have shown that STAT5�

interacts also with this tetra-peptide of the --CT. Agonist exposure of HEK293 

cells, stably expressing the flag---OR, led to a G protein-dependent STAT5�

phosphorylation mediated by c-Src kinase. Additional studies indicated that --

OR serves as a platform for the formation of a multi-component signaling 

complex, consisting of STAT5B, c-Src kinase, G1# and selective G(i/o protein 

subunits. Furthermore, our findings demonstrated that --OR activation leads 

to neuronal cell survival and neurite outgrowth via the aforementioned 

signaling pathway involving G(i/o proteins and phosphorylated STAT5B. 

Collectively, these results suggest that the activation of the STAT5B-G(i/o 

signaling pathway plays a major role in --OR-induced neuronal cell survival 

and differentiation. 



257 

VII. 5��6�7�� ��	��	�  



258 



259 

	�����+��� #��
�5��

0� *�%��� *� �.���

�!��(� &3!'��   
����-����� ���������
��&�� �(� �/!*( # !!.% /�  � %%("�!*��, 21 ��'"*�' 1982 
	� $0'!%� �(����*(�   �#. �/+!!�' 41, 15342 �#. �()(%� '.  
��"2,/!�     (+30)210 6007866, (+30)6973574332 
" ��)�!��. -� $0'!%� ireneg@bio.demokritos.gr

egeorganda@hotmail.com

#% �,-"

2000-2004 ��'�*� ������ *(� �(� ���� �!�"�#*(�, ��.�(
�&�%���3! �# *(�, �(! &�%�.��� � %%("*(�, 
�+)�%(. �(0��� &�'�*�': 6.89 

2006-2012 ��&�!�%� -�-(���)��.� -�(�)�1.� � �*�"�: 
«������� ���� ������������ ����������
��� ��������� �����*��� ��� ���
�#� ��
����
�� ��� ������������� ������������», 
%��  )#(%�.)�� �'��()��.� 
��(��-���%�� �(�
��)�(�.� �()�(��"�#*(� ��' �!%����$��'
��� &�%���3! �(� �,()��#3! %�� �.�.�.�.�. 
«	����)����» 


�������� �!%�����

�+)���� 2004 - ��$!��� 2004 Universita Cattolica del Sacro Cuore, Piacenza, 
Italy.  ��.�(: �����.� � /&�!*(� �(�
� )�1+""�!���. ��&�!�%� -�&"/�(���.�
-�(�)�1.�. �!��� *� !�:   &*-)(%� &)�%0.���
�)#(!��3! &)�%0 ���3! %�� 1��-�(0 %������(
��� ,(�!(!0)*!�� % (#)����+  -+,� �(� �
 $) %� ��� �(�(""�"�� )�� � �!��.� #�( ��!
 ��$"�%. ���.               

                                               &��	�����: Ass. Prof. Ettore Capri 
2006 - 2012  �.�.�.�.�.«	����)����», �!%����$�� ���-

 &�%���3! �(� �,()��#3!, �)#(%�.)��
�'��()��.� 
��(��-���%�� �(� ��)�(�.�
�()�(��"�#*(�. 	�-(���)��. -�(�)�1. � 02�(: 
«�!+"'%� !2/! %��(��-����3! ��!�&(��3!
�/! �&�� �-3! '&�-��2/! &�' �-�#�$! % 
(""(#2� ��� %'!(&��%/���.� &"(%�������(�».
&��	�������: "�. -�� '���
�#��

8-��" ���**�"

�##"��+ Certificate of Proficiency (Michigan) 

� )�(!��+ ��'�*� Zertifikat 

��("��+ ��'�*� Diploma 



260 

3% �� ���" - 4��!�� ,���*�

2004 E-)'�( �)(���3! �&��)�,�3! (IKY), '&��)�,*(
#�( ��!  �&�!�%� &�'��(�.�--�&"/�(���.�
 )#(%*(� %�� Universita Cattolica del Sacro 
Cuore, Piacenza, Italy. 

2007 - 2010  
$�1(%� �*%0/%�� (! 6()�.�/! '&�) %�3!
�)�%�2!�' �)�!�' #�( ��! '&�%�.)�6� ��'
 ) '!�����$ &)�#)+��(��� �ORMOLIFE 
(LSHC-CT2006-037733)  


%�*��! ���-" ,�! *��&*��" *� ,��'� %��� ,���

1. E-M. Georganta, A. Agalou, Z. Georgoussi (2010) Multi-component signaling 
complexes of the --opioid receptor with STAT5B and G proteins. 
Neuropharmacology 59, 139-148 (i.f. 3.909). 

2.  Z. Georgoussi, E-M. Georganta, G. Milligan (2012) The other side of opioid 
receptor signalling: Regulation by protein-protein interaction. Curr. Drug Targets 
13, 80-102 (i.f. 3.932). 

=������" ,�! *��&*��" *� %������� ��������� ��� ,��'��� *���,����   

1. E-M. Georganta, Z. Georgoussi (2007) Functional complexes between --opioid 
receptor, G1# and STAT5B are implicated in STAT5B phosphorylation. 
Epitheorese Klinikes Farmakologias kai Farmakokinetikes.  Vol. 25 (1), pp. 28-29. 

2. Z. Georgoussi, L.J. Leontiadis, E-M. Georganta, M. Papakonstantinou, M. Sarris, 
D-D. Fourla, A. Agalou, (2008) Chimeric peptides corresponding to intracellular 
regions of opioid receptors as baits for screening novel receptor-interacting 
partners.  6th Hellenic Forum on Bioactive peptides (ed. P. A. Cordopatis), pp. 
83-88. 

3. E-�. Georganta, G. Mazarakou, A. Agalou, Z. Georgoussi (2008) The C-termini 
of the �- and -- opioid receptors differentially bind to Signal Transducers and 
Activators of Transcription, STAT5A and STAT5B. Review of Clinical 
Pharmacology and Pharmacokinetics, International Edition, Vol. 22 (2), pp. 152-
155.  

4. 
-�. Georgan�a, A. Agalou, Z. Georgoussi (2008) STAT5B forms tight 
complexes with the --opioid receptor and G1# subunits. FEBS Journal, Vol. 275 
(Suppl. 1), pp. 324. 

5. 
-�. Georgan�a, A. Agalou, Z. Georgoussi (2009) New signaling pathways 
induced by activation of --opioid receptor.  Epitheorese Klinikes Farmakologias 
kai Farmakokinetikes, Vol. 27 (1), pp. 16-18. 

6. 
-�. Georgan�a, A. Agalou, Z. Georgoussi (2010) STAT5B forms dynamic 
complexes with the --opioid receptor and selective G protein subunits.  
Epitheorese Klinikes Farmakologias kai Farmakokinetikes, International Edition, 
Vol. 24 (2), pp. 91-94. 

	��$���-������*��"
1. �������. -�+�)�%� � �)��(���� 1)(1 *� (200 �')3) (&� ��! �""�!��. ��(�) *(

�()�(��"�#*(�, %�( &"(*%�( ��� 8�� � )*-(� �()�(��"�#*(�, #�( ��!  )#(%*(
� �*�"�: «
���(��%��� &�"$-&)/� 7!��3! %'�&"��/! � �(6$ ��' --�&�� �-�$�
'&�-��2(, �/! G1# '&���!+-/! �(� ��� STAT5B». 



261 

2. �)��(���� 1)(1 *� (#�( %'�� ���. %�� 23� 	� 0!F� 
'!2-)�� N ')���� G(�)  
(&� ��! �""�!��. ��(�) *( � ')� &�%���3! %�( &"(*%�( ��� �) '!����.�
	��� )*-(� 2010, #�( ��!  )#(%*( � �*�"�: «8!( &�"$-&)/� 7!��� %$�&"���
� �(6$ ��� STAT5B,  ��' --�&�� �-�$� '&�-��2( �(� �/! G &)/� 7!3! /�
&�0(!�� )'0��%�.� ��� (!+&�'6�� �/! ! ')3!/!». 

3. �������. -�+�)�%� � �)��(���� 1)(1 *� (100 �')3) (&� ��! �""�!��. ��(�) *(
�()�(��"�#*(�, %�( &"(*%�( ��� 10�� � )*-(� �()�(��"�#*(�, #�( ��!  )#(%*(
� �*�"�: «--opioid receptor-induced neurite outgrowth is mediated by G proteins 
and the STAT5B transcription factor». 

4. «�)(1 *� � /)#*�' ���#��$!�#"�'» (500 �')3) ��' �!%����$��' ��� &�%���3!
�(� �,()��#3! ��' �.�.�.�.�. «	����)����» #�( �� 2��� 2012.  


%�*��! ���� �-� "

���� �""�!��. ��(�) *( ������ *(� �(� ��)�(�.� ���"�#*(� (�����) 

���� �""�!��. ��(�) *( � ')� &�%���3!

?���" �%�*��! ���-" ,��*���������"

���� 
'�� ���. %�� -��)#+!/%� �(� #)(��(� �(�. '&�%�.)�6� ��� �) '!����.�
	��� )*-(� ��� �""�!��.� ��(�) *(� � ')� &�%���3!, 1-2 ���/1)*�' 2010, 
�.�.�.�.�. «	����)����», �0.!(. 

���� ���*��" *� ���'� *��-,���

1. E-M. Georganta and Z. Georgoussi. Functional complexes between --opioid 
receptor, G1# and STAT5� are implicated in STAT5� phosphorylation. INRC 
Annual Meeting, International Narcotic Research Conference, 8-13 July 2007, 
Berlin, Germany ((!()���2!� (!(��*!/%�). 

2. E-M. Georganta, A. Agalou and Z. Georgoussi. Interaction of the --opioid 
receptor with STAT5B and G1# subunits reveals novel signaling pathways. 
European Opioid Conference – European Neuropeptide Club Joint Meeting, 8-11 
April 2008, Ferrara, Italy (&)�,�)��. &()�'%*(%�). 

3. E-M. Georganta, A. Agalou and Z. Georgoussi. STAT5B forms tight complexes 
with the --opioid receptor and G1# subunits. 33rd FEBS Congress & 11th IUBMB 
Conference, 18 June - 3 July 2008, Athens, Greece ((!()���2!� (!(��*!/%�). 

4. E-M. Georganta, A. Agalou and Z. Georgoussi. Novel dynamic complexes 
between the --opioid receptor, STAT5B and G proteins. 41st Annual General 
Meeting of the European Brain and Behaviour Society, 14-18 September 2009, 
Rhodes Island, Greece ((!()���2!� (!(��*!/%�). 

5. E-M. Georganta and Z. Georgoussi. The --opioid receptor-mediated neurite 
outgrowth involves G proteins and the Signal Transducer and Activator of 
Transcription 5B. 23rd Biennial Meeting of the International Society for 
Neurochemistry, 28 August - 1 September 2011, Athens, Greece ((!()���2!�
(!(��*!/%�). 



262 

���� ���*��" *� 
������� *��-,���-�!���,�"

1. E-M. Georganta and Z. Georgoussi. Functional complexes between --opioid 
receptor, G1# and STAT5B are implicated in STAT5B phosphorylation. 8th

Pharmacology Symposium, 24 February 2007, Athens, Greece ((!()���2!�
(!(��*!/%�). 

2. E-M. Georganta and Z. Georgoussi. Functional complexes between --opioid 
receptor, STAT5B and G1# subunits. 29th scientific conference of the Hellenic 
Society of Biosciences, 17-19 May 2007, Kavala, Greece ((!()���2!�
(!(��*!/%�). 

3. E-M. Georganta and Z. Georgoussi. Functional multi-protein complexes 
between the --opioid receptor, STAT5B and G1# subunits of G-proteins. 59th 

Greek Conference of Biochemistry and Molecular Biology, 7-9 December 2007, 
Athens, Greece ((!()���2!� (!(��*!/%�). 

4. Z. Georgoussi, L.J. Leontiadis, E-M. Georganta, M-P. Papakonstantinou, M. 
Sarris, D-D. Fourla and A. Agalou. Chimeric peptides corresponding to 
intracellular regions of opioid receptors as “baits” for screening novel receptor-
interacting partners. 6th Hellenic Forum on Bioactive peptides, 18-20 May 2008, 
Patra, Greece.

5. E-M. Georganta, G. Mazarakou, A. Agalou and Z. Georgoussi. The C termini of 
the �- and -- opioid receptors differentially bind to Signal Transducers and 
Activators of Transcription, STAT5A and STAT5B. 5th Panhellenic Congress of 
Pharmacology, 23 -24 May 2008, Athens, Greece (&)�,�)��. &()�'%*(%�).

6. E-M. Georganta, A. Agalou and Z. Georgoussi. Stimulation of the --opioid 
receptor triggers novel signaling pathways leading to transcriptional activation. 
22nd Conference of the Hellenic Society for Neuroscience, 16 -19 October 2008, 
Eugenides Foundation Athens, Greece (&)�,�)��. &()�'%*(%�).

7. 
-�. Georganta, A. Agalou and Z. Georgoussi. New signaling pathways 
induced by activation of --opioid receptor.  9th Pharmacology Symposium, 8
March 2009, Athens, Greece ((!()���2!� (!(��*!/%�).

8. E-M. Georganta, A. Agalou and Z. Georgoussi. Novel dynamic complexes 
between the --opioid receptor, STAT5B and G proteins. 23d Annual Meeting of 
the Hellenic Society for Neuroscience, 13-14 September 2009, Rhodes Island, 
Greece ((!()���2!� (!(��*!/%�).

9. E-M. Georganta, A. Agalou and Z. Georgoussi. STAT5B transcription factor 
forms functional complexes with the --opioid receptor and selective G protein 
subunits. 60th Greek Conference of Biochemistry and Molecular Biology, 20-22 
November 2009, Athens, Greece (&)�,�)��. &()�'%*(%�).

10. E-M. Georganta, A. Agalou and Z. Georgoussi. STAT5B forms dynamic 
complexes with the --opioid receptor and selective G protein subunits. 6th

Panhellenic Congress of Pharmacology, 4-6 June 2010, Heraklion, Crete, 
Greece (&)�,�)��. &()�'%*(%�).

11. E-M. Georganta, A. Agalou and Z. Georgoussi. A signalosome formed between 
the --opioid receptor, STAT5B and G protein subunits: possible mediator of 
neurite outgrowth. Neuroscience Days of the Hellenic Society for Neuroscience, 
1-2 October 2010, Athens, Greece ((!()���2!� (!(��*!/%�). 

12. E-M. Georganta, A. Agalou and Z. Georgoussi. A novel dynamic complex 
between the delta-opioid receptor, STAT5B and selective G protein subunits: 
possible mediator of neuronal survival and neurite outgrowth. 61st Greek 
Conference of Biochemistry and Molecular Biology, 15-17 October 2010, 
Alexandroupoli, Greece ((!()���2!� (!(��*!/%�). 

13. E-M. Georganta and Z. Georgoussi. --opioid receptor-induced neurite outgrowth 
is mediated by G proteins and the STAT5B transcription factor. 10th

Pharmacology Workshop, 12 March 2011, Athens, Greece (&)�,�)��.
&()�'%*(%�). 



263 

14. E-M. Georganta and Z. Georgoussi. --opioid receptor activation leads to neurite 
outgrowth and neuronal survival via a STAT5B-G(i/o pathway. 62nd  Greek 
Conference of Biochemistry and Molecular Biology, 9-11 December 2011, 
Eugenides Foundation, Athens, Greece (&)�,�)��. &()�'%*(%�). 

15. E-M. Georganta, L. Tsoutsi and Z. Georgoussi. Activation of the --opioid 
receptor leads to differentiation and neurite outgrowth via a STAT5B-G(i/o 
signaling pathway. 7th Panhellenic Congress of Pharmacology, 18-20 May 2012, 
Thessaloniki, Greece ((!()���2!� (!(��*!/%�). 



264 



265 

VIII. ��	������� �� ��#�� ��6����



266 



Multi-component signaling complexes of the d-opioid receptor

with STAT5B and G proteins

Eirini-Maria Georganta, Adamantia Agalou, Zafiroula Georgoussi*

Laboratory of Cellular Signaling and Molecular Pharmacology, Institute of Biology, National Centre for Scientific Research “Demokritos”, 15310 Ag. Paraskevi-Attikis, Athens, Greece

a r t i c l e i n f o

Article history:

Received 30 July 2009

Received in revised form

25 February 2010

Accepted 9 April 2010

Keywords:

d-Opioid receptor

Signal Transducer and Activator

of Transcription 5B

Ga, Gbg subunits

Signaling complex

Tyrosine phosphorylation

a b s t r a c t

Besides mediating opioid responses in the nervous system and the peripheral tissues, opioid receptors are

implicated in signaling mechanisms shared by cytokine receptors. Recent observations have shown that

the Signal Transducer and Activator of Transcription 5A (STAT5A) interacts with the m-opioid receptor

(m-OR) and is phosphorylated upon m-OR stimulation (Mazarakou and Georgoussi, 2005). In the present

study we demonstrate that another member of the STAT family, STAT5B, associates constitutively with the

C-terminal tail of the d-opioid receptor (d-CT). [D-Ser2, Leu5, Thr6]-enkephalin-exposure of HEK293 cells,

expressing stably the d-opioid receptor (d-OR), leads to receptor-dependent STAT5B tyrosine phosphor-

ylation and transcriptional activation. This phosphorylation occurs in aGprotein-dependentmanner and is

carried out by a c-Src kinase. Co-immunoprecipitation studies indicate that STAT5B forms pairs with

selective Ga and Gbg subunits of G proteins and activated c-Src kinase in HEK293 cells. These interactions

are formed either constitutively, or upon receptor stimulation.We also demonstrate that the d-CT serves as

a platform for the formation of amulti-component signaling complex (signalosome), consisting of STAT5B,

c-Src and selective G protein members. We can thus conclude that STAT5B signaling can be modulated by

its coupling with a specific subset of G protein subunits, revealing a novel signaling mechanism for the

transcriptional regulation of STAT5B-dependent genes.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Ample experimental evidence suggests that opioids induce

dynamic changes in gene expression, which determine the synaptic

plasticity and cellular alterations in the nervous system (Christie,

2008). These changes could underlie opioid tolerance and depen-

dence and consequently lead to opioid abuse. A series of studies

have shown that opioid administration causes activation of several

transcription factors, including cyclic AMP-response element DNA-

binding protein (CREB), Activator protein AP-1, members of the

MAPK cascade and the NF-kB (Tso and Wong, 2003). Upon activa-

tion, opioid receptors are also capable of inducing phosphorylation

of STAT3 (Lo and Wong, 2004) and STAT5A (Mazarakou and

Georgoussi, 2005). These observations suggest that opioid recep-

tors are involved in different signaling circuits that lead to alter-

ations in the expression of target genes, in a variety of ways.

In mammals, the STAT family of proteins is comprised of seven

latent cytoplasmic transcription factors, STAT1, 2, 3, 4, 5A, 5B and 6

(Levy and Darnell, 2002). Cytokines activate Janus tyrosine kinases

(Jaks), which phosphorylate and recruit cytoplasmic STATs. Phos-

phorylated STATs dimerize and translocate to the nucleuswhere they

bind to specific DNA sequences inducing transcription of target genes

(Lim and Cao, 2006). In addition to Jaks, the Src tyrosine kinases have

also been reported to induce STAT activation (Cao et al., 1996).

