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�������������� (Executive Summary)
������
����������� �������������������������������

DI���!���"��J��4��K*

1. !	
�������� ("�#�$��): �����*	����������
L.�Q��-�"�$�V: XY�������/��
2Z�2�,��
I!�$�	��-

4�-��[.$Q.�\-*J�]���*��	�!#��������*	����������
�����-�"�

\�QQ��

                ("�#�����%#): Hemoglobin F switching in vitro: the development of rapid screening

of �-globin synthesis and clinical correlates

2. !	
�
��
���������� �X. ��.��!�. !�]������"�

���!"Z�Z.!$�Q. �K*\J��X��	�+, Q��!"���-��X�.���"���!"��]

���
$�J 10110 $-����X�J�+ 2602233-4 	�� 4604

E-mail : ywwatana@yahoo.com or yuwadee@swu.ac.th

3. ��&���
����������� �K�Z.!!"�����
���\J��+

4. �'�'��*����������� 3 
_

5. $���������������
+������
+	�������	
����,��������-	
�&�������/
*������	
���
0�����
           �Q����$���	��\�-�
����%&�

6. �7�
���
����������� /*'���+������&���7�
�
             �-thalassemia $�"�#������.&���
�������
�����-�"� � ����-
 ��%�����
�Q����$-� �/�2�����

��-�"� � Q.
�"Q�K$�"���- �/�2�������-�"� � �.&$�"�Q��.`�jQ���Q��'�!Q	�!$
0� homotetramers ��� ��


��`�#Y
�
	�	*�����$�%&����Q$[--+$Qk�$-%��\�
�/�2��$�"� oxidative damage 	����!�
�*����.&$
0�

�
�	.�\-*��Q�� #������.&$�"� oxidation �.&��"$!K$�%&����Q$[--+#*Q.,-�/�2��Q.���
-������Q�-�"��*

(free radical) #��$�-k�L.Q (heme) ��%� $LQ"���Q (hemichrome) \-�!��
,-2��$Qk�$-%��\�
Q.�!�Q,"�
�	"

\-*'���/�-�����
��� $�"�$
0� hemolytic anemia �/�2��,��
I!�Q.�����[.�$�-%�
 	�� Q��Q�	 $#�"�$	"��	Z��

Q.�������
$Qk�$-%��\�
Q���!��
�	"$J%&���\��$Qk�$-%��\�
�.&'���/�-���
 �/�2��$�"����$
-.&��\
-


��
��*��� \-*Q.�!�Q,"�
�	"�%&�q ��
���
��� �.��-��
�*���Q.
��!"#��#���-���-��Q�/�	��$�%&�
Q�

�-��
_ \��
2��$�k�!��2�,��
I!� �-hemoglobinopathies �%� sickle cell anemia \-* �-thalassemia �.&Q.


�"Q�K HbF ��
�!����
�	"#*�/�2���������
���-�-
 \-*���Q.���XY������2Z�����%����$�Q.�.&Q.,-

��*	����������
 HbF $Z�� hydroxyurea (HU), butyrate \-*���%&�q �.&Q.,-	����� switching 2����\��


�����
�.���-�"� $�%&�
#�����Q.������������%����$�Q. (therapeutic compounds) �/����� �-



Z

thalassemia 	�`
\	�
_ �.X. 1980 $Z�� 5-azacytidine 2������*	��� �-gene expression 2� adult baboons

���#����`���
Q.���2Z�����%&�q 2� in vitro \-*2���	!+��-�
 \-*2� clinical trials $Z��2Z�

erythropoietin, butyric acid \-* hydroxyurea 2������ �-thalassemia \-* sickle cell anemia $
0�	��

\	��kJ�!��,-�.&���#*\	�	��
����
�Y`���������\	�-*��� �-��!�%� ��
����k\��
���	�����


(responder) \	���
����k�Q�	�����
 (non-responder) ��
��`�$J%&�$
0����	�!#���$�%`�
	�������/����

�����,��
I!� �-thalassemia #Y
#/�$
0�	��
J�]���*��	�!#��������*	����������
�����-�"�\�QQ��

���2Z�$[--+$J�*$-.`�
��
$[--+	���/�$�"���
$Qk�$-%�\�
 (primary erythroid progenitor cell culture) #��

$-%����
,��
I!�\	�-*���[Y&
$
0�$���"��.&�Q����
���\-*,��
I!��Q��������!�Q$#k�
!�$�Q%�����$	�.�Q 

erythroid progenitor cells #�����$#�*����*�����
,��
I!� Q�XY��������*	����������
 HbF ������2Z�

hydroxyurea $J%&���!��,��
I!����2�Q.���	�����
	�� hydroxyurea ��%��Q� ���XY���,-��
�����*	���

�������
 HbF ��� hydroxyurea #*Z�!�2��\J��+�.&�����,��
I!����4�-��[.$Q.��������'Y
,-���

screening $�%`�
	��!��,��
I!�4�-��[.$Q.������$
0� responder ��%� non-responder ����*�!�\-*�!�$�k!