Although STATs are considered to be primarily regulated by

cytokines, their activities can also be modulated by G protein-

coupled receptors (GPCRs). For example, STAT1 is activated by

phenylephrine through Jak (Sasaguri et al., 2000), while angio-

tensin II-STAT3 phosphorylation in vascular smooth muscle cells is

mediated by Src (Liang et al., 1999). Activation of STAT3 in NIH3T3

Abbreviations: CREB, cyclic AMP-response element DNA-binding protein; d-CT,

d-opioid receptor carboxyl-terminal tail; d-OR, d-opioid receptor; DMEM, Dulbec-

co’s modified Eagle’s medium; DSLET, [D-Ser2, Leu5, Thr6]-enkephalin; DPDPE,

[D-Pen2, D-Pen5]-enkephalin; DTT, dithiothreitol; EDTA, ethylenediaminetetra-

acetic acid; EGTA, ethylene glycol-bis(b-aminoethyl ether)-N,N,N0 ,N0-tetraacetic

acid; GAS, g-interferon activated sequence; GPCR, G protein-coupled receptor; GST,

glutathione S-transferase; IPTG, Isopropyl b-D-1-thiogalactopyranoside; Jak, Janus

tyrosine kinase; MAPK, mitogen-activated protein kinase; m-OR, m-opioid receptor;

NF-kB, nuclear factor kappa beta; NMS, normal mouse serum; NRS, normal rabbit

serum; ORL1, opioid receptor-like; PBS, phosphate-buffered saline; PMSF, phenyl-

methylsulfonil fluoride; PTX, Bordetella pertussis toxin; PVDF membrane,

polyvinylidene difluoride membrane; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis; STAT, Signal Transducer and Activator of

Transcription.
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cells is mediated by Gao protein (Ram et al., 2000), whereas STAT3

is regulated by G16-coupled receptors in a PTX-insensitive manner

(Wu et al., 2003). These observations demonstrate that STAT acti-

vation by GPCRs is modulated by complex mechanisms, involving

multiple signaling intermediates such as Jaks, Src kinase as well

as members of the Ga subunits. It has also been shown that distinct

members of the STAT family interact directly with several GPCRs.

For example, thyrotropin induces association of STAT3 with its

receptor in CHO cells (Park et al., 2000), while STAT5 associates

with the angiotensin receptor in cardiac myocytes (McWhinney

et al., 1998).

The YXXL motif occurs frequently in GPCRs and is shared among

all three opioid receptors and ORL1 (McWhinney et al., 1998;

Georgoussi, 2008). We have shown that the conserved YXXL

motif within the C-terminal tail of m-OR serves as a docking site for

STAT5A binding, with the latter being phosphorylated upon m-OR

stimulation (Mazarakou and Georgoussi, 2005). We questioned

therefore, whether STAT5 phosphorylation is a universal signaling

pathway shared among the d- and m-ORs and whether a d-OR-

STAT5 multi-component signaling complex can be formed. In the

present study we demonstrate that STAT5B selectively couples to

specific Ga and Gbg subunits in HEK293 cells and that the d-CT

serves as a platform for the formation of dynamic signaling

complexes, implicated in d-OR-mediated transcriptional regulation.

2. Materials and methods

2.1. Constructs and reagents

For the flag-tagged d-OR construct, the human d-OR fused at its N-terminus to

a flag epitope (DYKDDDDK) was subcloned as HindIII-NotI fragment into the pcDNA3

expression vector. The DYAFL d-OR construct was generated by PCR mutagenesis

using oligonucleotides: 50-CAATAGCAGCCTCAACCCCGTGCTCGACGAGAAC TTCAAGC

GCTGCTTC-30 (forward) and 50-GAAGCAGCGCTTGAAGTTCTCG TCGAGCACGGGGTTG

AGGCTGCTATT-30 (reverse) and the flag-tagged d-OR construct as template. All

constructs were verified by DNA sequence analysis.

The polyclonal antibodies Gao and Gai2 were kindly provided by Dr G. Milligan,

University of Glasgow, Scotland, U.K. The cDNA of the reporter luciferase gene was

kindly provided by Dr D. Stravopodis, University of Athens, Greece. Opioid ligands

DSLET and DPDPE as well as PP1 were obtained from Tocris (Cookson MI, USA) and

Lipofectamine 2000 from Invitrogen (Carlsbad, CA, USA). Protein A and A/G plus

agarose beads and antibodies against STAT5, p-STAT5, c-Src, GST, Histone H2B, Gai3

and Gb subunits were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Poly-

clonal anti-p-Src (Tyr 416) was from Cell Signaling Technology Inc. (Danvers, MA,

USA) and protease inhibitor cocktail tablets were from Roche (Roche Diagnostics).

Anti-flag and anti-a-tubulin antibodies, pertussis toxin (PTX), phosphatase inhibitor

cocktail, opioid antagonists and all other reagents were purchased from Sigma

(St. Louis, MO, USA).

2.2. Cell cultures and transient transfections

HEK293 cells, parental or stably transfected with a flag-tagged human d-OR

(d-HEK293) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) con-

taining 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 10%

bovine serum under 5% CO2 at 37 "C. Neuro-2A mouse neuroblastoma cells were

grown in the above medium containing 10% calf serum and SH-SY5Y cells were

cultured in basal medium RPMI-1640 (Sigma). Transient transfections were per-

formed using Lipofectamine 2000 reagent (Invitrogen), according to the manufac-

turer’s instructions.

2.3. Immunoprecipitation assays

HEK293, d-HEK293 or SH-SY5Y cells, endogenously expressing STAT5B were

treated or not, with 1 mM DSLET, DPDPE, or morphine for different times and rinsed

in PBS buffer containing 0.1mM PMSF and 0.1 mMNa3VO4. Cells were lysed in buffer

containing 1% Igepal, 50 mM Tris pH 7.4, 150 mM NaCl, 2 mM EGTA, 25 mM NaF,

0.25% sodium deoxycholate, 0.2 mM Na3VO4, 1 mM PMSF and protease (Roche) and

phosphatase (Sigma) inhibitor cocktail. Approximately 500 mg of the clarified cell

lysates were incubated with the antibodies against STAT5B, flag epitope, c-Src, Ga

and Gb subunits overnight at 4 "C. Immunoprecipitates were recovered on protein A

or A/G plus agarose beads, washed extensively and separated on SDS-PAGE, under

non-reducing conditions. Immunoprecipitation of cell lysate proteins was verified

by immunoblotting using the appropriate antibodies.

2.4. Western blotting

Immunoprecipitated proteins were resolved on SDS-PAGE (10% w/v) and then

transferred to PVDF membrane as described by Leontiadis et al. (2009). Immuno-

reactive bands were detected by enhanced chemiluminescence (ECL-Pierce),

according to the manufacturer’s instructions, using X-ray film (FUJI) or the lumi-

nescent image analyzer (Fujifilm LAS-4000).

2.5. Pertussis toxin ribosylation and treatment with inhibitors

HEK293 cells stably transfected with flag-tagged d-OR and endogenously

expressing STAT5B, were treated with pertussis toxin (PTX) (100 ng/ml) for 18 h

(Morou and Georgoussi, 2005). Cells were exposed to the Src kinase inhibitor PP1 at

10 mM, for 30 min, prior to agonist stimulation.

2.6. Luciferase measurements

d-HEK293 cells were transfected in a 100 mm dish with an expression vector

containing a 4#GAS STAT-activation dependent firefly-luciferase reporter construct.

Cells were reseeded to 12-well plates and 48 h after transfection, treated with 1 mM

DSLET for 15 min. Luciferase expression was measured 6 h after agonist challenge

using a Dual Luciferase Reporter Assay System (Promega Corp.) according to manu-

facturer’s protocol and light emissionwas quantified using a TECAN luminometer. For

transfection efficiency a Renilla luciferase plasmid was also co-transfected in each

experiment as an internal control.

2.7. Isolation of cytoplasmic and nuclear extracts

d-HEK293 cells treated or not with 1 mM DSLET for 15 min were rinsed in PBS

buffer containing 0.1 mM PMSF and 0.1 mM Na3VO4 and were lysed in buffer con-

taining 20 mM Tris pH 7.5, 10mM KCl, 4 mMMgCl2, 1 mM EGTA,1 mMDTT, protease

inhibitor cocktail and were incubated with 10 mM cytochalasin B for 15 min on ice.

Cell lysates were homogenized with a 26-gauge needle and the nuclei were

collected by centrifugation at 600 # g at 4 "C for 10min. The supernatant was further

centrifuged at 10 000 # g for 10 min and the resulting supernatants are referred to

as cytoplasmic extracts. Nuclei were further incubated for 15 min on ice in a buffer

containing 0.5% Triton X-100, 0.25 M sucrose, 10 mM KCl, 4 mM MgCl2, 200 mM

NaCl, 1 mM EGTA, 1 mM DTT, 20 mM Tris pH 7.5, supplemented with a mixture of

protease inhibitors (Roche) and centrifuged for 15 min at 10 000 # g. The resulting

supernatants were referred to as nuclear extracts.

2.8. Preparation of GST-fusion constructs and GST pull down assays

The GST-fusion construct encompassing the C-terminal tail of d-OR (d-CT) was

generated from cDNA clone of the mouse d-OR and expressed as described previously

(Douris et al., 2006; Leontiadis et al., 2009). For the production of the truncated

C-terminus of d-OR (DN26-d-CT), the following primers were designed for PCR: 50-

ATTGGGATCCCCTGCGGCCGCCAAGAACC-30 (forward) and 50-ACGCGAATTCTCAGGC

GGCAGCCCACCG-30 (reverse). The PCR product was engineered into the pGEX-5#3

vector (GE Healthcare). Positive cloneswere transformed in Escherichia coli (BL21) and

the production of the proteins was carried out after induction with 0.5 mM Isopropyl

b-D-1-thiogalactopyranoside (IPTG) as described by Mazarakou and Georgoussi

(2005). All positive constructs were verified by nucleotide sequence analysis.

Approximately 1 mM of the GST-fusion proteins in PBS containing protease inhibitor

cocktail, 0.2 mM PMSF, 20 mg/ml leupeptin and 20 mg/ml antipain, were immobilized

on glutathione sepharose 4B beads in PBS. The mixture was washed three times with

PBS, and the immobilized fusion proteins were incubated with lysates from Neuro-2A

cells for 45 min at room temperature. The GST-slurry with the bound proteins was

subsequently washed extensively with PBS containing 0.1% Igepal and bound proteins

were eluted with 30 ml of Laemmli loading buffer, boiled and resolved by SDS-PAGE.

Bound proteins were visualized by immunoblotting with the appropriate antisera.

3. Results

3.1. STAT5B interacts constitutively with the flag-d-OR,

but is released upon activation of the receptor

The C-terminal tail of the d-OR (d-CT) contains the conserved

YXXL (318YAFL321) motif, which has been shown to be a docking

site for STAT5 binding for the angiotensin and the m-opioid recep-

tors (McWhinney et al., 1998; Mazarakou and Georgoussi, 2005). To

examine whether STAT5B interacts in a similar manner with the

d-CT, pull down assays were performed using a GST-fusion peptide

consisting of amino-acids 311e372 (d-CT) and lysates from Neuro-

2A cells endogenously expressing STAT5. In addition, a truncated

version of the d-CT, the DN26-d-CT, was used, in which the first 26
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amino-acids where the conserved YXXL motif resides were elimi-

nated (Fig.1A). As shown in Fig.1B, pull down experiments with the

d-CT and lysates fromNeuro-2A cells revealed the direct interaction

of STAT5 with this region (lane 2). On the other hand, similar pull

down assays using the truncated peptide DN26-d-CT did not show

any STAT5 binding (Fig. 1B, lane 3). These data delimit the inter-

action of STAT5 within the amino acid region close to the seventh

transmembrane domain of the d-OR (311e336).

To confirm the binding of STAT5B to the d-OR, HEK293 cells

(d-HEK293) stably expressing the human flag-tagged d-OR

(500 $ 25 fmol/mg protein) and endogenously expressing only

STAT5B (Fig. 1C) were co-precipitated with an anti-STAT5 and

immunoblotted with a flag antibody. As demonstrated in Fig. 1D,

the anti-STAT5 antibody immunoprecipitated the receptor in its

resting state (Fig. 1D, lane 2, upper panel and lane 4, lower panel).

When the same immunoprecipitation was performed using DSLET-

activated d-HEK293 cell lysates, the interaction of STAT5B with the

receptor was abolished (compare lanes 2 and 3). To deduce

whether STAT5B dissociation from the d-OR is due to the DSLET-

activated receptor we treated the cells with the d-opioid antagonist

naltrindole. As shown in Fig. 1D (lane 7) DSLET-induced STAT5B-d-

OR dissociation is blocked by the antagonist-bound receptor.

To further define the importance of the YXXL regionwithin the d-

CT for STAT5B binding, a mutant version of d-OR lacking the

conserved YXXL motif (DYAFL flag-d-OR) was constructed. Co-

immunoprecipitation experiments using the YAFL deletion construct

abolished STAT5B interaction with the d-OR (Fig. 1E, lane 3). These

results demonstrate the direct interaction of STAT5B with the d-CT

and suggest that this association depends on the presence of the

conserved YXXL motif, thus defining a structural determinant at the

C-terminal tail of d-OR responsible for STAT5B binding.

3.2. Stimulation of the flag-d-OR induces STAT5B activation

Given the interaction of STAT5B with the d-CT and in view of the

reported STAT5A tyrosine phosphorylation upon m-OR activation

(Mazarakou and Georgoussi, 2005), we questioned whether

STAT5B phosphorylation is also a mechanism of d-OR signaling and

examined whether stimulation of d-OR induces STAT5B activation.

For this reason, d-HEK293 cells were incubatedwith 1 mMDSLET for

various times and analyzed for changes in the phosphorylation

status of STAT5B. As shown in Fig. 2A, western blotting of immu-

noprecipitated STAT5B with a specific p-tyrosine-STAT5 antibody

revealed that STAT5B becomes phosphorylated upon agonist

administration (lanes 3e5). Similarly, tyrosine phosphorylation of

STAT5B was also detected when d-HEK293 cells were treated with

morphine (Fig. 2B).

To ensure that STAT5B phosphorylation is a d-OR-mediated

effect we treated d-HEK293 cells with the opioid receptor antago-

nist naloxone prior to the d-selective agonist administration. As

shown in Fig. 2C, phosphorylation of STAT5B was totally abolished

in the presence of naloxone, suggesting that DSLET-induced STAT5B

Fig. 1. STAT5B interacts with the d-OR. (A) Amino acid composition of the C-terminal tail of the d-OR (d-CT) and its truncated form DN26-d-CT. Peptide DN26-d-CT consists of amino-

acids 337e372 of the mouse d-OR in which a 26 amino acid fragment that contains the conserved 18 amino acid residues next to the seventh transmembrane domain is eliminated.

The identical amino-acids between d-OR and m-OR are underlined. The conserved YXXL motif is in bold. (B) The d-CT interacts with STAT5. A total of 400 mg of Neuro-2A cell lysates

were incubated with the GST-fusion protein encompassing the d-CT (lane 2), the DN26-d-CT (lane 3) or GST alone (lane 4). Protein complexes formed were separated on SDS-PAGE

and detected for STAT5 bound with an anti-STAT5 antibody (1:500). Lane 1 contains Neuro-2A cell lysates (input). The lower panel documents the equal loading of the GST poly-

peptides verified by reprobing the membrane with an anti-GST antibody (1:5000). (C) Endogenous expression of STAT5B and STAT5A proteins in d-HEK293, Neuro-2A and SH-SY5Y

cell lysates. (D) Lysates from HEK293 cells expressing stably a flag-tagged d-OR and endogenously STAT5B (d-HEK293) were immunoprecipitated with anti-STAT5. Lane 1 was loaded

with 50 mg of d-HEK293 cell lysates; lanes 2, 6 and 3, 7 contain cell lysates immunoprecipitated with the STAT5 antibody, before and after DSLET treatment for 15 min, respectively.

Lysates presented in lanes 6, 7 were pretreated with the d-OR antagonist naltrindole (10 mM) for 30 min prior to DSLET administration. Lane 4 contains unstimulated cell lysates

immunoprecipitated with an anti-flag antibody and lane 5 represents d-HEK293 cell lysates immunoprecipitated with normal rabbit serum (NRS). The upper panel shows bound

receptor visualized after immunoblotting with an anti-flag antibody (1:500). Lower panel shows the amount of STAT5B present in each lane after stripping and reprobing the same

membrane with anti-STAT5. Results shown are representative of four independent experiments. (E) Mapping the STAT5B binding site. A 318YAFL321 deletion construct of the flag-d-

OR (DYAFL) was generated and its ability to bind STAT5B was tested. Lysates from HEK293 cells transiently transfected with the WT flag-d-OR (5 mg) and the DYAFL flag-d-OR (5 mg)

constructs were immunoprecipitated with an anti-STAT5 antibody as described in Materials and methods. Lane 1 represents 50 mg of HEK293 cell lysates transfected with the WT

flag-d-OR; lanes 2 and 3 contain cell lysates transfected with the WT and the DYAFL flag-d-OR constructs, respectively and immunoprecipitated with the STAT5 antibody. Lane 4

represents mock transfected HEK293 cell lysates immunoprecipitated with the anti-STAT5 antibody. Co-precipitated receptor was visualized after immunoblotting with a flag

antibody (1:500). The same membrane was stripped and reprobed sequentially with anti-STAT5. Deletion of the entire putative YXXL docking site of d-OR abolishes binding of

STAT5B to the receptor (lane 3). The immunoblots shown are representative of three independent experiments.
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phosphorylation in HEK293 cells is mediated by the d-OR. To

further ensure that STAT5B phosphorylation is indeed mediated by

the activated d-OR we also examined whether similar phosphory-

lation events occur in SH-SY5Y human neuroblastoma cells,

endogenously expressing the d-OR and STAT5. Treatment of SH-

SY5Y cells with 1 mM DSLET resulted in STAT5 phosphorylation

(Fig. 2D, lanes 3e5). This phosphorylation was blocked after pre-

treatment of the cells with naltrindole (Fig. 2E, lane 3), suggesting

that this effect is indeed d-OR-mediated.

As an alternative approach for assessing whether agonist stim-

ulation of the d-OR can induce STAT5B-dependent transcriptional

activation, we examined whether the expression of a STAT5-

inducible luciferase reporter gene is altered in response to flag-d-

OR activation. DSLET administration to the transfected d-HEK293

cells resulted in a significant increase of luciferase activity (Fig. 2F)

coinciding with an increase of STAT5B in the nucleus of the cells

(Fig. 2G). This observation suggests that activation of flag-d-OR

induces STAT5B translocation to the nucleus and STAT5-mediated

transcriptional responses.

d-OR signaling events aremediated by various G protein subtypes

in a pertussis toxin (PTX) -sensitive or-insensitivemannerdepending

on the system studied and the opioid agonists employed (Georgoussi

et al.,1993,1997; Lawet al., 2000).We, therefore, sought to determine

whether G proteins are involved in STAT5B tyrosine phosphorylation.

For this reason, d-HEK293 cells were pretreated with PTX prior to

agonist stimulation. ADP-ribosylation of Gi/Go proteins blocked

DSLET-mediated inhibition of forskolin-stimulated [3H]cAMP

production (data not shown). As shown in Fig. 2H, PTX pre-treatment

abolished DSLET-induced STAT5B tyrosine phosphorylation as

compared to that of control cells (compare lane 2 with 4). This result

suggests that d-OR-induced STAT5B phosphorylation is mediated via

a signaling pathway including members of Gai/Gao proteins,

endogenously present in HEK293 cells.

3.3. c-Src interacts with and phosphorylates STAT5B

upon d-OR stimulation

Src family kinases have been reported to be involved in STAT-

mediated events by activating STAT members upon stimulation of

various GPCRs (Liang et al., 1999; Mazarakou and Georgoussi,

2005). To deduce whether a Src kinase phosphorylates STAT5B

after stimulation of flag-d-OR, an inhibitor of the Src family tyrosine

kinase (PP1) was employed. As shown in Fig. 3A, treatment of

d-HEK293 cells with PP1, prior to DSLET administration, resulted in

the abolishment of DSLET-induced STAT5B phosphorylation

(Fig. 3A, compare lanes 6e7 with 3e4). Therefore, c-Src tyrosine

kinase is involved in d-OR-dependent phosphorylation of STAT5B.

Fig. 3. c-Src is involved in d-OReinduced STAT5B phosphorylation. (A) d-HEK293 cells

were incubated for 30 min with the specific Src kinase inhibitor, PP1 (10 mM, lanes

5e7) prior to 1 and 5 min DSLET treatment (lanes 3, 6 and 4, 7, respectively), or

without DSLET (lanes 2 and 5). 500 mg of cell lysates were immunoprecipitated with

4 mg of an anti-STAT5 antibody. Upper panel shows the phosphorylated STAT5B visu-

alized after immunoblotting with a p-STAT5 antibody (1:500). Lower panel shows

equal loading verified after stripping and reprobing the same membrane with

a specific STAT5 antibody (1:500). Results shown are representative of three inde-

pendent experiments. (B) The levels of c-Src phosphorylation, upon opioid agonist

stimulation, were detected in d-HEK293 cells. Lane 2 contains unstimulated cell lysates

and lanes 3e5 contain cell lysates stimulated with 1 mM DSLET for the indicated times

that have been immunoprecipitated with a c-Src antibody. Phosphorylation of c-Src

was detected by immunoblotting with an anti-phospho Tyr 416 Src antibody (p-Src)

(1:500). (C) d-HEK293 cells were stimulated with 1 mM DSLET for different time

intervals. The cell lysates were immunoprecipitated with an anti-c-Src polyclonal

antibody (lanes 2e5), or with NRS (lane 6) and the immune complexes were immu-

noblotted with an anti-STAT5 antibody. Lower panels of B and C show total c-Src,

analyzed by reprobing the membranes with a specific c-Src antibody. The results are

representative of one experiment repeated three times.

Fig. 2. d-OR stimulation leads to STAT5B phosphorylation and transcriptional activation. HEK293 cells stably transfected with flag-tagged human d-OR (d-HEK293) were stimulated

with (A) 1 mM DSLET (lanes 3e5) or (B) 1 mM morphine (lanes 3e4) for the indicated times. Lanes 1 and 2 in panels A and B represent unstimulated cell lysates (input). (C) d-HEK293

cells were stimulated with 1 mM DSLET for 5 min (lane 2) or were pretreated with 10 mM naloxone for 30 min prior to agonist stimulation (lane 3). (D) SH-SY5Y cells, which express

endogenously the d-OR, were challenged with 1 mM DSLET for the indicated times. (E) SH-SY5Y cells were stimulated with either 1 mM DSLET for 5 min (lane 2), or were pretreated,

prior to DSLET-stimulation, with 10 mM naltrindole for 30 min (lane 3). Lanes 1 contain unstimulated cell lysates. All the samples were immunoprecipitated with a STAT5 antibody

and the precipitated proteins were separated by SDS-PAGE and transferred to PVDF membranes. Upper panels show the phosphorylated STAT5B visualized by immunoblotting with

a p-STAT5 antibody (1:500). Lower panels show the protein loading controls after stripping and reprobing the same membranes with a specific STAT5 antibody. All the immunoblots

shown are representative of four independent experiments. Data of densitometric analyses of STAT5B shown below the immunoblots represent the mean $ SEM values from four

separate experiments. *p < 0.05 and **p < 0.005 significantly higher than the unstimulated cells, by Student’s t-test. (F) d-HEK293 cells were transiently transfected with a STAT-

directed firefly-luciferase reporter construct and a Renilla luciferase control plasmid. At 48 h after transfection, cells were stimulated or not with 1 mM DSLET for 15 min. Cell lysates

were collected 6 h later and firefly-luciferase activity was measured and normalized against Renilla luciferase activity. The luminescence is shown in the form of relative luminescent

units (RLU) and the data represent the means $ SEM values of four independent experiments. **p < 0.005 significantly higher than the non-stimulated cells, analyzed by Student’s t-

test. NS, non-stimulated. (G) d-HEK293 cells were treated or not with 1 mM DSLET for 15 min and cytoplasmic and nuclear fractions were separated as described in Materials and

methods. Immunoblotting was used to monitor the STAT5B levels and antibodies against tubulin and histone2B were used as internal controls for cytoplasmic and nuclear extracts,

respectively. Data of densitometric analyses are shown below the immunoblots and represent the means $ SEM values of four independent experiments. ***p < 0.0005 significantly

different than the non-stimulated cells, by Student’s t-test. (H) d-HEK293 cells, pretreated or not, with 100 ng/ml PTX for 18 h (lanes 3e4 or 1e2, respectively), were either

challenged with 1 mM DSLET for 5 min (lanes 2 and 4), or not (lanes 1 and 3). The samples were immunoprecipitated with a STAT5 antibody and phosphorylation of STAT5B was

detected by immunoblotting with p-STAT5.
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In view of these results, we also investigated whether d-OR acti-

vation with DSLET induces phosphorylation of endogenous c-Src at

Tyr 416, which is a prerequisite for c-Src activation. Exposure of

d-HEK293 cells to DSLET resulted in phosphorylation of c-Src

kinase, thus supporting the involvement of c-Src in the flag-d-OR-

dependent tyrosine phosphorylation of STAT5B (Fig. 3B).

Src kinases were previously shown to associate with and to

phosphorylate STAT3 and STAT5A/B members (Cao et al., 1996;

Kazansky et al., 1999). In view of this consideration, we examined

whether c-Src could also associate directly with STAT5B. For this

reason, d-HEK293 cells were challenged for different times with

DSLET and cell lysates were immunoprecipitated with an anti-c-Src

and immunoblottedwith a STAT5 antibody. As shown in Fig. 3C, c-Src

immunoprecipitates derived from unstimulated cells did not asso-

ciate with STAT5B (lane 2). In contrast, in cell lysates challengedwith

DSLET, STAT5B was found to interact with c-Src kinase (lanes 3e5).

No band was detected in samples of lysates that were immunopre-

cipitated with NRS (lane 6). These results suggest that c-Src interacts

with STAT5B upon DSLET-activation of flag-d-OR in HEK293 cells.

3.4. STAT5B interacts with Gbg and specific Gai/Gao subunits

Knowing that Gai and Gbg subunits interact in vitrowith the d-CT

(Georgoussi et al., 2006) and that d-OR-induced STAT5B phosphor-

ylation occurs in a G protein-dependent manner, we wondered

whether STAT5B could directly associate with Ga and/or Gbg

subunits. To answer this question lysates from d-HEK293 cells chal-

lengedornotwithvariousopioid agonists,were immunoprecipitated

with antibodies against the appropriate G proteins. As demonstrated

in Fig. 4A, Gai3 co-immunoprecipitates with STAT5B in cells that

were stimulated either with DSLET (lanes 3e5) or with morphine

(lanes 9 and 10), thus suggesting that STAT5B associates with Gai3

upon d-OR activation with both opioid agonists in a similar manner.

No bands were detected in unstimulated cell lysates immunopre-

cipitated with anti-Gai3 (upper panels, lanes 2 and 8), or anti-STAT5

(lower panel, lane 6) and those that were immunoprecipitated with

NRS (lane 7). To determine whether other members of the G protein

family also interact with STAT5B, similar co-immunoprecipitations

for Gao and Gai2 were performed. As shown in Fig. 4B, STAT5B was

found to associate with Gao in the absence of receptor stimulation

(lanes 2 and 8). Co-immunoprecipitated STAT5B was sustained for

5min (lanes 3, 4 and 9) and was no longer observed after 15 min

DSLET (lane 5), or DPDPE (lane 10) administration, indicating that

STAT5B interacts transiently with Gao subunit after DSLET or DPDPE

stimulation of d-OR. In contrast, when the same cell lysates were

immunoprecipitated with a Gai2 antibody, STAT5B was not detected

(Fig. 4C). These results suggest that STAT5B can selectively couple to

Gai3 and Gao displaying a different kinetic profile.

To further explore whether Gbg complexes have also the ability

to interact with STAT5B, the same samples were immunoprecipi-

tated with an anti-Gb antibody and immunoblotted with anti-

STAT5. As shown in Fig. 4D, STAT5B associates with Gbg, and this

interaction is more profound after agonist stimulation (upper panel,

lanes 2 and 3). Similarly, in the absence of receptor stimulation, cell

lysates were immunoprecipitated with an anti-STAT5 antibody and

Gb could be detected after immunoblotting with the corresponding

antibody (Fig. 4D, lower panel, lane 4). This result suggests that the

Gbg complex interacts with STAT5B constitutively in HEK293 cells

and this interaction is enhanced upon receptor activation.

3.5. Gbg subunits form a constitutive heterotrimeric

complex with d-OR and c-Src

Previous observations from our laboratory have shown the in

vitro interaction of Gbg subunits of G proteins with the d-OR

(Georgoussi et al., 2006). We therefore explored whether this

interaction is influenced by the activated state of the receptor in

a cellular context. For this reason, d-HEK293 cells were stimulated

with DSLET or not and subsequently the flag-d-OR was immuno-

precipitated from the cell lysates. As demonstrated in Fig. 5A, the

anti-flag antibody immunoprecipitated a polypeptide correspond-

ing to Gb. The amount of Gbg co-precipitated with the flag-tagged

d-OR was independent of DSLET-stimulation (upper panel, lanes 2

and 3), suggesting that Gbg interaction with d-OR occurs in

a constitutive manner and is not affected by the activated state of

the receptor. No band was detected in immunoprecipitates using

NMS (lane 4).

Having established that Gbg complex interacts with STAT5B and

that c-Src is required for STAT5B phosphorylation, we investigated

whether the flag-d-OR could also interact with Src as was previ-

ously reported (Archer-Lahlou et al., 2009; Hong et al., 2009). As

demonstrated in Fig. 5A (middle panel), when the previous blot was

analyzed for Src kinase binding, no association of c-Src with the

d-receptor was detected under both basal and stimulated condi-

tions of the receptor, suggesting that c-Src does not interact with

the human flag-d-OR in HEK293 cells.

Given that c-Src phosphorylates STAT5B but does not interact

with the receptor we next explored whether the Gbg complex

serves as a scaffold to recruit c-Src to the d-OR. For this reason,

similar co-immunoprecipitation studies with Gb and c-Src anti-

bodies were performed in d-HEK293 cells before and after DSLET

administration. As demonstrated in Fig. 5B, association of Gbg

subunits with c-Src was detected only in the absence of opioid

agonist, while the amount of co-immunoprecipitated c-Src was

almost abolished in DSLET-stimulated cells (compare lane 2 with 3

and 4). On the other hand, when the same cell lysates, were

immunoprecipitated with an anti-Gai3 antibody we were able to

observe that c-Src interacts with Gai3 upon flag-d-OR activation

(Fig. 5C, lane 3). These results suggest that c-Src, in the resting state

of the receptor, associates with Gbg subunits, whereas upon flag-d-

OR stimulation interacts with Gai3.

To elucidate whether the expression of d-OR is critical for the

spontaneous pair formation between Gb with c-Src and Gb/Gao

with STAT5B, similar co-precipitation studies in HEK293 cells that

do not express the flag-tagged d-OR were performed. As shown in

Fig. 5D, in parental HEK293 cells, the aforementioned interactions,

present in flag-d-OR expressing cells, were not detected (lanes 2

and 3). These results suggest that the presence of d-OR is required

for the formation of complexes between Gb and c-Src as well as Gb/

Gao and STAT5B in HEK293 cells.

4. Discussion

The opioid receptors participate in mechanisms controlling

neural growth, differentiation and synaptic plasticity (Hauser and

Mangoura, 1998; Christie, 2008). It seems, therefore, plausible to

speculate that opioid receptors may modulate transcriptional

pathways involving members of the STAT family. We have shown

that STAT5A associates with m-OR in an agonist-independent

manner and that activation of m-OR results in changes in the

physical status and functional properties of STAT5A (Mazarakou

and Georgoussi, 2005). Accordingly, we further explored whether

similar effects occur upon activation of d-OR and examined

whether STAT signaling mechanisms constitute a direct link

between membrane-bound opioid receptors and the nucleus in

order to activate transcription.

We demonstrate that STAT5B interacts constitutively with flag-

d-OR, retains after naltrindole treatment, but dissociates upon

DSLET-activation of d-OR, suggesting that the DSLET-driven

receptor conformation destabilizes STAT5B-d-OR interaction,
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Fig. 4. STAT5B co-immunoprecipitates with Gai/Gao and Gbg subunits in HEK293 cells. d-HEK293 cells endogenously expressing STAT5B were stimulated with 1 mM DSLET,

morphine or DPDPE for different time intervals. The cell lysates were immunoprecipitated with (A) an anti-Gai3 polyclonal antibody (lanes 2e5 and 8e10), (B) an anti-Gao

polyclonal antibody (lanes 2e5 and 8-10) and (C) an anti-Gai2 polyclonal antibody (lanes 2e5). Lanes 6 in A, B and C were loaded with unstimulated d-HEK293 cell lysates

immunoprecipitated with an anti-STAT5 antibody (4 mg), while lanes 7 in A, B and C depict control samples precipitated with NRS. The resulting immune complexes were resolved

by 10% SDS-PAGE and immunoblotted with anti-STAT5 (upper panels). The total amount of endogenous Ga subunits present was analyzed by reprobing the membranes with specific

anti-Ga antibodies (lower panels). Each result is representative of one experiment repeated three times. (D) Gb protein was immunoprecipitated from d-HEK293 cell lysates

endogenously expressing Gbg and STAT5B prior (lane 2), or after 1 mM DSLET administration (lane 3). Lane 4 contains lysates immunoprecipitated with the STAT5 antibody, while

control lane 5 contains lysates immunoprecipitated with NRS. Bound STAT5B was visualized using an anti-STAT5 antibody (upper panel). Results shown are representative of three

different experiments. Input in A, B, C and D (lane 1) documents the presence of STAT5B and Ga, Gbg subunits in cell lysates. Quantification of the immunoprecipitated Ga and Gbg

subunits was performed by densitometric analyses and is shown below the immunoblots; data represent the mean $ SEM values from three separate experiments; data of the non-

treated cells were taken as 1, *p < 0.05 and **p < 0.005.



possibly due to tyrosine phosphorylation of d-OR (Kramer et al.,

2002) and/or STAT5B activation. The C-terminus of d-OR possess

a conserved stretch (NPVLYAFLDENFKRCFR) among opioid recep-

tors, which is a docking site for various interacting partners

(Megaritis et al., 2000; Milligan, 2005; Georgoussi, 2008;

Leontiadis et al., 2009). Mapping the sites of interaction within

the d-OR demonstrated that the conserved YAFL region provides

a docking site for STAT5B. STAT3 has also been reported to associate

constitutively with the thyrotropin receptor in CHO cells (Park

et al., 2000); whereas STAT5A binding to the m-OR retained after

morphine administration (Mazarakou and Georgoussi, 2005). The

differential pattern of STAT5B and STAT5A association between the

two opioid receptors could be explained by a) the differential

signaling pathways these receptors mediate upon activation

(Georgoussi et al., 2006) and b) the different biological activities

DSLET and morphine exert to their respective receptors (Whistler

et al., 1999).

STAT5B is phosphorylated upon d-OR activation in HEK293 and

SH-SY5Y cells by two different opioid agonists. Additional studies

indicate the transcriptional activation of a STAT5-directed lucif-

erase reporter gene upon d-OR stimulation. The abrogation of

STAT5B phosphorylation in response to a Src kinase inhibitor

signifies the importance of Src kinase in DSLET-induced STAT5B

phosphorylation. Although the best known tyrosine kinases that

phosphorylate STATs are those of the Jak family (Levy and Darnell,

2002), it was shown that Src phosphorylates STAT3 upon angio-

tensin II administration (Liang et al., 1999), and STAT5A after m-OR

activation (Mazarakou and Georgoussi, 2005), suggesting the

importance of Src kinase in STAT-mediated responses.

Ample experimental evidence reports that Src kinases form

functional complexes with STATs and other signaling intermediates

(Cao et al., 1996; Kazansky et al., 1999; Ma et al., 2000; Gentili et al.,

2006). In an attempt to detect whether a multi-component

signaling complex is initiated upon activation of the human flag-d-

OR, the spatial organization between the receptor, Src kinase and

STAT5B was investigated. Our studies demonstrate that d-OR does

not couple to c-Src, and neither DSLET occupancy of d-OR promotes

c-Src association. Hong et al. (2009) reported that DPDPE-tyrosine

phosphorylation of d-OR is important for Src recruitment to the

receptor. A possible explanation for the lack of Src-d-OR complex

could be that DSLET-tyrosine phosphorylated d-OR displays a lower

potency for Src recruitment. Similarly, although STAT5A phos-

phorylation upon m-OR stimulation is mediated by c-Src, the latter

could not associate with m-OR in COS-7 cells irrespective of

morphine administration (Mazarakou and Georgoussi, 2005). Of

note, are other contradictory findings suggesting either the DPDPE-

induced association of Src with d-OR in CHO cells (Hong et al.,

2009), or the rapid destabilization of a constitutive d-OReSrc

complex upon DPDPE activation of the murine d-OR in HEK cells

(Archer-Lahlou et al., 2009). All these observations suggest that

coupling of Src to d-OR can be modulated by selective agonists,

which promote different conformations to initiate signaling and

produce a certain effect (Pineyro, 2009). Our results also demon-

strate that c-Src interacts with STAT5B only upon d-OR activation,

thus suggesting that DLSET-activated c-Src acquires an open

configurationwhich allows the SH2 and SH3 domains of the protein

to interact with STAT5B. These observations signify the importance

of c-Src activation for both the formation of a c-Src-STAT5B

complex and STAT5B phosphorylation.