\-*��Q��'!�
\,����������.&'��!"4.	���
��� #Y
$
0���� screening �.&Q.
�*�"�4"��J\-*
�*����$!-�

\-*���2Z�#���	��
 q ���#����`�,��
I!�4�-��[.$Q.��k������
�*��Z�+$Z�� '��,-���	�!#���J�!����`�,��


I!�4�-��[.$Q.���`�$
0� responder �k#*���������������.&'��	��
�!�$�k! ���#�������[.�\-*Q.��K��J

Z.!"	�.&�.�Y`���� ��!�������.&$
0� non-responder �k#*�����������������!"4.�%&� ��
��`�����/�!"#���.`#*Q.,-�.

	����`
\J��+,�������\-*,��
I!�4�-��[.$Q.� 2��Q.���������������
Q.
�*�"�4"��J
�*����$!-�\-*���2Z�#���

�%&�q

7. ���9���'���; (Objectives)
7.1 $J%&�	�!#���$�%`�
	��2����	�����
��
,��
I!�4�-��[.$Q.� (primary screening of

responders) 	������%����$�Q.�.&��*	������ ����
L.�Q��-�"� $�V (HbF)

7.1.1 $J%&�$
0����	�!#���$�%`�
	�������/���������,��
I!� �-thalassemia ���2Z�$[--+

$J�*$-.`�
#��$-%����
,��
I!�\	�-*��� (erythroid cell culture from patient’s peripheral

blood stem cell) Q�XY��������*	����������
 HbF ������2Z� hydroxyurea $J%&���!��

,��
I!����2�Q.���	�����
	�� hydroxyurea ��%��Q� (screening for responder and

non-responder) ����\J��+#*�/����2���� '��,��
I!�$
0� responder �k #*2����������

���2Z�����%����$�Q.��
�-��!

7.1.2 XY���������%�
�"Q�K \-*�*�*$!-����2Z���� hydroxyurea �.&$�Q�*�Q�/��������

��*	����������
 HbF2� erythroid cell culture #�� peripheral blood stem cell ��
,��


I!� �-thalassemia



[

7.1.3 XY����-���!���Q���\��
�����
 �-globin gene �����
�"Q�K �-globin mRNA

2� erythroid cell culture #�� peripheral blood stem cell ��
,��
I!� �-thalassemia�.&

������ hydroxyurea

8. ��<�������������������
XY���,-��
�����*	����������
 Hb F ��� hydroxyurea

8.1 $	�.�Q erythroid cell culture #�� peripheral blood stem cell ��
,��
I!� �-thalassemia \	�-*

���

8.2 ��������2�� hydroxyurea 2� erythroid cell culture �.&��� #����� 8.1

8.3 ��������
 hydroxyurea �.&$�Q�*�Q2������*	����������
 Hb F \-*�*�*$!-��.&$�Q�*�Q

2����2�������
�-��!

8.4 ��
�"Q�K �-globin mRNA 2� erythroid cell culture #��,��
I!�\	�-*����.&������ hydroxyurea

#����� 8.3 ��� reverse transcription real-time PCR detection technique (Perkin Elmer)

8.5 !"$���*�+ hematologic data, hemoglobin analysis and reticulocyte count, % hemoglobin E \-*

hemoglobin F ��
,��
I!��.&$
0� responder ��� conventional method

8.6 �/����Q�-#����� 8.4 (in vitro data) Q����!�Q��QJ��4+������Q�-�.&���#����� 8.5 (clinical data,

hematological parameters) ��`
�.`$J%&��/��
������XY��� molecular mechanism (genetic

background, linkage analysis, polymorphism, etc.)

8.7 2�� hydroxyurea \��,��
I!� �-thalassemia $Z�� ,��
I!� �-thalassemia/hemoglobin E (�-

thal/HbE) �.&$
0� responder $J%&�2����������

8.8 ���
 \-*\
-,-

9. >*�����*��
2����$	�.�Q primary erythroid cells #�� peripheral blood stem cells J�!��!���.& 0 $[--+��!�2���#*

$
0� early erythroid-committed progenitors (burst-forming units, BFU-E) K. !���.& 3 $[--+ #* proliferate

\-* differentiate �
$
0� late BFU-E �-�
#����`�$[--+#* proliferate \-* differentiate �
$
0�$[--+�.&\��

Q���Y`� (more mature colony-forming unit like progenitors(CFU-E) ) 2�!���.& 6 �-�
#����`�$[--+#*

proliferate \-* differentiate �
$
0�$[--+�.&\��Q���Y`� (more mature orthochromatic normoblastsafter)

�-�
#��!���.& 6 K. !���.& 10 $
0� erythroblast \-* !���.& 14 $
0� red blood cell #����`��/����XY�����

������
 hydroxyurea (0, 5, 10, 20, 30, 40, 60, 80 and 100 �M) \-*Z�!
$!-��.&$�Q�*�Q2������*	���

�������
 HbF 2���
�	"J�!�� $	"Q hydroxyurea �.& 30 �M 2�!���.& 6 ��
���$#�"� erythroid cell



~

culture \-�!�/����$�k�$[--+Q�!"$���*�+�-�
#�����$#�"� erythroid cell culture Q�\-�! 4 !�� (96 Z�&!�Q
)

$
0���!*�.&$�Q�*�Q�.&��
2��#/��!�$[--+��
 (benzidine positive cells) \-* ��
����
 HbF ��
 ��!���� HbF

content per cell #*$J"&Q�Y`�$Q%&��!�Q$��Q�����
 hydroxyurea $J"&Q�Y`� ��!�#/��!�$[--+#*-�-
\�� dose

dependent manner #����`��/����XY�����������
 hydroxyurea (0, 5, 10, 20, 30, 40, 60, 80 and 100 �
M) \-*Z�!
$!-� �.&$�Q�*�Q2������*	����������
 HbF 2�2�,��
I!� �-thal/HbE J�!�� $	"Q

hydroxyurea �.& 30 �M 2�!���.& 6 ��
���$#�"� erythroid cell culture \-�!�/����$�k�$[--+Q�!"$���*�+2�

!���.& 10 (96 Z�&!�Q
) $
0���!*�.&$�Q�*�Q�.&��
2��#/��!�$[--+��
 (benzidine positive cells) \-* ��
����


HbF ��
 J�!�� ������
 hydroxyurea �.&$�Q�*�Q2������*	����������
 HbF �%� 30 �M [Y&
$
0��!�Q

$��Q����.&��
2��#/��!�$[--+��
 (benzidine positive cells) \-* ��
����
 HbF ��
 ���#����`����XY���Z�!


$!-��.&$�Q�*�Q2����2���� (hydroxyurea) 2�,��
I!� �-thal/HbE J�!��Z�!
$!-��.&$�Q�*�Q2����2����

(hydroxyurea) �%� 2�� hydroxyurea $Q%&�!���.& 6 \-�!�/����$�k�$[--+Q�!"$���*�+2�!���.& 10 $
0���!*�.&

$�Q�*�Q�.&��
2��#/��!�$[--+��
 (benzidine positive cells) \-* ��
����
 HbF ��
 #����� optimized

conditions �.&��� �/�Q�XY������	�����
��
,��
I!�	�� hydroxyurea ���XY���,-��
 hydroxyurea 	��

�������
 HbF [Y&
�/�Q�#�� peripheral blood ��
,��
I!� �-thal/HbE Z�"��.&Q.�!�Q���\�
�*���
���-�


(thalassemia intermedia) #/��!� 22 ��� ������2Z� hydroxyurea �.&�!�Q$��Q��� $������ 30 �M $
0�$!-�

96 Z�&!�Q
 \-�!�/�[--+Q������ fractional HbF ��� HPLC technique ��� fold increased G�/A� globin

chain ��� tritonX-100 acid-urea polyacrylamide gel electrophoresis technique \-*��� fold induction
G�/A� globin mRNA��� real-time PCR detection technique $J%&�XY�����!��,��
I!����2�$
0� responder

��%� non-responder J�!�� G�/A� globin mRNA, Q.��� 0.01 � 0.01 and 9.39 � 6.12 fractional HbF =

0.50-5.07 \-* fold increased G�/A� globin chain = 0.58 - 1.43 J�!���Q�Q.�!�Q$�.&�!���
2�����$JXZ��

\-*��"
#���������� ����/� T-test ,��
I!���`
 22 ��� Q.
�*�"�4"��J2����	�����
�.&\	�	��
��� ���

Q.,��
I!� 20 ����.&Q.���	�����
	�� hydroxyurea \-* 2 �����##������2��-��Q�.&�Q�Q.���	�����
	��

hydroxyurea $�%&�
#��Q. fractional HbF content \-* fold induction G�/A� globin mRNA �����!�� 1 �-�


#�����XY���2� in vitro study \-�!����/����XY���2� in vivo ��
,��
I!� �-thal/HbE ��� in vivo ,��
I!�

�-thal/HbE ������ hydroxyurea $
0�$!-� 2 
_ K. ��
J����-��Q�4"��.��� �X. �J. ��J� #����+#���K.