Considering previous observations confirming the formation of

complexes between several cytoplasmic proteins and opioid recep-

tors (Milligan, 2005; Georgoussi, 2008) and the present results, we

also sought to determine whether multimeric signaling complexes

(signalosomes) can be formed. Given that Gbg subunits play signifi-

cant roles in downstream effector activation (Smrcka, 2008)

Fig. 5. Gbg complex associates with the flag-d-OR and c-Src kinase in HEK293 cells. (A)

d-HEK293cell lysates endogenouslyexpressing c-Src andGbgwere either stimulatedwith

1 mM DSLET (lane 3), or not (lane 2) and immunoprecipitated with an anti-flag antibody.

The co-immunoprecipitation of Gbg was confirmed by immunoblotting with the appro-

priate anti-Gb antibody (1:5000) (upper panel). c-Src proteinwas detected with a specific

anti-c-Src antibody (1:500) (middle panel). Lane 1 contains 50 mg of unstimulated

d-HEK293 cell lysates and lane 4 untreated d-HEK293 cells immunoprecipitated with

NMS. The same membrane was stripped and reprobed with an anti-flag antibody (lower

panel). The immunoblots shownare representative of three independent experiments. (B)

The cells were exposed to 1 mMDSLET for the indicated times. Cell lysates were obtained

and Gbgwas immunoprecipitatedwith an anti-Gb polyclonal antibody, resolved into 10%

SDS-PAGE and immunoblotted with anti-c-Src. Lane 5 was loaded with unstimulated cell

lysates precipitated with an anti-c-Src antibody and lane 6 contains a sample immuno-

precipitatedwithNRS. Representative immunoblots fromthree independent experiments

are shown. (C) Similarly, d-HEK293 cells treated (lane 3), or not (lane 2) with 1 mMDSLET

for 15 min, were immunoprecipitated with an anti-Gai3 antibody and immunoblotted

with anti-c-Src. Lane 1 contains 50 mg of unstimulated d-HEK293 cell lysates, lane 4

untreated d-HEK293 cells immunoprecipitated with an anti-c-Src antibody and lane 5

contains a sample immunoprecipitated with NRS. (D) Parental HEK293 cells were

immunoprecipitatedwith the anti-Gao (lane 2), Gb (lane 3), STAT5 (lane 4) and c-Src (lane

5) antibodies and immunoblotted with anti-STAT5 (upper panel) or anti-c-Src (lower

panel). Lane 1 represents 50 mg of HEK293 cell lysates (input) and lane 6 represents lysates

from HEK293 cells immunoprecipitated with NRS used as control.
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and interact directly with d-OR in an agonist-independent manner

(Georgoussi et al., 2006), we investigated whether d-OR affects c-Src

signaling through Gbg complexes. Our results have shown that the

human flag-d-OR, in its resting state, can serve as a platform allowing

the formation of a ternary complex between STAT5B and Gbg

subunits, which play a scaffolding role for c-Src’s recruitment to the

receptor. Upon DSLET-activation of flag-d-OR, c-Src dissociates from

Gbg complex and couples with Gai3. In line with these observations,

other studies have shown the ability of Gas and Gai to interact with

the kinase domain of c-Src and similar observations were also

reported in rat intestinal cells, where Src-Gbg and SrceGas

complexes are formed (Ma et al., 2000; Gentili et al., 2006).

STAT5B interacts specifically with Gai3 and Gao but not with

Gai2 and the pattern of association between the two G proteins is

different. Indeed, while Gai3 associates with STAT5B upon flag-d-

OR stimulation, Gao remains coupled to STAT5B at any receptor

conformation (agonist bound or free). These findings suggest that

STAT5B displays a certain specificity and potency to interact with

a particular subset of G proteins. Of interest is that these interac-

tions are formed only when the d-OR is expressed in HEK293 cells.

Similar receptor driven interactions have also been reported for

RGS with Ga subunits (Roy et al., 2003). To our knowledge, this is

the first indication for a STAT5B-driven selective coupling with

a specific G protein population, depending on the activation state of

a given GPCR and the G protein(s) present. In line with these

observations, previous results have shown the ability of STAT3 to

interact directly with small G proteins, such as Rac1 (Simon et al.,

2000) and Ras homologue member I (Nishimoto et al., 2005).

Additionally, angiotensin II-activation of STAT3 is mediated by

direct association with Rac1 in atrial myocytes (Tsai et al., 2008).

Gi/o members are abundantly expressed in brain and are enriched

at neuronal growth cones (Bromberg et al., 2008). The fact that

STAT5B interacts with them uncovers a novel mechanism through

which d-OR might be involved in molecular mechanisms related to

neurite outgrowth.

Like many GPCRs, d-OR adopts multiple active conformations

that display distinct and selective interactions with various G

protein subtypes and other signaling intermediates (Pineyro, 2009

and references therein). The fact that DSLET exhibits a similar

interacting profile with morphine and DPDPE for STAT5B-Gai3 and

STAT5B-Gao pair formation, demonstrates that these types of

interactions are not ligand selective.

A lot of attention has recently been paid to the functional conse-

quences of Gbg binding to various intracellular domains of GPCRs

that is believed to facilitate the interface of GPCRs to diverse signaling

pathways. Of special interest is also the discovery of Gbg role in the

regulation of gene expression as well as the nuclear localization and

dynamic trafficking of G protein subunits (Spiegelberg and Hamm,

2007). Our results demonstrate that STAT5B pairs with Gbg

complex, both in its heterotrimeric and dimeric state, with the latter

displaying a higher affinity. The present finding could explain the

constitutive interaction between STAT5B and Gao in HEK293 cells. A

scenario that can explain why STAT5B pairs with both Gbg and Ga

upon d-OR activation could be that G proteins can dynamically traffic

between theplasmamembrane and thenucleus (Willard andCrouch,

2000; Spiegelberg and Hamm, 2007), thus forming complexes with

various signaling intermediates, however, the spatiotemporal exis-

tence of these interactions merits further investigation. This novel

role of Gbg to physically interact with STAT5B extends the impact G

protein signaling may exert on processes related to transcriptional

regulation and supports previous observations about the direct,

intranuclear connections between Gbg and gene transcription

(Spiegelberg and Hamm, 2007).

Collectively, our results led us to propose a novel signaling

pathway of a multi-component complex (signalosome) initiated at

the d-CT, which serves as a protein platform. As illustrated in Fig. 6,

Fig. 6. A putative signaling pathway of the d-OR-STAT5B-G protein complex, implicated in STAT5B phosphorylation. The C-terminal tail of d-OR interacts constitutively with STAT5B

through its putative docking motif YXXL and Ga, Gbg subunits and indirectly with c-Src via Gbg subunits, giving rise to a signaling complex. In the DSLET-activated state of d-OR,

Gbg remains bound to d-OR; STAT5B dissociates from the receptor, forming a new complex, consisting of Gbg, active Gai/o subunits and activated c-Src. Subsequently, phos-

phorylated STAT5B dimerizes and translocates to the nucleus where it binds to specific DNA target sequences, thus altering gene transcription (Lim and Cao, 2006).
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d-OR in its resting state, associates with Gbg and STAT5B forming

a ternary complex. c-Src interacts with Gbg, which in turn, working

as a scaffold, brings c-Src in proximity to the d-receptor. Upon

DSLET-d-OR activation, STAT5B dissociates from the receptor and is

phosphorylated by c-Src. Phosphorylated STAT5B interacts with

selective free Ga and Gbg subunits and activated c-Src kinase; the

latter dissociates from Gbg and interacts with Gai3. Subsequently,

phosphorylated STAT5B dimerizes and translocates to the nucleus

where it binds to specific DNA target sequences, thus altering gene

transcription (Lim and Cao, 2006). The molecular dissection of

proteineprotein interactions that occur at the d-CT should shed

light to our understanding of the intracellular signaling pathways

that may be affected by agonists that target d-OR. Future functional

and genetic analyses should unravel how these effects are

mediated.
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Abstract: Opiate drugs mediate their analgesic, euphoriant, and rewarding effects by activating opioid receptors. 

Pharmacological and molecular studies have demonstrated the existence of three opioid receptor subtypes, µ, !, and "-

that couple predominantly to Gi/Go types of G proteins to regulate the activity of a diverse array of effector systems. 

Ample experimental evidence has demonstrated that these receptors can physically interact with a variety of accessory 

proteins, confirming that signal transduction of the opioid receptors is not restricted to heterotrimeric G protein activation. 

Such interactions can alter the effectiveness of agonist-driven cell signalling, determine the signals generated and alter the 

trafficking, targeting, fine tuning and cellular localization of these receptors by providing a scaffold that links the 

receptors to the cytoskeletal network. The current review will summarize opioid receptor interacting partners and their 

role as currently understood. Increasing knowledge of the mechanisms by which these interactions are regulated is 

expected to address problems related to phenomena such as pain perception, tolerance and dependence that occur upon 

chronic opiate administration and define whether disruption of such interactions may contribute to the development of 

novel therapeutic strategies. 

Keywords: G protein-coupled receptors, G protein, cellular signalling, interacting proteins, internalization, opioid, signalling 
complex, trafficking.

INTRODUCTION

The opioid receptors (µ, !, "), which belong to Class A of 
the rhodopsin sub-family of G-protein coupled receptors 
(GPCRs), mediate various functions in the nervous system 
and peripheral tissues that range from modulation of pain 
perception, cell proliferation and neural development to 
synaptic plasticity and cell survival [1-7]. They are activated 
by both endogenously produced opioid peptides and exoge-
nously administered opiate compounds, some of which are 
not only among the most effective analgesics known but are 
also highly addictive drugs of abuse [8-11]. All three opioid 
receptor subtypes couple preferentially to Gi/o types of G 
proteins and hence inhibit adenylyl cyclase and regulate a 
number of other signalling intermediates, including phos-
pholipase C (PLC), mitogen-activated kinase (MAPK) and 
various ion channels [12-18]. Such diverse signalling events 
are mediated by various G protein subtypes in a pertussis 
toxin (PTX)-sensitive or insensitive manner depending on 
the system studied and the efficacy and identity of the opioid 
agonists employed [15, 19-24]. 

Although, the first proteins shown to interact functionally 
with opioid receptors were G proteins [13, 16, 20, 25, 26], to 
modulate canonical G protein-dependent signalling, increas-
ing evidence in the field suggests that the situation is much 
more complex [27, 28]. Indeed, observations derived from 
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approaches such as yeast-two hybrid screens, immunopreci-
pitation and fluorescence or bioluminescence resonance 
energy transfer in living cells, suggest that a wide range of 
other interacting partners can participate in the regulation of 
every aspect of opioid receptor activity. Such observations 
have indicated that all three opioid receptors can form multi-
component protein assemblies, that may be dynamic, invol-
ving interactions, a) between themselves or other related 
GPCRs and b) with other interacting proteins. Such inter-
actions contribute to the intricate and finely tuned process of 
signalling downstream of these receptors.

Substantial evidence has suggested that all three opioid 
receptor subtypes are capable of forming both homo- and 
hetero-dimers with themselves or less highly related GPCRs 
and that these inter-receptor complexes can produce 
pharmacological profiles distinct from those of monomeric 
receptors [29]. Opioid receptor dimerization has been 
extensively reviewed recently [30-36] and will not be the 
subject of this review. However, it should be noted that a 
number of observations in this area have been restricted to 
studies in heterologous cell lines and require confirmation in 
physiologically relevant settings [37, 38]. Instead, emphasis 
will be given to novel opioid receptor interacting partners 
that link the receptors to alternative signalling pathways 
beyond G proteins. Fig. (1) illustrates reported interactions 
for the three opioid receptor subtypes. These dynamic inter-
actions are initiated at the intracellular face of these 
receptors, and serve as platforms for scaffolding proteins that 
assemble various multi-protein complexes with distinct 
signalling characteristics. In this review, opioid receptor-
interacting proteins that modulate signal transduction 
pathways will be discussed and new ways in which opioid 
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receptors may regulate signal transduction pathways media-
ted by these proteins will be suggested. Such knowledge may 
address fundamental questions concerning the importance 
and molecular mechanisms that underlie tolerance and 
dependence to opioids, and uncover factors that modulate 
synaptic transmission to provide insights into a variety of 
physiologic and pathophysiologic processes. 

MOLECULAR DETERMINANTS OF OPIOID 
RECEPTOR INTERACTIONS

A critical question in cellular signalling is what deter-
mines the specificity of signal transduction processes? There 
is ample evidence for the formation of complexes maintained 
by protein scaffolds that control signal specificity and this 
contrasts with the classical collision-coupling model of G 
protein signalling [39]. Extensive observations have demons-
trated that the cytoplasmic face of the opioid receptors and, 
particularly, the third intracellular loop and the C-terminal 
tail, are critical in mediating the signal transfer to G proteins 
and play specific roles in mediating protein-protein inter-
actions [40-42]. The hydrophilic, cytoplasmic domains of the 
three opioid receptors display high sequence similarity, 
especially in the second and third intracellular loops (about 
90% amino acid identity) suggesting that these receptors are 
likely to interact with similar proteins. More specifically, the 
third intracellular loop (i3-L) of the opioid receptor family is 
comprised of some 23 aminoacids, which, with the exception 
of three aminoacids, are identical between the three opioid 
receptor subtypes. This i3-L loop represents one of the most 
fundamental structural determinants for direct Gi/Go protein 
coupling and activation [9, 12, 42-46]. Besides G# binding, 
this domain also allows direct binding of G$% complexes 
[47] and provides contacts for other interacting proteins 
(Table 1). 

The C-terminal domain of GPCRs is recognized as one of 
the main domains involved in regulation of GPCR function 

[48, 49]. This region is also a key site for post-translational 
modification, including phosphorylation, and is crucial for 
receptor desensitization and trafficking. The predicted C-
terminal tails of the µ, ! and "-opioid receptors comprise 59, 
51 and 47 amino acids respectively and contain the 
conserved region DENFKRCFRXXC, where X represents 
amino acids that vary between the three opioid receptor 
subtypes. This well conserved sequence is predicted to form 
an ! helix (helix VIII) that, in the currently available atomic 
level structures of other GPCRs, runs parallel to the plasma 
membrane and is crucial for the coupling of G proteins. This 
is concluded by thioacylated cysteine residues which bear 
fatty acid residues that intercalate into the lipid bilayer. The 
putative helix VIII of the opioid receptors has been found to 
be responsible for the direct interaction with proteins of dif-
ferent function, summarized in Table 1 that will be discussed 
below. Such interactions have also been demonstrated for 
other GPCRs [49-55]. 

Opioid receptors, upon agonist activation, interact with 
members of the heterotrimeric G protein family. This type of 
interaction can be dynamically influenced by a number of 
other receptor-interacting proteins which can decrease the 
intensity or duration of GPCR signalling by disrupting the 
association of GPCR with G proteins, or by recruiting nega-
tive regulators of GPCR signalling and will be the subject of 
interacting proteins interfering with G protein signalling. 
Significant effort has been invested towards understanding 
aspects of signalling responsible for the desensitization, 
internalization and trafficking of opioid receptors. These 
mechanisms are regulated by an increasing number of 
scaffolding or cytoskeletal proteins, which upon receptor 
interaction can alter the effectivenes of the agonist-driven 
responses and, together with PDZ and chaperone containing 
proteins, will be described in detail. Two additional sections 
will be dedicated to the interactions affecting biogenesis and 
neurotransmitter release. Finally, fine tuning of receptor 
effects modulated by direct interaction with kinases and 
transcription factors will also be considered. 

Fig. (1). Known opioid receptor-protein interactions. Schematic representation of the known interacting partner proteins of the three 

opioid receptor subtypes based on their classification throughout the text, each protein group is presented by a different color.
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INTERACTING PROTEINS THAT INTERFERE 

WITH G PROTEIN SIGNALLING

Calmodulin

Parts of i3-L and the proximal region of the carboxyl-
terminal tail have been shown to be important for G protein 
coupling and activation [42, 44-46, 56]. The first indication 
of an interaction between an opioid receptor and a protein 
other than a G protein involved the µ-opioid receptor and the 
Ca

2+
 binding protein calmodulin [57], addressed by experi-

ments using peptides derived from the µ-OR i3-L [57]. 
Calmodulin is a ubiquitously expressed Ca

2+
-sensitive regu-

latory protein but, in addition to acting as a regulator of 
cytoplasmic enzymes, also modulates adenylyl cyclases, 
Ca

2+
/CaM dependent kinases and phosphatases, Ca

2+
-

ATPases, ion channels and many other membrane proteins 
[58]. Binding of calmodulin to the i3-L results in reduced 
basal and agonist-activated [

35
S]-guanosine 5’-3-thio-tri-

phosphate binding in membranes expressing the µ-opioid 
receptor. Given the high sequence similarity among the i3-L 

of opioid receptor subtypes similar effects have also been 
reported for the !-OR [57]. Interestingly, a µ-opioid receptor 
mutant K273A, displays enhanced G protein coupling 
compared to wild type, but is insensitive to calmodulin [57]. 
These results were consistent with the prediction that 
calmodulin associates competitively in sites interacting with 
G protein(s) and, that in the absence of agonist, calmodulin 
can limit basal signal transduction of opioid receptors. Such 
results demonstrate that calmodulin competes with G protein 
for binding to the opioid receptors and may serve as an 
independent second messenger molecule released upon 
receptor stimulation [57, 59]. This is of interest because 
opioid receptors regulate aspects of cellular Ca

2+
 signalling. 

Indeed, it was reported that activation of opioid receptors 
may play a modulatory role in the fine tuning of Ca

2+

signalling events [60, 61]. Regulation of Ca
2+

dynamics by 
neurotransmitters is a possible mechanism by which changes 
in the CNS micro-environment regulate various brain 
activities, including chronic pain. It was also found that 
calmodulin interacts with the i3-L of the D2–dopamine 

Table 1. Interacting Proteins of the Three Opioid Receptor Subtypes (µ-OR, !-OR and "-OR) and their Key Roles in Opioid 

Function 

Interacting 

protein

Opioid receptor 

subtype
Function Site of interaction References

$-Arrestin µ-OR, !-OR, "-&R Receptor desensitization & endocytosis i3-L, C-terminus
[125, 126, 142, 

143]

Calmodulin µ-OR, !-OR Interferes with G protein activation i3-L [57, 59]

Calnexin !-OR Plasma membrane targeting ND [278]

EAAC1 !-OR Affects neurotransmitter release ND [292]

EBP50/NHERF "-&R Increase receptor recycling C-terminus [238]

Filamin A µ-OR Receptor trafficking C-terminus [253]

GASP !-OR Receptor lysosomal targeting C-terminus (helix VIII) [203]

GEC1 "-&R Regulates receptor trafficking and biosynthesis C-terminus [244]

Glycoprotein 
M6a

µ-OR, !-OR Receptor endocytosis and recycling ND [228]

hlj1 µ-OR Receptor maturation and degradation C-terminus [273]

Periplakin µ-OR Interferes with G protein activation C-terminus (helix VIII) [66]

PKC1 µ-OR Receptor desensitisation & phosphorylation C-terminus [158]

PLD2 µ-OR Receptor endocytosis and recycling ND [170]

Protachykinin !-OR Receptor sorting to LDCVs e3-L [267]

RanBPM µ-OR Reduce receptor endocytocis ND [185]

RGS4 µ-OR, !-OR Receptor signalling and scaffolding
C-terminus (helix VIII), 

i3-L
[47,87]

RGS9-2 µ-OR Receptor signalling and endocytosis ND [117, 120]

Ribophorin I µ-OR,!-OR, "-&R Regulates receptor trafficking and biosynthesis ND [248]

SNX1 !-OR Receptor lysosomal targeting C-terminus [204]

Spinophilin µ-OR Receptor internalization ND [199]

STAT5A/B µ-OR, !-OR
Interferes with transcriptional activation and protein 

scaffolding
C-terminus (YXXL motif) [15, 284]

Synaptophysin µ-OR Receptor signalling and trafficking i3-L [211]

Ubiquitin !-OR, "-&R Receptor degradation C-terminus [230, 235]
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receptor [62] and enhances receptor signalling [63], with the 
C-terminal tail of the metabotropic glutamate receptors 7A 
and 7B (mGlu7A, 7B) [64] to alter the mode of action of 
group III mGluR [64], and with the 5-HT(2C) receptor [65]. 
All these indicate that calmodulin, by interacting with 
various GPCRs, attenuate G protein coupling and agonist-
mediated regulation of downstream effector cascades.

Periplakin 

Using the C-terminal tail of the MOP-1 and MOP-1A 
splice variants of the human µ-OR as bait in a yeast two-
hybrid screen against a human brain cDNA library the 
predominant hit identified was periplakin [66]. Periplakin is 
an actin and intermediate filament binding protein, most 
widely studied in the keratinocyte cytoskeleton [67, 68]. 
However, it is also widely expressed in the central nervous 
system. Binding of periplakin with µ-OR was confirmed 
using pull-down assays employing GST fusion segments of 
the C-terminal tail of MOP-1 and purified His-tagged 
periplakin. The interaction of periplakin with µ-OR was 
observed with both MOP-1 and MOP-1A, which differ in 
their extreme C-terminus sequence, thus eliminating the 
possibility that the interaction occurs within this region. 
Mapping the site of this interaction using fragments of the 
MOP-1 C-terminal tail demonstrated that the region close to 
the seventh transmembrane domain, forming helix VIII, is 
the structural determinant responsible for periplakin binding 
[66]. Interaction also occurred, although less strongly, with 
the equivalent region of the !-OR. 

It is known that helix VIII of rhodopsin provides contact 
sites for and plays a critical role in G protein activation [69]. 
This region was also found to contribute to µ- and !-OR-G 
protein coupling and activation [44, 46]. A critical question 
therefore arises as to whether periplakin, by interacting 
within this domain, competes with G proteins for the same 
sites and alters the effectiveness of G protein activation. It
was found that co-expression of periplakin with the µ-OR 
splice variants MOP-1 and MOP-1A in HEK293 cells 
significantly reduced the capacity of DAMGO to stimulate 
[

35
S]GTP%S binding to G proteins in a receptor-selective 

manner without interfering with agonist-mediated interna-
lization of the µ-OR [66]. It was concluded, therefore, that 
periplakin interferes with opioid agonist-mediated G protein 
activation. Using similar approaches evidence has also been 
provided for periplakin’s interaction with the melanin 
concentrating hormone-1 (MCH-1) receptor, which is 
implicated in body weight regulation. The MCH-1 signals 
through both G#i and G#q-coupled pathways. This inter-
action occurs within a segment proximal to transmembrane 
helix VII, despite the fact that the MCH-1 receptor lacks the 
cysteine residues in the C-terminal tail that defines the distal 
end of helix VIII in many other GPCRs. Co-expression of 
periplakin in HEK293 cells did not interfere with agonist-
induced internalization of the MCH-1 receptor but, as with 
the µ-OR, it resulted in a large reduction of G protein acti-
vation [70, 71]. Collectively it is suggested that periplakin 
limits agonist-mediated G protein activation probably by 
competing with G proteins for binding to this region of 
GPCRs. Recent observations demonstrate that periplakin and 
neurochondrin can interact and modulate selectively the 
function of a wide range of GPCRs [72].

RGS Proteins

Regulators of G protein signalling (RGS proteins) com-
prise a large family of multifunctional proteins (>30 family 
members) that act as negative regulators of G proteins and 
thus modify the potency and the kinetics of GPCR signalling 
[73-77]. They do so by a number of mechanisms including a) 
acceleration of G protein inactivation, b) direct antagonism 
with G protein effectors and c) sequestration of G# subunits 
[74, 78, 79]. Growing evidence indicates that RGS proteins, 
by their ability to shorten the lifetime of activated G#, confer 
selectivity for signalling pathways [79]. However, it is still 
unclear to what degree G protein activation influences RGS 
binding, how stable RGS-G protein association is and how 
GPCRs might influence RGS-G protein association [79, 80]. 
It was found that RGS proteins can directly interact with 
preferred receptors to regulate their function, whilst locali-
zation studies have provided evidence that RGS proteins are 
recruited to the membrane in a receptor-specific manner 
[80]. Direct interaction of RGS2 with the third loop of the 
M1 muscarinic acetylcholine receptor [81], and the #1'-
adrenergic receptor has been reported [82], whilst RGS4 has 
been shown to bind to metabotropic glutamate receptor sub-
type 5 in rat striatum [83]. A range of studies have associated 
the action of RGS proteins, mainly from the subfamilies R7, 
R4 and Rz, with the regulation of signal transduction of 
opioid receptors [84]. Regulation of RGS proteins by chronic 
morphine treatment in rat locus coeruleus has been reported 
[85] and opioid agonists have been proposed to up-regulate 
RGS4 mRNA levels in PC12 cells which might contribute to 
opioid desensitization [86].

RGS4 Protein

Initial observations employing pull down assays that 
utilized the i3-L of the !-OR and the C-terminal tails of the 
µ-OR and !-&R expressed as a glutathione-S-transferase 
(GST) fusion proteins demonstrated the ability of purified 
recombinant RGS4 to interact directly with both opioid 
receptors [47]. RGS4 belongs to the B/R4 family of RGS 
proteins and appears to be selectively expressed in the CNS 
and heart [77]. RGS4 association with the µ- and !- ORs was 
confirmed by co-immunoprecipitation studies in HEK293 
cells expressing tagged versions of these receptors and HA-
RGS4. This interaction occurs in the absence of agonist 
stimulation, suggesting that RGS4 may be associated 
constitutively with these receptors [87]. Agonist-stimulation 
of µ-OR and !-&R led to translocation of RGS4 to the 
plasma membrane where it co-localized with both opioid 
receptors [87]. 

Of interest is the finding that RGS4 binding occurs 
within two distinct domains of !-OR that is the C-terminal 
tail and the i3-L [47]. As noted earlier, i3-L of all three 
opioid receptors shares a high degree of amino-acid identity 
with only three amino acid differences among them [2, 38]. 
Taking into account previous observations regarding the role 
of i3-L in G protein coupling and activation for all ORs [44-
47], this region may also be responsible for RGS4 binding to 
"-OR. This is the first indication that an RGS protein appears 
to display more than one interaction site for direct GPCR 
binding and it will be of interest to explore the implications 
of this. Mapping the sites of interaction within the C-
terminal tail of the µ- and !-OR demonstrated that lack of the 
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juxtamembrane domain encompassing the conserved 18 
amino-acid stretch (LNPVLYAFLDENFKRCFR), abolished 
binding of RGS4 to both receptors and prevented formation 
of a heterotrimeric complex with RGS4 and activated G#
[87]. This suggests that the predicted helix VIII of µ and !-
ORs scaffolds a signalling complex consisting of the opioid 
receptor, activated G# and RGS4. The 4Box domain is res-
ponsible for the direct association of RGS4 with the acti-
vated G# subunit and induces the binding of the RGS4/G#
complex to µ-&R, while the N-terminus controls the inter-
action of RGS4 with µ-OR in the absence of G# [47, 87]. 
Construction of truncated versions of RGS4 abrogated these 
interactions suggesting that the regions responsible for 
opioid receptor binding are those of the 4Box and the N-
terminus of RGS4 [87].

It is known that receptors promote G protein activation 
and that RGS proteins tend to bind with higher affinity to 
activated G proteins in vitro [88] and in intact cells [89]. One 
could therefore ask whether RGS4 promotes the binding of 
activated G#, G$% or other proteins to the receptors. In this 
respect, it was clearly shown that G$% and RGS4 compete 
for the same binding sites of the µ-OR C-terminal tail and, 
most importantly, that a signalling complex consisting of the 
µ-OR, activated G#, G$% and RGS4 can be formed [47]. 
Knowing that RGS4 and G# subunits form in vitro a 
heterotrimeric complex containing the !- and µ-ORs, the 
authors further explored whether RGS4 expression promotes 
selectivity for the receptors to couple with a specific subset 
of G proteins. Whilst in µ-&R expressing HEK293 cells 
RGS4 pairs with any of the endogenous G proteins tested 
[87], in contrast, RGS4 can dynamically regulate the 
spontaneous selectivity of !-OR for specific G proteins even 
in the absence of agonists [87]. This was the first example of 
an RGS-driven selection of coupling with a specific G 
protein population depending on the presence or the 
activation state of a given GPCR in living cells.

Opioid receptors stimulate ERK1/2 MAPK activity via 
PTX-sensitive and insensitive G protein signalling mecha-
nisms [42, 90] and growing evidence indicates that RGS 
proteins, among them RGS4, are implicated in MAPK 
signalling through GPCRs [91-94]. The presence of RGS4 
restricts MAPK phosphorylation by both activated µ- and !-
ORs suggesting that RGS4 acts as an effector antagonist for 
both opioid receptors [87]. It was also shown that µ-agonists 
display increased potency and/or efficacy of signalling to 
adenylyl cyclase in cells expressing an RGS-insensitive G#(
compared to those expressing the wild type RGS-sensitive 
G#( protein [95]. Recent observations by the same group 
demonstrate that µ-OR signalling to adenylyl cyclase is 
differentially modulated by RGS proteins in permeabilized 
C6 cells and this depends on the G# proteins [96]. 

Opioid analgesia and development of tolerance involve 
complex cellular and molecular mechanisms that, in part, 
reflect loss of membrane surface opioid receptors [5, 97, 98]. 
Initial studies using RGS4 knockout mice have shown these 
animals not to display any obvious developmental defects or 
altered responses to acute morphine or withdrawal from 
chronic morphine [99]. However, recent findings using 
constitutive and inducible knockout mice have demonstated 
that RGS4 exerts differential effects on distinct actions of 
opiates in the nervous system [100]. Furthermore, distinct 

studies suggest that RGS proteins may be implicated in 
opioid receptor internalization. Indeed, it has been shown 
that GAIP facilitates !-&R internalization and recycling via 
clathrin-coated vesicles [101], whereas RGS14 prevents 
morphine-induced µ-OR phosphorylation and internalization 
in neurons from mice [102]. Measurements of the fate of 
internalized !-OR indicated that RGS4 expression 
accelerated the early kinetics of !-OR endocytosis, an effect 
that was eliminated using a )*RGS4 mutant lacking the N-
terminal domain. Similarly, this )*RGS4 mutant had no 
effect in modulating adenylyl cyclase inhibition induced by 
the activated µ-OR, thus reinforcing the functional signi-
ficance of this domain for opioid receptor signalling [87]. In 
accordance with these findings the N-terminus of RGS4 was 
required for Kir3 channel deactivation [103], for high affi-
nity and receptor selective inhibition [104] and for modulat-
ing pheromone signalling in yeast [105]. We can conclude, 
therefore, that RGS4 is an attractive target to selectively 
manipulate G protein pathways and regulate the potency, 
selectivity and duration of opioid action in order to prevent 
the adverse effects of tolerance and dependence. In this 
respect, a number of structure-based RGS4 peptides were 
designed as inhibitors of it’s GTPase activating protein 
function [106]. Furthermore, small-molecule inhibitors of 
RGS4 have been identified using a high-throughput flow 
cytometry protein interaction assay [107]. With this screen 
one compound, CCG-4986, that inhibited the GAP activity 
of RGS4 and RGS4 activity on µ-&R was defined [107, 
108]. Although currently of only moderate affinity, small 
molecule inhibitors of RGS proteins may provide a first step 
towards the development of novel therapeutics. It remains to 
be further investigated whether these peptides can be used as 
tools to potentate the effects of opioid agonists. We have just 
begun to comprehend how RGS proteins are able to regulate 
opioid receptor signalling events. Future studies will 
undoubtedly advance our knowledge of how these proteins 
could be targets for the development of novel therapeutics. 

RGS9 Protein

Another RGS protein that has been shown to be involved 
in opioid mediated effects is RGS9 which belongs to the 
C/R7 family of these proteins [109-111]. RGS9 exists in two 
forms RGS9-1 and RGS9-2 that are generated by alternative 
splicing [112]. RGS9-2 is solely expressed in brain regions 
and has been implicated in the selective modulation of D2 
dopaminergic receptor signalling via its DEP domain [113-
115]. Negative modulation of opioid action by RGS9-2 has 
been reported from in vivo studies using antisense tech-
nology and knockout mice. RGS-9 knockout mice became 
tolerant to morphine and exhibited a much stronger response 
to morphine withdrawal and more severe physical depend-
ence than did wild-type mice [111, 116]. RGS9-2 was also 
found to co-immunoprecipitate with the µ-&R from memb-
ranes of mouse periaquedictal gray matter; administration of 
morphine disrupted this association, probably due to the 
removal of the µ-&R-regulated G# subunits [117]. Indeed, 
morphine activation of the µ-OR in mouse periaqueductal 
gray matter membranes transferred control of G# subunits to 
RGS9-2, a phenomenon responsible for receptor desensiti-
zation [118]. The authors suggested a multi-step process 
where the tolerance developed after morphine administration 
is correlated with the retention or sequestration of the µ-OR 
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associated G# subunits to the serine phosphorylated RGS9-2 
and binding of the latter to 14-3-3 protein [118, 119]. Thus, 
retention of G# by RGS9-2 attenuates the effects of agonists 
and is implicated in the development of delayed tolerance 
detected after high doses of µ-opioid ligands [118, 119].

Further observations of the role of RGS9-2 in µ-&R 
signalling were generated using PC12 cells [120]. These data 
indicated that RGS9-2 interacts with HA-tagged µ-&R, an 
interaction that was enhanced upon morphine administration. 
Overexpression of RGS9-2 prevented opiate-induced 
ERK1/2 phosphorylation and delayed DAMGO-induced 
internalization of this HA-tagged receptor [120]. However, 
following elimination of the DEP domain of RGS9-2, which 
is critical for the selective targeting of this RGS to the 
membrane [113, 114, 121], an acceleration of µ-OR inter-
nalization was detected [120]. However, these studies did not 
provide evidence on the identity of the G protein involved or 
whether lack of the DEP domain of RGS9-2 affects its 
association with µ-OR. 

Behavioral analysis of RGS9 knockout mice provided 
evidence for the role of RGS9-2 in drug addiction, in which 
the locomotor activitating actions of opioid agonists were 
more pronounced [111]. Lack of RGS9 expression led to 
accelerated locomotor sensitization and increased reward 
sensitivity. The increased sensitivity to the rewarding actions 
of morphine is attributed to the RGS9-2 actions in the 
nucleus accumbens, where RGS9-2 is localized [111]. In 
addition, the RGS9-2 protein levels were altered after acute 
or repeated exposure to drugs of abuse [113]. All these 
findings, together with the role RGS9-2 plays in striatal 
cholinergic interneurons [114], establish RGS9-2 protein as 
an essential molecular target in opiate action.

RGSZ2 Protein

The very first indications of an association of an RGS 
protein with the opioid receptors were reported for RGSZ2, 
an RGS that efficiently deactivates G#zGTP. It was 
demonstrated that in membranes from periaqueductal gray 
matter both RGSZ2 and RGSZ20 co-precipitated with the µ-
ORs complexed with Gz [122]. Morphine challenge reduced 
the association of Gi/o/z with µ-&R, but enhanced their 
association with RGSZ2 and RGSZ20 proteins [122]. These 
studies failed, however, to indicate clearly whether a 
physical interaction of RGSZ2 with the µ-OR exists. It will 
be of interest to investigate whether selectivity of RGS-OR 
pair formation is influenced by the nature of the opioid 
agonist involved or that opioid receptors themselves have the 
ability to select a specific subset of RGS proteins depending 
on their abundance and the tissue in which they are 
expressed. 

INTERACTING PROTEINS RELATED TO OPIOID 
RECEPTOR INTERNALIZATION AND DESENSI-
TIZATION 

Arrestins 

Activated GPCRs are substrates for G-protein receptor 
kinases (GRKs) and such phosphorylated GPCRs are 
binding targets for the non-visual arrestins $-arrestin 1 
(arrestin 2) and $-arrestin 2 (arrestin 3). +he $-arrestins have 

been demonstrated to be key components of GPCR-
desensitization mechanisms because they block GPCR-G-
protein interactions and promote receptor recycling by 
interaction with the clathrin assembly machinery and 
clathrin-dependent endocytosis [123, 124]. It was shown that 
$-arrestins function as multipurpose scaffolds activating 
distinct signalling cascades [124], to mediate desensitization, 
internalization and signalling of a number of receptors, 
including GPCRs. 

Results from pull-down assays using fusion proteins and 
surface plasmon resonance provided in vitro evidence that $-
arrestins (1 and 2) were able to bind to the i3-L and to the C-
terminal tail of the !-OR [125]. Site directed mutagenesis 
experiments revealed that specific serine/threonine residues 
within these intracellular !-OR domains play critical roles in 
arrestin interaction. Similar studies with "-OR have shown 
that only the C-terminal tail of this receptor binds $-arrestin 
1 [125, 126] in an agonist-dependent manner. Co-expression 
of $-arrestin 1 with the human "-OR in HEK293 cells 
reduced U69,593-induced stimulation of [

35
S]GTP%S binding 

and inhibition of forskolin–stimulated adenylyl cyclase 
[126]. Truncation of the last 28 amino acids of the receptor 
abolished the effect of the $-arrestin while mutation of 
putative phosphorylation sites of the C-terminal tail (S356A/ 
T357G/S358G/T363A) reduced the effect of $-arrestin 1, 
thus suggesting that $-arrestin 1 can also bind to the 
unphosphorylated "-OR [126]. These observations suggest 
that opioid receptor phosphorylation is not an absolute 
requirement for $-arrestin 1 binding. This is in agreement 
with previous studies using the $2-adrenoceptor [127, 128]
and phosphorylation of GPCRs is generally considered to 
enhance affinity rather than define interactions with $-
arrestins. Furthermore, the three ORs are differentially 
regulated by $-arrestins, implying regulatory differences 
among the three classical OR subtypes.