\-�!$#�*$-%��Q�	�!#!"$���*�+�����	��
q ��
\��
2�,-�����-�
 (in vivo) �-�
#��,��
I!� ����������

�� hydroxyurea \-�! 7 $�%��- 1 
_ #Y
$#�*$-%�� ,��
I!� �-thal/HbE ���$�"QQ�XY������ primary erythroid

cell culture technique \-*	�!#!"$���*�+�����	��
q ��
\��
2�,-�����-�
 (in vitro study) \-*

$
�.��$�.��,-�����-�
#�����XY��� in vivo \-* in vitro ,-���$
�.��$�.�� in vivo \-* in vitro 2�

,��
I!� �-thal/HbE J�!�� ����!�Q��QJ��4+�*�!��
 fractional HbF 2� in vivo\-* in vitro Q.��� linear



�

correlation coefficients, r2 = 0.54 2��K*�.& ��� fold increased �G/�A globin chain2� in vivo\-* in vitro

Q.��� r2= 0.62 ��!����fold induction �G/�A globin mRNA2� in vivo\-* in vitro  Q.��� r2 = 0.52 ���
���!��

#�������-�
��
�-��!���2Z� primary erythroid cell culture system #��$-%��,��
I!� �-thal/HbE Z�"��.&Q.

�!�Q���\�
�*���
���-�
 (thalassemia intermedia) #/��!�13 ����.&XY���Q. 11 ����.&Q.���	�����


	�� hydroxyurea \-* 2 ����.&��##������2��-��Q�.&�Q�Q.���	�����
	�� hydroxyurea $�%&�
Q�#��Q.

fractional HbF content \-* fold induction G�/A� globin mRNA 2� in vivo\-* in vitro Q.���	&/��!�� 1 [Y&


�!�Q\	�	��
2����	�����
��
 erythroid precursor cell 2�,��
I!�\	�-*�����
�-��!#*Q����%�����

�Y`����
�##���%&�q�.��-������
 $Z�� �!�Q��Q��'2��������
 HbF ��
,��
I!��.&Q.��������2�� hydroxyurea

��%�
�##��J%`������
 �-globin mutation \-*/��%�Z�"���
 Chromosome ���" XmnI site

polymorphism ��"$!K promoter ��
 �-globin gene ��
��`�2�����/�!"#�����
����.`��������-�
2Z�

primary  erythroid cell culture system ��Q��'#*2Z�2������
Z.`!�� ,��
I!� �-thal/HbE ���2�$
0�

responder ��%� non-responder �����.&#*$��������������������2���� hydroxyure #��\J��+
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���	
�
���
: ���������	���
�����
�������	���: ��������	��������	����!"#�����-$��%
&
��
#

'�� (%)	�������"*
�����������	���
����
�#�����	'���+�

���	��������: #�",
 "%)	�.1�
�	

16�'(7#��
��8 �;�"�7#��%#��
	1��	7�"���)

e-mail address: yuwadee@swu.ac.th or ywwatana@yahoo.com


�������
�
���
: �,=�	 ����#	 (.�. 2543 >�� �
	�1� (.�. 2546

�����������������	���
%��1���;8�
�������	��� (HbF) �	����!"# �-thalassemia/HbE (�-

thal/HbE) �����
���������	;���7,��� (in vitro study) �(=C���I	�����"*������=J����	"+�����!"#��#

�,�
������
	��;�=���+���
	���+� hydroxyurea (responders or non-responders) �+�	�K���%�

����%���*��'(7#8�,#����%�#� hydroxyurea (in vivo study) &�C��
����#�	8�	����,����*L��",

K������!"#7���;��
�����,
K�J	 �,1+����*+�#'���"���	����%��� &�C����������	;���7,���7���,#

������
#��&��8�%"�+�	
��;�%����
������L,��=�,',� (primary erythroid  progenitor cell culture)

*����=�,&�C���I	"�$
7
C
�,"� �",��L" '������!"#��+�*L��",�;�=�	����*���K���,�� &�C��+�	7�����

7,����,�7�����;�
.�"�7
C�;���
�
��;�%�1"���K��K�	K�� hydroxyurea '���+"��"��7
C�;�

hydroxyurea (�"+� hydroxyurea 7
C 30 �M �	"%	7
C 6 '����L��&��8�	"%	7
C 10 �
���+����'�+��%"

K���&��8	��#7
C
�, '�+�
���������	���
���� HbF 
��7%J��	����!"# �-thal/HbE '��1	���� �,���L��%"

�#+����=�,K������!"# �-thal/HbE *��	"	 22 ��# &�C��
������	��,%���	���� '�����
#� erythroid

cell culture *�� peripheral blood stem cell K������!"# �-thalassemia '�+����# *��	%J	;�

�����6 HbF, Hb A2, and Hb A �	����!"#'�+����#7
C�,��%� hydroxyurea �,# automated high-

performance liquid chromatography �����6�-globin mRNA �,# real time PCR detection

technique '�� �-globin chains (�G
/�A

 globin chain) �,# Triton X-100 acid urea polyacrylamide

gel electrophoresis ����������(�"+��
���������	���
���� 
G�- '�� /;�=� 

A �- globin mRNA,
G�- globin  mRNA = 0.05

 � 0.01 – 50.86 � 8.68, 
A�- globin mRNA = 0.19

 � 0.001 – 26.23 �
3.01 ,

 G�/A��=�0.01
 � 0.001 – 9.39 � 6.12 1+� relative levels of �-mRNA(100 x�/(�+�) fold

induction = 66.62 – 99.72 % �����6 fractional HbF = 1.10 – 5.07 
���"+��	����!"#7%J� 22 ��#(�



�

"+� �
����!"# 20 ��#7
C�
������
	���+� hydroxyurea '�� 2 ��#��**%,�#�+�	���+�7
C��+�
������


	���+� hydroxyurea �	=C����*���
 fractional HbF content '�� fold induction 
G�/A� globin

mRNA	��#�"+� 1 
+"	�������� in vivo ����!"#�,��%�#� hydroxyurea �#+���+��	=C����I	�"�� 2 �\

'��"�*����=�,��"��1���;8;�1+� HbF 
G�/A� globin mRNA '�� 

G�/A� globin chain '��"	�������
#�

�7
#��%��������� in vitro &�C��������!"#���+��,��&�C�;#�,����%� hydroxyurea ��'��" 7 �,=�	 – 1 �\

'��"�*����=�,�����
#��&��8 '�� treat ,�"# 30 �M hydroxyurea �	"%	7
C 6 '����L��&��8�	"%	7
C

10 (96 �%C"���) *�������7,���(�"+� 1+� fractional HbF content �
1+� linear coefficient

correlation r
2 

= 0.54, (P value = 0.204) in vitro  �
1+� 0.29 – 11.73, in vivo �
1+� 0.50-13.97,
G�/A� globin mRNA fold induction, r

2 
= 0.52, (P value = 0.164) in vitro �
1+� 0.34 – 8.18, in vivo

�
1+� 0.28 – 6.10 '�� 
G�/A� globin chain fold increase, r

2 
= 0.62, (P value = 0.134) in vitro �
1+�

0.80 – 1.43, in vivo �
1+� 0.98 – 1.23 ����!"# �-thalassemia/HbE �	�,7
C�
1"����	'����,%���	

���� (thalassemia intermedia) 13 ��#7
C������
 11 ��#7
C�
������
	���+� hydroxyurea '�� 2

��#7
C��**%,�#�+�	���+�7
C��+�
������
	���+� hydroxyurea �	=C����*���
1+� fractional HbF '��

fold induction 
G�/A� globin mRNA�	 in vivo'�� in vitro �
1+��C���"+� 1 &�C�������
	��K��

erythroid precursor cell �	����!"#'�+����#�+� hydroxyurea �
1"��'���+���%	��*�	=C����*��

�]**%#�=C	^ �
�;��#�#+�� ��+	 1"��
����>�	���
���� HbF K������!"#7
C�
�#�+�+�	�;� hydroxyurea

;�=��]**%#(=J	_�	K�� �-globin mutation '��/;�=��	�,K��Chromosome ��7� XmnI site

polymorphism ����"6 promoter K�� �-globin gene ��I	��	 ,%�	%J	"�$
�������� in vitro 	
J��I	"�$


;	�C�7
C�;����	���������������1"�1�����������	���
���� HbF �,##�;�=�
���1�
�%"�;�+�=C	^

�������: hemoglobin F, hydroxyurea, �- globin mRNA, erythroid, progenitor cell
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ABSTRACT

Project Code: RDG3/09/2543

Project Title: Hemoglobin F switching in vitro: the development of rapid screening

of �-globin synthesis and clinical correlates

Investigators: Watanapokasin Y.
Faculty of Medicine, Srinakharinwirot University

e-mail address:           yuwadee@swu.ac.th or ywwatana@yahoo.com

Project Duration: April 2000 - March 2003

The responses to hydroxyurea, that elevates fetal hemoglobin synthesis in �-

thalassemia/HbE (�-thal/HbE) patients, need to be effectively elucidated in vitro in order to

screen primarily of responders and non-responders before the in vivo treatment (eg orally

administered hydroxyurea). This will help reducing the pain, cost and time of random

treatment enabling the improved life quality of the patients. Primary erythroid progenitor cell