Kovoor et al. [129] found that co-expression of both 
GRK3 and $-arrestin 2 in Xenopus oocytes lead to rapid 
desensitization of K

+
 conductance activated by the !-OR. 

This desensitization was greatly reduced by alanine 
substitution of all five serine and threonine residues within 
the C-terminus of !-OR confirming the link between recep-
tor phosphorylation, $-arrestin binding and desensitization. 
$-arrestin binding in vitro has also been reported for the i3-L 
of a number of GPCRs including muscarinic receptors [130], 
the 5-hydroxytryptamine 2A receptor [131], the chemokine 
receptor CXCR4 [132] and the dopamine D1 receptor [133]. 

Several groups have demonstrated that $-arrestins can 
bind to non phosphorylated !-OR and trigger receptor 
desensitization and internalization [134-136]. Data obtained 
from $-arrestin 1 and $-arrestin 2 RNAi experiments indicate 
that both arrestins participate in phosphorylation-dependent 
internalization and recycling of the !-OR [137]. It was also 
demonstrated that the post-endocytic fate of internalized !-
OR can be regulated by GRK2-induced receptor phos-
phorylation as well as by distinct $-arrestin isoforms. 
Although arrestins discriminate between active and inactive 
receptors and recognize the phosphorylated state of the 
receptor, the resulting differences in binding levels can vary 
widely [138].

Early studies demonstrated that morphine can not 
effectively internalize the µ-OR in comparison with other 
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opioid ligands [139]. This was explained by the weak ability 
of morphine to phosphorylate the receptor and to recruit $-
arrestins [139, 140]. Evidence suggested that G protein and 
$-arrestin efficacies can differ and be modulated by “biased” 
ligands [141]. Recent studies using bioluminescence 
resonance energy transfer (BRET) in intact cells have shown 
that $-arrestin 2 interacts with µ- and !-opioid receptors 
[142]. In the same studies the ability of twenty ligands to 
promote the association of µ- and !- receptors with G 
proteins or $-arrestin 2 was tested. Marked differences of 
efficacy for G proteins and the $-arrestin were found 
between the two receptors. Addictive opiates such as mor-
phine and oxymorphone selectively antagonized receptor-
arrestin interactions [142]. In similar studies the ability of 
several µ-OR ligands to activate G proteins was compared 
with their abilities to induce receptor phosphorylation, $-
arrestin 2 association and µ-OR internalization. It was shown 
that the majority of µ-OR agonists, apart from endomorphins 
1 and 2, displayed similar efficacy for G protein activation, 
$-arrestin 2 recruitment and receptor internalization [143]. 

Increasing interest has emerged on the application of 
ligand bias for drug development for the opioid receptors 
and strategies to separate therapeutic and side effects of 
opiate drugs [144]. Among the compounds discovered, 
herkinorin a novel µ-selective agonist derived from the 
naturally occurring plant product salvinorin, does not 
promote the recruitment of $-arrestin-2 to the µ-OR and does 
not lead to receptor internalization [145]. Knockout mice 
indicate that $-arrestin-2 plays an important role in the 
development of morphine-induced tolerance, constipation, 
and respiratory depression [146, 147]. It has therefore been 
proposed that opioid agonists that do not induce receptor-$
arrestin 2 interactions or receptor internalization, which can 
be achieved by selectively interrupting the binding of $-
arrestin 2, may be promising candidates for distinguishing 
the therapeutic effects from the undesired side effects of 
opiates and thus provide leads to therapeutics designed for 
pain relief devoid of the adverse effects of opiate narcotics 
[145, 148]. An alternative approach to enhance the capacity 
of morphine to cause µ-OR internalization, desensitisation 
and downregulation following sustained receptor occupancy 
has been to treat cells with an agonist at a co-expressed 
PKC-coupled receptor [149]. Morphine desensitization, 
internalization and down-regulation of the µ-opioid receptor 
is facilitated by serotonin 5-HT2A receptor co-activation and 
this may offer a simple means to regulate opioid tolerance 
and dependence using currently available therapeutics drugs 
[149].

PKCI

Similar to other GPCRs, opioid receptors generally 
undergo rapid desensitization within seconds to minutes after 
being activated by an agonist. Receptor desensitization is 
crucially important in opioid pharmacology because this 
phenomenon has been associated with the development of 
tolerance to and dependence on opioid agents. Depending on 
the efficacy of the agonist employed, opioid receptors use a 
diverse array of internalization and desensitization pathways 
[150]. Desensitization is mediated by ligand dependent 
phosphorylation of the receptors and subsequent binding of 
arrestins. Phosphorylation of the µ-OR seems to be important 

for the initiation of internalization [151]. However the 
dynamic relationship between receptor phosphorylation and 
receptor internalization, desensitization and down regulation 
remains to be determined. A number of protein kinases have 
been implicated in opioid receptor phosphorylation [138, 
152]. Thus far, kinases reported to be involved include a) 
members of the G protein-coupled receptor kinase (GRK) 
family [152-154], b) second messenger-activated kinases 
such as protein kinases A and C (PKA, PKC) [154, 155] and 
c) tyrosine kinases [156, 157].

Using a yeast two-hybrid screen it was shown that a 
protein kinase C-interacting protein (PKCI) also interacts 
with the C-terminal tail of the human µ-OR [158]. PKCI is a 
member of the histidine triad HIT family of proteins, 
originally shown to inhibit in vitro bovine PKC, although 
recent studies have suggested it to function as a nucleotidyl-
hydrolase [159, 160] that displays a tumor suppressor role 
[161]. The interaction of murine PKCI with the µ-OR was 
also confirmed in CHO cells expressing both proteins. 
Ligand binding affinity of µ-OR and agonist-mediated G 
protein activation were not altered by this interaction. The 
association of PKCI with µ-OR reduced, however, agonist-
mediated desensitization as measured by DAMGO 
stimulation of [

35
S]GTP%S binding following DAMGO pre-

treatment in µ-OR and PKCI co-expressing cells [158]. 
Moreover, PKCI suppressed PKC-related phosphorylation of 
µ-OR, although it was unclear whether the inhibition was 
caused by the direct attenuation of PKC activity or exerted 
through other effects on PKC activity [158]. The most 
interesting finding of these studies was that the analgesic 
effect of morphine and the extent of tolerance were greatly 
enhanced in mice lacking expression of the PKCI gene. 
Recent studies have shown that PKCI-1 protein also interacts 
with RGSZ1 [162]. The authors suggest that the role of 
PKCI-1 is not primarily in mediating the G#zRGSZ1 
interaction, but in modulating µ-OR signalling. 

Recent studies demonstrated that prolonged morphine 
treatment induces homologous desensitization of µ-ORs in 
rat brainstem locus coeruleus (LC) neurons, both in vitro and 
in vivo by a PKC-dependent mechanism, and identified 
PKC# to be the isoform responsible for this desensitization 
in mature LC neurons [163, 164]. During the reviewing of 
the present manuscript, Ping-Yee Law’s group indicated that 
morphine activation of µ-OR in HEK cells induces 
translocation of a PKC, isoform from the cytosol to the lipid 
raft microdomain and demonstrated an interaction between 
morphine-activated µ-OR and PKC, in lipid rafts [165]. 
These studies support the view that µ-OR desensitization by 
PKC underlies the maintenance of morphine tolerance.

PLD2

Phospholipase D (PLD) is a phospholipid-specific 
phosphodiesterase that localizes in the plasma membrane 
and plays important roles in processes related to cytoskeletal 
organization and vesicle trafficking for secretion and 
endocytosis [166-168]. Agonist-dependent activation of PLD 
has been reported for many GPCRs [167]. Recent studies 
suggest a role of PLD2 in the formation of endocytic vesicles 
[169]. In the case of the µ-&R, it has been shown that the µ-
&R specific agonist DAMGO internalized the receptor and 
stimulated PLD2 activity [170]. In contrast, morphine, which 
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promotes µ-OR internalization with only low efficiency, did 
not stimulate PLD2 activity. Through the use of a yeast two-
hybrid screen, it was found that the rat µ-OR associates with 
PLD2 [170]. This occurred in the absence of agonist and was 
confirmed by co-immunoprecipitation studies in HEK293 
cells expressing these proteins. DAMGO-stimulation of the 
µ-OR activated PLD2 activity in an ADP-ribosylation factor 
(ARF)-dependent pathway, suggesting that opioid-mediated 
PLD2 stimulation may involve a direct interaction of the µ-
OR with small G proteins (e.g. ARF). This hypothesis is also 
supported by the presence of a NPXXY motif, previously 
demonstrated to represent an ARF binding site implicated in 
PLD activation, which is highly conserved in transmembrane 
domain VII of GPCRs and present in the µ-OR [168, 171]. 
However, ARF was only detected in the immunoprecipitates 
of cells co-expressing the µ-&R1 and PLD2 and not of cells 
expressing µ-OR1 alone [170]. Recent studies demonstrated 
that overexpression of dominant negative ARF mutants or 
siRNA-based ARF6 protein depletion resulted in decreased 
µ-&R endocytosis in HEK293 cells [172]. These findings 
provide new insights into the role of ARF6 for opioid 
mediated PLD2 activation and the regulation of µ-OR 
trafficking and signalling.

Heterologous stimulation of PLD2 by phorbol ester led to 
an accelerated internalization of the µ-OR after agonist 
(DAMGO, morphine) exposure, suggesting that the opioid 
agonists induced a conformational change and stimulation of 
PLD2 activity is required for µ-OR endocytosis. Conversely 
inhibition of PLD2-mediated phosphatidic acid formation by 
butan-1-ol or by overexpression of a dominant negative 
PLD2 mutant prevented agonist mediated endocytosis of µ-
OR and reduced the rate of re-sensitization [170, 173]. 
Studies from the same group indicated that a C-terminal 
splice variant of µ-OR termed MOR1D exhibited robust 
endocytosis in response to both DAMGO and morphine 
treatment and that MOR1D mediated a constitutive PLD2 
activation facilitating agonist-induced and constitutive 
receptor endocytosis [174]. Koch and colleagues also 
provided evidence for an essential role of PLD2 in the 
agonist-induced and constitutive endocytosis of the !-OR 
and the cannabinoid CB1 receptor [174]. Recent findings 
also reveal that agonist-selective PLD2 activation plays a 
key role in NADH/NADPH-mediated ROS formation by 
opioids [175]. Collectively, it can be suggested that 
activation of PLD2 may be a key step during the induction of 
GPCR endocytosis.

RanBPM 

Ran Binding Protein in the Microtubule-Organizing 
Center (RanBPM) was first identified in a yeast two-hybrid 
screen using the small G protein regulator of nuclear-cyto-
plasmic trafficking, Ran, as bait [176]. RanBPM, originally 
identified as a 55 kDa protein, also exists as a longer full-
length form of 90 kDa and belongs to the loosely organized 
family of Ran-binding proteins (RanBPs), of which there are 
more than ten members [177, 178]). RanBPM is enriched in 
brain and may be either cytoplasmic or membrane-bound 
[177, 179, 180]. Several lines of evidence suggest that 
RanBPM interacts with multiple receptors, acting as a 
scaffolding protein for signal transduction processes [178]. 
RanBPM binds to and modulates the activity of a diverse 

group of proteins, including the LFA-1 integrin receptor 
[179], the cyclin-dependent kinase CDK11p46 [181], the 
receptor tyrosine kinases p75NTR [182] and MET [183] and 
other signalling modulators such as the de-ubiquitinating 
enzyme USP11 [184]. 

A recent study suggests that RanBPM can also interact 
with and modulate the activity of the µ-OR [185]. In this 
study, co-immunoprecipitation experiments in HEK293 cells 
indicated that RanBPM associates constitutively with µ-OR, 
while receptor activation did not appreciably change the 
extent of RanBPM binding. Functionally, RanBPM had no 
effect on µ-OR-mediated inhibition of adenylyl cyclase, but 
reduced agonist-induced endocytosis of µ-OR. High levels of 
RanBPM altered DAMGO-stimulated trafficking of µ-OR to 
resemble those reported for morphine-activated µ-OR, 
namely limited $-arrestin 2 recruitment [186] and decreased 
receptor internalization [139, 187]. Thus, RanBPM may play 
a role in determining the effectiveness of µ-OR agonists. 
Mechanistically, RanBPM interfered with $-arrestin 2-GFP 
translocation upon µ-OR but not #1B-adrenergic receptor 
activation, indicating selectivity of action. RanBPM, a puta-
tive scaffolding protein, is therefore a novel µ-OR interacting 
partner that negatively regulates receptor internalization 
without altering acute µ-OR signalling. Furthermore, 
because RanBPM interacts with µ-OR constitutively, the 
relative expression of RanBPM in specific neuroanatomical 
areas within the CNS may be important in determining the 
extent of µ-OR regulation in vivo. In line with this concept 
RanBPM has been shown to bind to mGlu2 and mGlu8 
metabotropic glutamate receptors known to be implicated in 
modulating morphine and related opioid drug effects [188-
191]. Further investigation of the binding sites of RanBPM 
in µ-OR and/or other GPCRs will contribute to the elu-
cidation of the functional consequences of these associations 
and may provide novel targets for therapeutic interventions 
to selectively modulate GPCR-mediated processes.

Spinophilin

Spinophilin (SPL) is a ubiquitously expressed, multi-
domain-scaffold protein, highly enriched in dendritic spines.
SPL is also called Neurabin II and bears domains for F-actin 
binding, protein phosphatase 1 (PP1) binding, a single PDZ 
domain involved in protein-protein interactions, a receptor 
binding domain (RBD) and three coiled coil domains [192, 
193]. SPL has been proposed to play an organizer role for 
the actin-based cytoskeleton in dendritic spines as well as a 
role in spine morphology, density regulation, synaptic 
plasticity and neuronal migration [194, 195]. Recent studies 
have shown that SPL interacts with multiple GPCRs to 
modulate their signalling and stabilize their expression [196]. 
Indeed, interaction of SPL within the i3-L of the three #2-
adrenoceptor subtypes (#2A, #2B and #2C) stabilized their 
surface expression in Madin-Darby canine kidney cells [194, 
197]. SPL also interacts directly with the M1-muscarinic 
receptor inhibiting the binding of RGS8 to the receptor and 
enhancing the regulatory function of RGS8 [198].

Recent observations have shown that SPL is involved in 
the acute and chronic actions of opiates and opposes the 
development of tolerance and decreases sensitivity to the 
rewarding actions of the drugs [199]. Indeed, deletion of the 
SPL gene reduced the analgesic effects of acute morphine 
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but enhanced adaptations to repeated morphine administra-
tion, including increased morphine dependence, place 
conditioning and analgesic tolerance [199]. The same studies 
also demonstrated that SPL interacts directly with µ-OR in 
mouse striatum under basal conditions. This association was 
enhanced after subcutaneous administration of either fenta-
nyl or morphine. Moreover, exposure to opiates promoted 
the formation of a complex between SPL and RGS9-2. 
Studies in PC12 cells have shown that SPL promotes 
morphine–induced µ-OR internalization and inhibits 
signalling of the receptor [199]. These observations provide 
new insights as to the cellular events underlying opioid 
actions and it has been suggested that spinophilin may be a 
promising pharmacological target to optimize the analgesic 
actions of opiate drugs with reduced side effects.

INTERACTING PROTEINS RELATED TO LYSO-
SOMAL TARGETING AND TRAFFICKING 

GASP

Both ! and µ-ORs, are endocytosed via clathrin-coated 
pits after agonist-induced activation, phosphorylation and 
association with cytoplasmic $-arrestins [154]. However, a 
number of studies have demonstrated that endocytosis 
impacts differentially on the !-OR and µ-OR [200-202]. It 
has been suggested that lysosomal targeting of the !-OR 
causes proteolytic downregulation whereas recycling of µ-
&R to the plasma membrane after endocytosis promotes 
rapid resensitization of signal transduction. Whistler and 
colleagues [203] have identified a large cytosolic protein 
named GPCR-associated sorting protein-1 (GASP-1) that, 
among the opioid receptors, interacts selectively with the !-
OR, and determines its degradative fate. Four clones, all of 
them containing sequences from within the C-terminal 497 
amino acid fragment of GASP-1, were identified using a 
two-hybrid screen with the !-OR C-terminal tail as bait. 
Endogenously expressed GASP-1 co-immunoprecipitated 
with !-&R in HEK293 cells, thus confirming the existence of 
!-&R-GASP-1 interactions in cells [203]. 

GASP-1 appears to be a key player in lysosomal sorting 
of the !-OR and other GPCRs [203, 204]. Disrupting the 
interaction between GASP and the !-OR through receptor 
mutation or overexpression of a dominant negative fragment 
of GASP-1 blocked lysosomal sorting and promoted 
recycling of internalized !-&R to the cell surface [202]. 
Interestingly, GASP-1 has a high affinity for the carboxyl-
termini of GPCRs that are targeted to the degradative 
pathway, and a lower affinity for heptahelical receptors that 
favor the recycling pathway.

Simonin et al. [205] reported a family of at least 10 
members of GASP-like proteins, although GASP-1 remains 
by far the best characterized. In accordance with Whistler’s 
findings, it was shown that GASP-1 associates directly with 
!-OR to determine its degradative fate. GASP-1 has also 
been shown to associate in vitro with "-OR, to a lesser extent 
with the µ-OR, and with several other GPCRs. In situ
hybridizations and Northern blot analyses indicated that 
GASP-1 mRNA is distributed throughout the central nervous 
system, consistent with a potential for interaction with 
numerous GPCRs in vivo [205]. On the other hand, GASP-2, 
another member of the GASP family also binds to a diverse 

array of GPCRs. However, GASP-2 does not associate with 
any opioid receptor subtype suggesting the existence of 
selectivity between these proteins in GPCR regulation. The 
structural determinant of the GASP-1 interaction with !-OR 
was restricted to the small portion of the C-terminal tail, 
corresponding to helix VIII in the three dimensional 
structure of rhodopsin and, specifically, within two 
conserved residues [205]. Mutation of two residues in 
rhodopsin (F313 and R314) to alanine resulted in decreased 
interaction between GASP-1 and GPCRs [205]. Residues in 
the hydrophobic face of the putative helix VIII for the MCH-
1 [206] and oxytocin [207] support the concept of helix VIII 
as an important region critical for GPCR-protein 
interactions. Recent observations reveal that a mutant µ-OR 
that is lacking “recycling signals” due to a deletion of a 
small portion within the C-terminal tail enhances the 
interaction of the receptor with GASP-1 both in vitro and in 
HEK293 cells, and drives the receptor towards degradation 
[208]. Thus the authors suggested that facilitating interaction 
of a GPCR for GASP, either by disrupting an interaction 
with a recycling protein or by enhancing the receptor’s 
affinity for GASP-1 can lead to alterations of the post-
endocytic fate of the receptor. In a recent paper, dysbindin, a 
cytoplasmic protein known to function in the biogenesis of 
specialized organelles and to be a schizophrenia suscepti-
bility gene, has been reported to promote the sorting of 
specific GPCRs to lysosomes after endocytosis [209, 210]. 
Dysbindin depletion up-regulated both total and surface 
expression of Flag-tagged-!-&R in addition to D2 dopamine 
receptors, and inhibited proteolytic down regulation of the 
Flag-!-&R. It was therefore suggested that dysbindin might 
also play a significant role in controlling the post-endocytic 
sorting of various GPCRs in a number of cells [210]. 