culture from patient’s peripheral blood is the convenient and rapid technique that is employed

in this study. At concentration of agents chosen for minimal effect on cell division,

hydroxyurea at 30 �mol/L significantly increase fractional HbF contents in �-thal/HbE patients

and normal adult. The effective duration of hydroxyurea treatment is from day 6 to day 10 (96

hours). This technique is rapid, convenient and less pain as compared to primary erythroid

progenitor cells obtained from bone marrow.  The availability of reliable cell assays such as

real-time quantitative polymerase chain reaction (PCR) analyses of globin messenger RNA

was used. The effect of 30 �M hydroxyurea on 22 �-thal/HbE patients(thalassemia

intermedia) are also studied. Addition of hydroxyurea to human erythroid cell cultures

preferentially enhanced �-globin mRNA synthesis, either 
G�- and/or 

A�-globin mRNA in all

patients. 
G�-globin mRNA fold induction = 0.05 � 0.01 – 50.86 � 8.68, 

A�-mRNA fold

induction = 0.19
 � 0.001 – 26.23 � 3.01, 

G�/A� globin mRNA fold induction = 0.01
 � 0.001 –

9.39 � 6.12.  The relative levels of �-mRNA(100*�/(�+�) fold induction ranges from 66.62 –

99.72 %, 
G�- and/or 

A�-globin mRNA (%
G�/( G� + 

A�) = 0.02 � 0.001 – 9.86 � 5.84.

Fractional HbF levels varied  from 0.50 – 5.07. The results indicated that 20 patients are

responders and 2 patients may be classified as non-responder as they showed fractional HbF

levels and 
G�/A� globin mRNA fold induction less than 1. For in vivo study, �-thal/HbE



�

patients were treated with hydroxyurea orally at a starting dose of 5 mg/kg/day for 5

days/week with escalation to maximum of 10 mg/kg/d for two years then all the assays were

performed, whereas the in vitro study, primary culture system from adult erythroid cells

obtained from the same group of patients who had seven to one year-off hydroxyurea

treatment were studied. The results showed that 
G�/A� globin mRNA fold induction in vitro

ranges from 0.34 – 8.18 and in vivo from 0.28 – 6.10, the linear correlation coefficient r
2 

=

0.52 (P value = 0.164) as determined by paired T-test, fractional HbF content in vitro ranges

from 0.50 – 13.97 and in vivo from 0.29 – 11.73, r
2 
= 0.54 (P value = 0.204 ) and 

G�/A� globin

chain fold increase in vitro ranges from 0.80 – 1.43 and in vivo from 0.98 – 1.23, r
2 
= 0.62 (P

value = 0.134). The results showed that 2 out of 13 patients may be classified as non-

responders as they show low level of 
G�/A� globin mRNA fold induction and fractional HbF

both in vivo and in vitro (<1). Hydroxyurea responses of patients are different, this may be

due to many possible factors including ability to produce HbF in some patients before

hydroxyurea treatment, �-globin mutation and/or inheritance of �-thalassemia Chromosome

with the XmnI cleavage  polymorphism at promoter of �-globin gene eyc. These methods may

enable us to use the primary culture system of adult erythroid for preliminary screening of

responders and non-responders as well as studying the mechanism (s) of new known �-
globin inducers and identifying new drug candidates.

Keywords: hemoglobin F, hydroxyurea, �- globin mRNA, erythroid, progenitor cell
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I!�
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�����-�"�\�QQ��

("�#�����%#) Hemoglobin F switching in vitro: the development of rapid

screening of �-globin synthesis and clinical correlates

���
�������Q���K+��
���!"#�� �*�!��
 $�%�� $Q���� J.X. 2543 'Y
 Q.���Q J.X. 2546

���!�
���.&��
��� ���!"Z�Z.!$�Q. �K*\J��X��	�+ �Q��$-����X�J�+ 2-602233-4

	�� 4604

�����Q��!�������
��� �X. ��.��!�. !�]������"�

\-*,���/�$�"����!"#��


��&�����*'��������
�����>*������+����
���&���������� ��
�.`

���9���'���;&��������� (�������) :
1. $J%&�$
0����	�!#���$�%`�
	�������/���������,��
I!� �-thalassemia ���2Z�$[--+$J�*$-.`�
#��

$-%����
,��
I!�\	�-*���Q�XY��������*	����������
 HbF ������2Z� hydroxyurea $J%&���!��,��
I!����2�Q.

���	�����
	�� hydroxyurea ��%��Q�

2. XY���������%�
�"Q�K \-*�*�*$!-����2Z���� hydroxyurea �.&$�Q�*�Q�/����������*	������

����
 HbF 2� erythroid cell culture #�� peripheral blood stem cell ��
,��
I!� �-thalassemia

3. XY����-���!���Q���\��
�����
 �-globin gene �����
�"Q�K �-globin mRNA 2� erythroid

cell culture #�� peripheral blood stem cell ��
,��
I!� �-thalassemia �.&������ hydroxyurea
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�
��>*��
�����A�0���������
����.&$�"�#���!�Q,"�
�	"2��������
L.�Q��-�"� (hemoglobinopathies) $Z�� thalassemia \-*

sickle cell anemia $
0� genetic disorders �.&J������&!�
 ���
�*Q�K!�� 2� �.X. 2000 
�*Q�K 7% ��



�*Z�����&!�-�#*J�Q. globin chain mutation

4�-��[.$Q.� (thalassemia) $
0�����.&'��������
J��4����Q�.&J������.&���2������ \-*$
0�


�����.&�/����2�
�*$�X��������Y&
 ���$�-.&� 13-20 % ��
���.&��X������2����
$�J� #*$
0�J��*��


HbE ($�"�#�� mutation ��
 codon �.&	/�\���
 26 ��
 �-globin gene, GAG � AGA) #*J� HbE ����

���
����2����.��� ��!� �-thalassemia J�
�*Q�K 3-9% (1) \-*J������&!
�*$�X

�-thalassemia $�"�#������.&���
�������
�����-�"� � ����-
 ��%�����
�Q����$-� �/�2�����

��-�"� � Q.
�"Q�K$�"���- �/�2�������-�"� � �.&$�"�Q��.`�jQ���Q��'�!Q	�!$
0� homotetramers ��� ��


��`�#Y
�
	�	*�����$�%&����Q$[--+$Qk�$-%��\�
�/�2��$�"� oxidative damage 	����!�
�*����.&$
0��
�	.�

\-*��Q�� #������.&$�"� oxidation �.&��"$!K$�%&����Q$[--+#*Q.,-�/�2��Q.���
-������Q�-�"��* (free radical)

#��$�-k�L.Q (heme) ��%� $LQ"���Q (hemichrome) \-�!��
,-2��$Qk�$-%��\�
Q.�!�Q,"�
�	" \-*'���/�-��

���
��� (2) $�"�$
0� hemolytic anemia �/�2��,��
I!�Q.�����[.�$�-%�
 	�� Q��Q�	 $#�"�$	"��	Z�� Q.�������


$Qk�$-%��\�
Q���!��
�	"$J%&���\��$Qk�$-%��\�
�.&'���/�-���
 �/�2��$�"����$
-.&��\
-
��
��*��� �/�

2����*���2�����$
-.&��\
-
�
 Q.-���K*�.&$�.��!�� “2�����4�-��[.$Q.�” \-*Q.�!�Q,"�
�	"�%&�q ��
���


��� �.��-��
�*��� (3)

�-thalassemia $�"�#�����,��$�-�� (mutation) ��
�.���-�"� (4) �!�Q���\�
��
����Y`��������

Z�"���
 mutation �.&$�"�!����
�
����
 mRNA ��%� �����-�"� � �����%��Q� mutation �.&J��%� point

mutation, frameshift mutation, premature termination (nonsese mutation) \-* splice junction mutation

$
0�	�� (5-9)

�����
$���*�+L.�Q��-�"� (hemoglobin, Hb) 2�Q����+J�!�����\��
�����
�.���-�"� ��

����Q�[Q (�-and �-like globin gene ������Q�[Q����.& 16, �- and �-like globin gene ������Q�[Q���

�.& 11) #���*�*	�!����-����-�	$	kQ!�� (embryo-fetus-adult) ���Q. 2 ��`�	��2���q (major switch) �%� Q.

�������
 embryonic Hb 2��*�*	�!����2�����+ #��������
�*Q�K 10 ��
���+ #Y
Q.�������
 fetal Hb

(HbF) 2����� \-* switch �
����
 adult Hb (Hb A\-* Hb A2) 2��*�*$	kQ!�������-��

Q.
��!"#��#���-���-��Q�/�	��$�%&�
Q��-��
_ (10-14) \��
2��$�k�!��2�,��
I!� �-

hemoglobinopathies �%� sickle cell anemia \-* �-thalassemia �.&Q.
�"Q�K HbF ��
�!����
�	"#*�/�2��
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�������
���-�-
 \-*���Q.���XY������2Z�����%����$�Q.�.&Q.,-��*	����������
 HbF $Z�� hydroxyurea

(HU), butyrate \-*���%&�q �.&Q.,-	����� switching 2����\��
�����
�.���-�"�

$�%&�
#�����Q.������������%����$�Q. (therapeutic compounds) �/����� �-thalassemia 	�`
\	�
_