Synaptophysin

Using the full length and truncated versions of the µ-OR 
as bait in a yeast-two-hybrid screen, synaptophysin was 
identified as a novel µ-OR interacting protein [211]. Synap-
tophysin is a major integral membrane glycoprotein of 
synaptic vesicles and is also found in brain vesicles, presu-
mably as a result of receptor trafficking [212]. Synapto-
physin interacts with various nerve terminal proteins such as 
dynamin I, adaptor protein 1 (AP-1), the v-SNARE vesicle-
associated membrane protein 2/synaptobrevin II (VAMP2), 
the vesicular proton pump V-ATPase and myosin V [213]. 
Synaptophysin is involved in the regulation of SNARE 
assembly, formation of the fusion pore and is essential for 
the biogenesis of synaptic-like microvesicles [214]. The 
structural determinant of synaptophysin binding in the µ-OR 
is located in the receptor’s i3-L. Co-immunoprecipitation 
and BRET assays using tagged versions of the receptor and 
synaptophysin in HEK293 cells confirmed the constitutive 
interaction of µ-OR with synaptophysin [211]. Subsequent 
GST pull-down assays verified that synaptophysin speci-
fically interacts with the i3-L of µ-OR [211]. Binding of 
synaptophysin to µ-OR did not alter the binding charac-
teristics of the receptor, nor did it affect agonist-mediated 
inhibition of adenylate cyclase.

It is believed that µ-OR endocytosis is mediated via a 
dynamin-dependent clathrin-coated vesicle pathway [140], 
and existing evidence suggests that synaptophysin interacts 
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with dynamin I [215]. Dynamin I is responsible for the rapid 
fission of budding vesicles and acts as a molecular scissor in 
sequestering clathrin-coated vesicles away from the plasma 
membrane [216, 217]. Confocal microscopy of HEK293 
cells and primary cultures of neurons has shown that 
synaptophysin co-localizes with µ-OR at the plasma 
membrane and the cytosol and that overexpression of 
synaptophysin enhances µ-&R endocytosis. One explanation 
for the observed effects is that synaptophysin recruits 
dynamin to the plasma membrane, facilitating fission of 
clathrin-coated vesicles. Breakage of the interaction between 
synaptophysin and dynamin prevents agonist-mediated µ-OR 
endocytosis. In addition, the synaptophysin-mediated 
increase in µ-OR trafficking leads to an attenuated agonist-
induced receptor desensitization and a faster receptor 
resensitization [211]. Synaptophysin interacts with the AP1 
adaptor complex and provides adaptor sites for microtubule-
based vesicle transport to axons and nerve terminals [218]. 
Thus, synaptophysin may play multiple functional roles in µ-
&R regulation. Since µ-OR desensitization contributes to the 
development of opiate tolerance [147] and synaptophysin-
augmented µ-OR trafficking leads to decreased agonist-
induced receptor desensitization, it is suggested that 
synaptophysin may attenuate the development of opiate 
tolerance.

Sorting Nexin 1 

Another protein proposed to contribute to the endosomal/ 
lysosomal targeting (f !-OR is Sorting Nexin-1 (SNX1). 
SNX1 is a member of a relatively large family of sorting 
nexins. Sorting nexins are cellular trafficking proteins having 
a phospholipid binding domain and a strong predisposition 
for protein-protein interactions mainly through coil-coil 
formation [219]. Interestingly, it was reported that SNX1 has 
a low affinity for GPCRs that prefer the recycling pathway. 
SNX1 is ubiquitously expressed in endosomes together with 
SNX2. Using a library of C-terminal tail-fusion proteins 
from representative GPCRs it was demonstrated in pull 
down assays that !-&R binds SNX1 [204]. Further analysis 
by surface plasmon resonance (SPR) measurements, which 
quantify the affinity of the interaction, have shown that 
SNX1 binds to the C-terminal tail with high affinity, dis-
playing a Kd value of 20 nM [204]. More experimental 
evidence is, however, required to determine the regulatory 
role of this interaction in !-OR endocytic sorting and 
signalling. Trejo and colleagues [220] showed that the 
sorting of activated Protease Activated Receptor-1 (PAR1) 
from endosomes to lysosomes is regulated by SNX1. SNX1 
co-localizes with internalized PAR1 on early endosomes and 
is also found associated with activated PAR1 in cellular 
lysates. Strikingly, depletion of endogenous SNX1 by 
siRNA markedly inhibited agonist-induced PAR1 degrada-
tion, whereas expression of a SNX1 siRNA resistant mutant 
protein restored agonist promoted PAR1 degradation in cells 
lacking endogenous SNX1, indicating that SNX1 is nece-
ssary for lysosomal degradation of PAR1 [221]. However, 
none of these studies has demonstrated a direct interaction 
between the PAR1 C-terminal tail and SNX1. Whether 
SNX-1 or other SNX proteins mediate the endosomal to 
lysosomal sorting of opioid receptors in vivo remains to be 
determined.

Glycoprotein M6a

Glycoprotein M6a is a member of the proteolipid protein 
(PLP) family of tetraspan membrane proteins and mainly 
expressed in neurons [222-224]. It is generally believed that 
glycoproteins of the PLP family function as structural 
proteins for myelination. M6a, however, has also been 
suggested to play a role as a modulator for neurite outgrowth 
[225] and spine formation [226] and as nerve growth factor-
gated Ca

2+
 channel in neuronal differentiation [227]. 

Using a yeast two-hybrid screen and the full-length rat µ-
OR as bait, M6a was identified to associate with µ-OR [228]. 
BRET and co-immunoprecipitation experiments confirmed 
agonist-independent µ-OR-M6a interactions in HEK293 
cells co-expressing the receptor and the glycoprotein. Co-
expression of µ-OR with M6a, but not with other members 
of the PLP family, occurs in many brain regions, further 
suggesting specific interactions between them in vivo. The 
transmembrane domains IV, V, and VI of µ-OR and the 
protein stretch/domain including transmembrane domains 3 
and 4 of M6a are important regions for this interaction. M6a 
did not affect the expression or agonist binding to the µ-OR 
but enhanced the constitutive and agonist-dependent 
internalization as well as the recycling rate of the receptor; 
whereas a dominant negative of M6a prevented agonist-
induced µ-OR internalization [228]. Further investigation of 
the role of M6a in the post-endocytotic sorting of µ-OR
indicated that µ-OR and M6a are primarily targeted to 
recycling endosomes after endocytosis [229]. This enhanced 
post-endocytotic sorting of µ-OR into the recycling pathway 
was accompanied by a decrease in agonist-induced receptor 
down-regulation of M6a in HEK293 co-expressing cells. The 
physiological relevance of these findings was further tested 
in primary cultures of cortical neurons, where co-expression 
of M6a significantly increased the translocation of µ-OR
from the plasma membrane to intracellular vesicles at steady 
state and markedly augmented both agonist-induced and 
constitutive receptor endocytosis [229].

M6a was also found to interact with the !-OR, the canna-
binoid CB1 receptor and the somatostatin sst2A receptor, 
which share substantial homology within transmembrane 
domains V and VI suggesting that M6a might play a general 
role in the regulation of certain GPCRs [228]. Furthermore, 
co-expression of M6a enhanced the post-endocytotic sorting 
of !-OR into the recycling pathway, indicating that M6a 
might have a more universal role in opioid receptor post-
endocytotic sorting [229]. 

Taken together these observations demonstrate a new 
function for the M6a PLP member, namely a scaffolding role 
in the intracellular trafficking of certain GPCRs. The 
detailed molecular mechanisms of M6a-mediated receptor 
trafficking merits further investigation. However, based on 
the fact that µ-OR endocytocis counteracts the development 
of opioid tolerance by inducing rapid recycling/ resensi-
tization of the receptor, M6a-enhanced µ-OR endocytosis 
and recycling rate could be implicated in the attenuation of 
opioid tolerance.

Ubiquitin 

Ubiquitination is an essential procedure for the endocytic 
sorting of various GPCRs to lysosomes. Ubiquitin is a 76 
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amino acid polypeptide that binds covalently to GPCRs via 
the epsilon-amino group of lysine residues and targets them 
for proteasomal degradation (lysine48-ubiquitination) or 
down-regulation in lysosomes (lysine63-ubiquitination). In 
the case of !-&R, the misfolded or incompletely folded 
portion of newly synthesized receptors is transported to the 
cytoplasmic site of the endoplasmic reticulum (ER) 
membrane via the Sec61 translocon. There, receptors are 
deglycosylated and conjugated with ubiquitin prior to 
degradation by the cytoplasmic 26 S proteasome [230]. As 
far as ligand activated plasma membrane !-OR is concerned 
its endocytosis and post-endocytic trafficking to lysosomes 
is ubiquitin independent as shown using inhibitors of 
proteasomal degradation or mutations of cytoplasmic lysine 
residues [231]. After !-OR is sorted to lysosomes the E3 
ubiquitin ligase AIP4 specifically controls its down-regula-
tion by directly ubiquitinating wild type receptors. Thus !-
OR’s proteolytic fate is controlled by two deubiquitinating 
enzymes, which are localized to late endosome/lysosome 
membranes containing internalized !-ORs [232]. The 
activity of the proteasome was also found to affect !-OR 
internalization because proteasome inhibitors reduced !-OR 
endocytosis, in contrast with lysosomal protease inhibitors, 
that lead to polyubiquitinated !-OR accumulation [233].

In the case of µ-OR, agonist-induced internalization is 
followed by rapid recycling to the plasma membrane without 
any interaction with ubiquitin. µ-OR’s recycling is directed 
by a specific 17-amino acid sequence in the C-terminal tail 
that specifically promotes the sorting of receptors into a 
rapid recycling pathway [234]. On the other hand, "-OR is 
targeted to lysosome for degradation upon polyubiquitination 
at its C-terminal tail [235]. 

PDZ DOMAIN CONTAINING PROTEINS THAT 
MODULATE TRAFFICKING

EBP50/NHERF

"-OR has been demonstrated to undergo U50,488H-
induced internalization and down regulation via a GRK, $-
arrestin and dynamin-dependent process involving clathrin 
coated vesicles [236, 237]. In an effort to determine the 
signals for trafficking of internalized "-OR to the recycling 
or down regulation pathway the possible involvement of 
Ezrin-radixin-moesin [ERM]-binding phosphoprotein 50 
(EBP50/ Na

+
/H

+
 exchanger regulatory factor (NHERF) asso-

ciation with this receptor was investigated [238]. EBP50/ 
NHERF is a 55kDa multidomain protein that has multiple 
phosphorylation sites, two tandem PDZ domains at its N-
terminus and an ezrin/radixin/moesin (ERM) binding its C-
terminus which allows NHERF to interact with a family of 
actin-binding proteins. This phosphoprotein is widely 
distributed in tissues and particularly enriched in polarized 
epithelia. PDZ domains were originally identified in the 
postsynaptic density protein-95 as three repeats of 90 
residues containing the conserved motif Gly-Leu-Gly-Phe. 
EBP50/NHERF co-immunoprecipitated with "-&R in CHO 
cells stably expressing the human Flag-tagged "-&R. 
Generation of two mutants in the extreme C-terminus of the 
Flag-tagged human "-OR which did not immunoprecipitate 
with the EBP50/NHERF indicated that the free C-terminus 
of "-OR is critical for the interaction [238]. The PDZ domain 

I, but not the PDZ domain II of EBP50/NHERF was 
involved in this interaction. EBP50/NHERF binds at the 
extreme C-terminal domain NKPV, which is distinctly 
different from the sequence D(S/T)XL of the optimal C-
terminal motif in the $2-adrenoceptor [239-241]. EBP50/ 
NHERF did not have any effect on U50,488H induced 
internalization of the "-OR, but it caused an apparent 
increase in the recycling rate of internalized receptors [238]. 
Expression of EBP50/NHERF did not affect U50, 488H 
binding affinity and U50,488H-stimulated [

35
S]GTP%S bind-

ing or p42/p44 MAP kinase activation. However, agonist 
treatment enhanced EBP50/NHERF-human "-&R interac-
tions and expression of EBP50/NHERF but not a truncated 
form lacking the ERM-binding domain, abolished agonist-
induced down regulation of the "-OR. These results demons-
trate that binding of EBP50/NHERF to the cortical actin 
cytoskeleton is critical for its inhibitory effect on down-
regulation. It was therefore concluded that blunting down-
regulation by EBP50/NHERF may be due either to inhibition 
of "-OR internalization, or to an increased recycling rate of 
the internalized receptor by limited lysosomal targeting. 
GST-C-terminal tails of the µ-OR or !-ORs did not bind 
purified EBP50/NHERF-1 [238, 242]. On the other hand, the 
association of "-OR with EBP50/NHERF plays an important 
role in accelerating Na

+
/H

+
 exchange via an effect that is 

mediated in a receptor dependent but a G protein-independ-
ent manner [242]. It was also shown that EBP50/NHERF 
association with the $2-adrenoceptor induces stimulation of 
Na

+
/H

+
 exchanger in a manner that is independent of G 

proteins [240]. NHERF interaction with the $2-adrenoceptor 
promotes recycling of the internalized receptor whereas loss 
of this interaction results in a more efficient targeting of the 
$2-adrenoceptor to lysosomes. Interestingly, NHERF interac-
tion with $2-adrenoceptor can be selectively disrupted by 
GRK5 phosphorylation of Ser411 in the PDZ binding 
domain [241]. By contrast, the association of NHERF with 
the parathyroid hormone PTH1 receptor via a PDZ domain 
interaction leads only to a redistribution of signalling with 
the formation of molecular complexes that enhance G#i/o-
mediated PLC activation [243].

PROTEINS THAT MODULATE TRAFFICKING IN 
THE BIOSYNTHETIC PATHWAY

GEC1

By yeast two-hybrid screening of a human brain cDNA 
library with the C-terminal tail of the human "-OR as the 
bait a truncated form of GEC1-(38-117) was identified. 
GEC1 selectively interacts with "-OR but not with the C-
terminal domain of the human µ-OR, or !-OR [244]. GEC1 
is a 117-amino-acid protein [245], which is highly homo-
logous to GABARAP, GATE-16 and Apg8/aut7, members 
of the microtubule associated protein family. GST-tagged 
GEC1 interacted with the full length "-OR and tubulin. It 
was demonstrated that GEC1 facilitates trafficking of Flag-
tagged human "-OR from the endoplasmic reticulum/Golgi 
to plasma membranes. Immunoprecipitation and pull-downs 
have also indicated that GEC1 binds directly to N-ethyl-
maleimide–sensitive factor (NSF), a protein critical for intra-
cellular membrane-trafficking [244]. Electron microscopy 
studies in rat brain have also shown that GEC1 is associated 
with ER, Golgi apparatus and plasma membranes as well as 
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being scattered in the cytoplasm of neurons [246]. Employ-
ing a yeast two hybrid technique the same group recently 
determined the amino-acid residues in both GEC1 and 
human "-&R involved in this interaction [247]. Generation 
of a molecular model of GEC1, based on the x-ray crystal 
structure of GABARAP identified that the residues involved 
in human "-OR binding form curved hydrophobic patches on 
the exterior surface of GEC1, which interacts within the 
FPXXM motif in the C-terminal tail of "-OR [247]. 
However, the authors also suggest that GEC1 is likely to 
bind to other molecules by hydrophobic interactions and not 
specific amino acid residues, thus supporting an expanding 
functional role of GEC1 with chaperone like effects. 

Ribophorin I

Using a targeted proteomic approach and mass spectro-
metry analysis, Law’s group identified ribophorin I as a 
novel µ-OR-interacting protein [248]. The interaction 
between ribophorin I and µ-OR was confirmed by both co-
precipitation studies from transiently transfected N2A cells 
and direct gel overlay studies. Ribophorin I is an integral 
component of rough microsomal membranes [249]. 
Ribophorin I is accepted as a member of the oligosaccharide 
transferase (OST) family and is assumed to act as a 
chaperone or as an escort to facilitate the N-glycosylation of 
selected substrates [250]. Ribophorin I has also been shown 
to have a multifunctional role and facilitate additional 
processes, such as ER quality control [251, 252].

By means of both confocal microscopy and FACS 
analysis, it was demonstrated that the expression level of µ-
OR could be regulated by ribophorin I levels. Ribophorin I 
seemed to mediate µ-OR exocytotic activity, which was 
clearly related to its OST activity. More specifically, 
ribophorin I stimulated the transport of an export-deficient µ-
OR mutant (C2), lacking a motif, 344KFCTR348, at the 
proximal carboxyl tail, from the ER to the cell surface, but 
not the export of the glycosylation-deficient µ-OR mutant-µ-
OR5ND. This phenomenon suggests that ribophorin I not 
only is involved in biosynthesis of nascent polypeptides as 
previously reported, but also plays a pivotal role in their 
maturation and plasma membrane expression. Additionally, 
the fact that overexpression of ribophorin I could enhance 
cell surface expression of C2 might reflect ribophorin I -
associated ER quality control processes to facilitate export of 
the C2 mutant from the ER other than the common calnexin 
pathway [248]. Ribophorin I was also shown to interact with 
other highly glycosylated GPCRs such as #1A-adrenoceptor 
and #2C- adrenoceptor but not #2B- adrenoceptor as well as 
with !-OR and "-OR [248]. Although ribophorin I acted as a 
chaperone for !-OR and "-&R, it exhibited differential 
effects on their expression at the plasma membrane. Over-
expression of ribophorin I and FACS analysis indicated that 
ribophorin I significantly increased the !-OR level on the 
cell surface. On the other hand, "-OR has fewer N-glyco-
sylation sites, and overexpression of ribophorin I had mini-
mal effect on "-OR plasma membrane expression. Knocking 
down ribophorin I levels with siRNA resulted in a decrease 
of "-OR plasma membrane expression, suggesting that the 
function of ribophorin I depends not only on the glyco-
sylation state of the receptor but on the number of glyco-
sylation sites [248]. Ribophorin I interaction with !-&R and 

µ-&R supports the notion that ribophorin I is a key regula-
tory component that serves as a chaperone or controller to 
transport these receptors from the ER to the cell surface.

INTERACTIONS THAT LINK OPIOID RECEPTORS 
TO THE CYTOSKELETON 

Filamin A

Another protein that has been identified as a direct 
binding partner for human µ-OR is filamin A [253]. Filamin 
A (ABP-280) is a large cytoskeleton protein known to 
couple membrane proteins to actin filaments and maintain 
the integrity of the cytoskeleton. Filamin binds actin using its 
N-terminus and homodimerizes with another filamin mole-
cule using its C-terminus. Filamin A is also known to bind to 
different intracellular signalling molecules such as SEK-1, 
an activator for stress activated protein [254], transmem-
brane molecules such as $-integrins [255] presenilins [256]
and caveolin, a scaffolding protein.

Using a yeast two-hybrid system it was demonstrated that 
the human µ-OR associates within its C-terminus with 
filamin A. This interaction was verified by co-immuno-
precipitation studies in HEK293 cells expressing the µ-OR 
and filamin A and by in vitro pull downs using a GST fusion 
peptide encompassing the C-terminus of the µ-OR [253]. A 
number of studies have also shown the association of filamin 
with other GPCRs including the D2 and D3 dopamine 
receptors [257, 258], the calcium sensing receptor [259, 
260], the metabotropic glutamate receptor 7b splice variant 
[261] and the calcitonin receptor [262]. Interestingly, the 
sites of interaction and the functional effects mediated by 
filamin differ significantly among the various GPCRs 
examined. 

DAMGO-induced down-regulation of µ-&R and func-
tional desensitization of the receptor were abolished in cells 
lacking filamin A. In addition, the level of internalized µ-OR 
following agonist administration was greatly attenuated, 
suggesting that filamin A plays a central role in controlling 
µ-&R trafficking [253]. Simon’s group reported recently that 
in cells lacking filamin A, chronic morphine treatment leads 
to up-regulation of the µ-&R, due to enhanced coupling of 
the receptor with the G proteins [263]. A possible explana-
tion for that could be that filamin A may be important for the 
proper receptor conformation or positioning of the µ-OR in 
the cell membrane. Other studies using a mutant filamin A 
lacking the actin-binding domain suggest that filamin A does 
not act via the actin cytoskeleton but that other functions 
may require functional binding of the µ-OR- filamin A 
complex to actin [264].

Recent findings using organotypic striatal slice cultures, 
suggest that filamin interacts with ultra-low dose naloxone 
and naltrexone treatment to prevent chronic and acute mor-
phine-induced µ-OR-Gs coupling, possibly by preventing 
interaction of µ-OR with filamin [265, 266]. The authors 
report the identification of a specific C-terminal region of 
filamin A as the high affinity binding site of naloxone and 
naltrexone in their suppression of µ-&R signaling. Wang et 
al., [265] proposed that repeated µ-OR stimulation leads to 
particular µ-OR-filamin formation that weakens Gi/o-µ-OR-
filamin complexes allowing µ-OR to interact with Gs upon 
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subsequent morphine stimulation. Naloxone and its ana-
logues, by binding to filamin A, prevent this altered µ-OR-
filamin A interaction, thus preventing the switch to Gs 
coupling that may contribute differently to effects such as 
analgesic tolerance and physical dependence produced upon 
prolonged exposure to opioids. These observations give an 
opportunity to formulate a new generation of pain ther-
apeutics that may provide long-lasting analgesic effects 
devoid of undesired effects.

INTERACTING PROTEINS INVOLVED IN SORTING
INTO LARGE DENSE-CORE VESICLES 

Protachykinin

Results from immunofluorescence, electron microscopy 
and co-immunoprecipitation studies have demonstrated that 
the !-OR interacts with protachykinin, a content protein of 
secretory granules [267]. Protachykinin is found in large 
dense-core vesicles (LDCVs) of small dorsal root ganglion 
neurons (DRG) and is the precursor of substance P [268], 
which, in turn, is a pronociceptive neuropeptide that is 
released after tissue damage or in response to nociceptive 
stimuli [269]. Protachykinin undergoes cleavage and other 
processing events in LDCVs to produce substance P and 
other mature peptides while LDCVs are transported to the 
nerve terminals for secretion. In their study Guan et al. [267]
found that protachykinin directly interacts with !-OR and 
that this interaction is responsible for sorting !-OR into 
LDCVs. This novel interaction of protachykinin allows 
regulated insertion of !-OR in C fibers upon nociceptive 
stimulation, enabling !-OR-mediated spinal analgesia. This 
interaction is mediated by the substance P domain of 
protachykinin and the third extracellular domain of !-OR. 
Deletion of the preprotachykinin A gene reduced stimulus-
induced surface insertion of !-OR and abolished !-OR-
mediated spinal analgesia. Studies have demonstated that !-
OR interacts with µ-OR in the spinal cord and that blockade 
of !-ORs enhances µ-OR mediated analgesia [270]. Guan et 
al. [267] have shown that in preprotachykinin A knockout 
mice spinal morphine analgesia was enhanced, suggesting 
that µ-&R functions may be modulated by !-OR insertion 
into the plasma membrane. Moreover, they found that 
morphine tolerance did not develop when stimulus-induced 
surface insertion of !-ORs was eliminated in preprota-
chykinin A knockout mice. Thus the authors propose that 
protachykinin is also involved in the regulation of µ-OR-
mediated analgesia and the development of morphine 
tolerance [267]. This was the first study linking the two 
regulatory systems of pain transmission in the spinal cord, 
tachykinin and opioid receptors. These observations provide 
the background for further analysis of yet another aspect of 
opioid-mediated analgesia. A recent review provides insights 
into the molecular mechanisms that determine the sorting of 
neuropeptide and neuropeptide receptors into secretory 
pathways and provide the background for further analysis of 
opioid-mediated analgesia [271].

In contrast to the above studies elegant work by Basbaum 
and collaborators [272] demonstrated recently that the !-OR 
is trafficked to the cell surface under resting conditions, 
independently of substance P and is internalized upon !-OR 
activation by agonists. They found that µ-&R is expressed in 

peptidergic pain fibers and the !-OR in myelinated and 
nonpeptidergic afferents. Use of a !-OR-eGFP reporter 
knockin mouse provided for the first time evidence for a 
different view regarding !-and µ-OR function and relation-
ship to the control of mechanical and heat pain messages. 

CHAPERONE POSSESSING PROTEINS

Hlj1, a Member of the Heat Shock Protein 40 Family

Recent observations from work that also employed a 
yeast two-hybrid screen using as bait the C-terminal tail of 
the human µ-OR along with a few amino acids of the seventh 
transmembrane domain, and a human brain cDNA library as 
prey, indicated that the C-terminal portion of Hlj1 (aa 227-
337) interacts with µ-OR [273]. Hlj1 is a member of the heat 
shock protein 40 (HSP40) family [274]. Results from co-
immunoprecipitation studies carried out with HEK293 cell 
lysates, confirmed the interaction between these proteins. In 
addition, immunofluorescent studies showed significant co-
localization between Hlj1 and the human µ-OR in HEK293 
cell membranes. 

Molecular chaperones including heat shock proteins have 
been shown to be involved in the maturation and degradation 
of receptors at the ER [275, 276]. The interaction of a 
HSP40 family member with µ-OR could be important for 
correct receptor conformation and for positioning the 
receptor on the cell membrane, trafficking and/or regulation 
of µ-OR. However, the functional significance of Hlj1 
interaction with µ-OR and the physiological relevance of this 
interaction in the brain has still to be determined. 

In the course of purifying the "-OR, the heat shock 70 
protein (HSP70) was recently identified as another opioid 
receptor interacting protein [277]. HSP70 is expressed in all 
cells and is involved in protein folding and translocation. 
The functional significance of this interaction with respect to 
proteasome-degradation of "-&R is not yet defined. Further 
studies are required to determine and clarify the biological 
significance and the involvement of heat shock and other 
chaperone related proteins in the internalization and 
desensitization pathways mediated by opioid receptors.

Calnexin

Calnexin is an abundant integral membrane phospho-
protein of the ER of eukaryotic cells. Its role is to facilitate 
and direct the proper folding and maturation of newly 
synthesized receptors residing in the ER and help them to 
avoid proteasomal degradation. Recent observations have 
demonstrated that human flag-!-OR interacts with calnexin 
in the ER. The amount of calnexin co-precipitated with the 
flag-!-&R in HEK293 cells was decreased upon antagonist 
treatment [278]. The ability of opioid ligands to dissociate !-
&R precursors from calnexin and enhance their processing 
and maturation suggests that the receptors are inappro-
priately retained in the ER and may be targeted to degrada-
tion prematurely. These observations support previous 
findings that GPCR biosynthesis can be pharmacologically 
modulated at the ER level, revealing a new site of regulation 
that could be also targeted to control cellular responsiveness 
in therapeutic settings [279]. 
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INTERACTIONS WITH PROTEINS POSSESSING 
TRANSCRIPTIONAL ACTIVITY 

STAT5 Proteins

Several studies have shown that traditional signalling 
pathways activated by cytokine or growth factor receptors 
are also shared by heptahelical receptors [280, 281]. For 
example, angiotensin receptor activates the Jak2 tyrosine 
kinase following stimulation with angiotensin II [282], while 
Signal Transducer and Activator of Transcription 5 (STAT5) 
interacts directly with the consensus motif YXXL of this 
receptor, a sequence which is also found in several other 
GPCRs [283], including all three opioid receptor subtypes. 
Pull-down experiments employing GST-fusion proteins 
encompassing the C-terminal regions of the µ-OR (µ-CT) or 
!-OR (!-CT) and cellular extracts expressing STAT5A or 
STAT5B, respectively, revealed direct interactions of 
STAT5A and STAT5B with the µ-CT and the !-CT, 
respectively [15, 284]. Co-immunoprecipitation studies in 
cells co-expressing either the µ-OR or the !-OR with 
STAT5A/B confirmed the association of these proteins in a 
cellular context. Deletion of the YXXL motif from either 
opioid receptor abolished STAT5A/B binding, thus defining 
this conserved tetrapeptide as the structural determinant 
within the µ-CT and the !-CT responsible for STAT5A and 
STAT5B binding respectively. The amount of STAT5A co-
precipitated with the µ-OR is independent of morphine or 
DAMGO stimulation [15]. In contrast, STAT5B associates 
constitutively with the !-OR, while upon agonist administra-
tion the STAT5B-!-OR interaction is abolished [284]. The 

differential pattern of STAT5 association between the two 
opioid receptors can be explained by the different signalling 
pathways these receptors mediate upon their activation [47].

STAT5A and STAT5B are tyrosine-phosphorylated by c-
Src in various cell lines upon µ-OR and !-OR stimulation 
with morphine and other selective opioid peptides. Addi-
tionally, activation of these receptors results in the transcrip-
tional activation of a STAT5-responsive reporter gene [15, 
284]. Considering previous observations confirming 
complex formation between the Src/Jak tyrosine kinases and 
GPCRs [285-287], a question that arises is whether multi-
meric signalling complexes of the opioid receptors are 
formed. A series of co-precipitation studies indicated that 
this is indeed the case and that STAT5B forms pairs with 
selective G# subunits and G$% in HEK293 cells [284]. A 
novel signalling pathway mediated by a multicomponent 
complex (signalosome) initiated at the !-CT, which serves as 
a protein platform, is proposed and shown in Fig. (2). The 
biological consequences of the µ, !-opioid receptors-
STAT5A/B pathways are unclear but STAT transcription 
factors have been shown to have crucial roles in the 
regulation of neuronal survival and neurite outgrowth [288, 
289]. 

Binding of STAT5A/B to the intracellular parts of µ and 
!-ORs supports the concept that GPCRs can physically 
associate with transcription factors, creating signalling com-
plexes mechanistically analogous to those observed for 
growth factor and cytokine receptors. Taking into account 
that opioid receptors belong to the list of cell surface 

Fig. (2). A putative signalling complex between the !-OR, STAT5B and G protein subunit(s) leading to STAT5B activation. STAT5B 

associates constitutively with the C-terminal tail of !-OR, G# and G$% subunits of G proteins. c-Src interacts with G$%, which acting as a 

scaffold brings c-Src close to the !-receptor. Upon DSLET activation of the flag-!-OR, STAT5B dissociates from the receptor, and is 

phosphorylated by c-Src in a G#i/o protein-dependent manner. Activated STAT5B forms a complex consisting of G$%, selective active G#i/o 

subunits and c-Src. Subsequently, phosphorylated STAT5B dimerizes and translocates to the nucleus where it binds to specific DNA target 

sequences and alters gene transcription.

NH2

COOH

Activation

Transcription

G !

Agonist

COOH

G !

P

P

P

PSTAT5B
STAT5B

P

PSTAT5B
STAT5B



94    Current Drug Targets, 2012, Vol. 13, No. 1 Georgoussi et al.

receptors that homodimerize or hetero-oligomerize [30-36], 
it is possible that traditional signalling pathways activated by 
cytokine or growth factor receptors are also shared by these 
different receptor types. This type of mechanism of trans-
criptional activation by direct association of a transcription 
factor with a GPCR is currently unique to the opioid recep-
tors and may play a role in the alteration of gene expression 
in specific target neurons. Identification of multimeric 
protein complexes and characterization of interaction 
networks is highly relevant to modern drug design. The fact 
that a STAT5B-!-OR signalling complex occurs sponta-
neously supports the notion that stable constitutive associa-
tions of receptors, G proteins and accessory proteins can 
function as membrane entities to be targeted for the 
development of new therapeutic agents. 

INTERACTIONS AFFECTING NEUROTRANSMIT-
TER RELEASE 

Excitatory Amino-Acid Carrier 1

Initial observations have demonstrated that co-expression 
in Xenopus oocytes of the !-OR with the excitatory amino-
acid carrier 1 (EAAC1), a neuronal-specific transporter, 
down-regulates EAAC1 function [290, 291]. In addition it 
was demonstrated that DPDPE-activated !-OR counteracts 
the down regulation of EAAC1-mediated uptake [292]. In 
the same studies, co-immunoprecipitation and immuno-fluo-
rescence microscopy in both oocytes and rat hippocampal 
neurons indicated co-localization of these proteins and 
reported for the first time direct interaction between the !-
OR and EAAC1 [292]. It is therefore proposed that the !-OR 
can reduce EAAC1 function by direct protein-protein 
interaction and that activation of the !-OR disrupts this 
inhibitory interaction. The modulation of EAAC1 function 
was specific for the !-OR because co-expression of µ-OR or 
a Na

+
/K

+
 pump did not influence the EAAC1-mediated 

signal [292]. Previous observations have also shown that 
uptake via the glial GLT-1 glutamate transporter was 
influenced by !-OR stimulation in astroglial cultures [293], 
while other groups have demonstrated that glutamate 
transporters play a critical role in the development of mor-
phine tolerance, abnormal pain sensitivity and withdrawal 
syndrome [294-296]. It is therefore plausible to suggest that 
glutamate transporters may contribute to the neural 
mechanisms of opiate abuse, however, the question of how 
the activity of glutamate transporters in brain is regulated 
during opiate misuse remains to be investigated. 

CONCLUDING REMARKS

Opioids, through the action of their receptors, control 
several aspects of neurotransmitter signalling in both the 
central nervous system and the periphery. Opioid receptors 
play a pivotal role in phenomena related to analgesia, 
however, chronic opioid administration results in a number 
of cellular neuroadaptations ranging from tolerance, with-
drawal and finally addiction. To understand these molecular 
events the discovery of novel targets that interfere with 
opioid receptor function is obligatory. This can be achieved 
by identification of novel receptor accessory and regulatory 
proteins that upon receptor activation alter signal responses
and effectiveness. As described, various laboratories have 

identified numerous accessory proteins which are able to 
interact with these receptors. Some of these proteins rep-
resent novel receptor partners while others have already been 
identified as interacting proteins for other GPCRs. The 
functional roles of such receptor interacting proteins are 
beginning to be dissected out. The physiological significance 
and relevance of the identified interactions to phenomena 
such as tolerance and dependence are beginning to emerge 
but it is clear that these interactions contribute to every 
aspect of opioid receptor function, from ligand binding, 
signalling and endocytosis to transport to the site of action, 
proper anchoring and trafficking. We anticipate that an 
accelerated pace toward the discovery of new interacting 
proteins using proteomic strategies will ensue. As we 
continue identifying more previously unanticipated interac-
tions and the existence of additional multicomponent 
complexes, we should become better equipped to propose 
functional roles for the observed associations, to identify 
novel therapeutic targets and propose more effective stra-
tegies for encountering pathological situations where the 
functionality of opioid receptors is relevant.
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ABBREVIATIONS

AC = Adenylyl cyclase

ACB = Nucleus accumbens

AON = Anterior olfactory nucleus

AP-1 = Adaptor protein 1

AR = Adrenergic receptor

ATFx = Activating transcription factor x

BRET = Bioluminescence resonance energy transfer

CaM = Calmodulin

cAMP = Cyclic 3',5'-adenosine monophosphate

CB = Cannabinoid receptor

COS = African green monkey kidney

CREB = cAMP Response Element Binding Protein

DAG = Diacylglycerol

DSLET = [D-Ser
2
]-Leucine Enkephaline – Thr

DAMGO = [D-Ala
2
,N-MePhe

4
,Gly-ol

5
]-enkephalin

!-&R = !-opioid receptor

DPDPE = (D-Pen
2
,D-Pen

5
]-enkephalin

EAAC1 = Excitatory amino-acid glutamate 
transporter 1

EBP50 = Ezrin-radixin-moesin [ERM]-binding 
phosphoprotein 50
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ER = Endoplasmic reticulum

ERK = Extracellular signal-regulated protein kinase

ERM = Ezrin/radixin/moesin

GABA = %-amino butyric acid

GASP = G protein-coupled receptor associated 
sorting protein 

Gax$y%z = Heterotrimetric G protein composed of x, y 
and z subunits of #, $ and % subunits 
respectively

GPCR = G protein-coupled receptors

G proteins = Guanine nucleotide binding proteins

GRK = G protein-coupled receptor kinase

GTP%S = Guanosine 5--&-(3-thiotriphosphate)

GST = Glutathione S-transferase

HA = Hemaglutinin

HSP40 = Heat shock protein 40

HSC73 = Heat shock cognate protein 73

HEK293 = Human embryonic kidney

IP3 = Inositol triphosphate

JAK = JANUS tyrosine kinase

JNK = c-Jun N-terminal kinase

"-&R = "-opioid receptor

LDCVs = Large dense-core vesicles

M1 AChR = M1 muscarinic cholinergic receptor

µ-&R = µ-opioid receptor

MAP = Mitogen activated protein

MAPK = Mitogen activated protein kinase

µ-CT = µ-opioid receptor carboxyl-terminal tail

NHERF = Na
+
/H

+
 exchanger regulatory factor

NG108-15 = SOMATIC cell hybrid mouse neuroblastoma 
and rat glioma

NSF = N-ethylmaleimide –sensitive factor

ND = Non determined

OTU = Olfactory tubercle

PAR1 = Protease activated receptor-1

PDGF = Platelet derived growth factor

PDZ = PSD-95/ Drosophila Discs-Large septate 
junction protein/ epithelial tight junction 
protein ZO-1 (a domain that binds the C-
terminal X-Ser/Thr-X-Val/Leu sequence)

PIP2 = Phosphatidylinositol biphosphate

PKA = Protein kinase A

PKC = Protein kinase C

PLC = Phospholipase C

PLD = Phospholipase D

PTX = Bordetella pertussis toxin

RGS = Regulator of G protein signalling

SNX1 = Sorting nexin 1

STAT = Signal Transducer and Activator 
of Transcription
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