�.X. 1980 $Z�� Desimone J. et al. (15) 2Z� 5-azacytidine 2������*	��� �-gene expression 2� adult

baboons \	�$�%&�
#����	�!�.`$
0� cytotoxic drug ��
��`� #Y
�"�Q2Z�2� end stage disease $J��*$�	�!��Q.��K

�Q��	"2����$
0� carcinogenic agent��� [Y&
��	�!�.`�/�
����� reverse DNA methylation �/�2��$�"� gene

activation ���#����`���
Q.���2Z�����%&�q 2� in vitro \-*2���	!+��-�
 \-*2� clinical trials (16, 17)

$Z��2Z� erythropoietin, butyric acid \-* hydroxyurea 2������ �-thalassemia \-* sickle cell anemia

$
0�	�� (18-22) \	��kJ�!��,-�.&���#*\	�	��
����
�Y`���������\	�-*��� �-��!�%� ��
����k\��
���	��

���
 (responder) \	���
����k�Q�	�����
 (non-responder) \-*��
Q.���XY���'Y
,-��
���$�"� histone

acetylation ��� butyrate �/�2��Q.�������
 �-globin ��
�Y`� (23-24)

��
��`� 2���������,��
I!� �-thalassemia ������2Z�����%����$�Q.$J%&���*	���2��Q.�������


HbF �������!�Q��2#Q���"&
�Y`� 2�
�*$�X���Q.���2Z� hydroxyurea 2���������,��
I!� �-

thalassemia/HbE (22) $�%&�
#�� HbF Q.��K�Q��	"2�����/�J����["$#��
��
$�%`�$�%&�	��
q ���2�-�$�.�
���

HbA \-*Q.���XY���,���.&Q. HbF 100% $Z��2� homozygous hereditary persistence of fetal hemoglobin

(HPFH) [Y&
$�"�#�� gene deletion ��
�.���-�"�	�!�%&�q \-�!�
��*	���2��Q.���\��
�����
 �-globin

gene ��`�J�!�� ,��
I!� HPFH Q.���$#�"�$	"��	$�Q%����
�	"�������
 �Q�[.� 	��Q��Q�Q��	 ��
��`�'��

��Q��'��*	���2��Q.�������
 HbF �������%����$�Q.�k#*$
0�!"4.���������.&�.����
��Y&
 �.&#*�/�2��,��
I!�

���#�������[.� \-*Q.��K��JZ.!"	�.&�.�Y`����

����
���k	�Q �����.&#*2������%����$�Q.\��,��
I!� 	��
Q.���XY���'Y
,-��
����%����$�Q. $Z��

���� (�!�Q$��Q�����%�
�"Q�K) ,-���
$�.�
�%&�q �!Q��`
�*�*$!-�2����2Z�����%����$�Q. �-� ���#��

��`��!�#*Q.���XY����-������!���Q���\��
�����
 HbF 2�,��
I!��.&'����*	�����!�����%����$�Q.��


�-��!��!� $Z�� �����
�"Q�K mRNA 2�,��
I!��.&	�����
\-*�Q�	�����
	������
�-��! 2����XY����.`

#*2Z� erythroid culture #�� peripheral blood stem cell ��
,��
I!� �-thalassemia Z�"�	��
q

���#�����XY���,-��
 butyrate \-* hydroxyurea 2������*	����������
 HbF ��
�-��!���


	�� 2��K*$�.�!����!�Q.���XY���,-��
����%����$�Q.	�!�%&�q �.&��Q��'��*	���2��Q.�������
 HbF ��


�Y`� $Z�� butyrate derivatives ��%� ����.&Q. functional groups 2�-�$�.�
��� butyrate ��%� hydroxyurea ��%�

����%&�q �.&Q.�-����������4"�\-*�/�
���-������ butyrate $Z�� ����.&�/������.&$
0� histone deacetylase
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inhibitors #/�J!� tetrapeptide trapoxin, antifungal antibiotic trichostatinA $
0�	�� ��`
�.`$J%&�2���������%�

���$�Q.�.&Q.
�*�"���JQ���.&��� 2����2Z�
��
���\-*�����,��
I!� �-thalassemia 2����XY���,-��
��

��%����$�Q.	�!�%&�q �.`#*2Z� cell culture $Z�� human leukemic cell line K562 \-*��#J�]���/�,-�.&����


2Z������2� transgenic thalassemic animal 	���
���

�'�������<���������
1. $	�.�Q erythroid cell culture #�� peripheral blood stem cell ��
��
�	" (normal adults) \	�-*���

#/��!� 3 ��� ���
�*���	+#��!"4.��
 Swada et al., 1990 ( 25-26) \-* Choi et al., 2000 (27)

2. ��������2�� hydroxyurea 2� erythroid cell culture �.&���

3. ��������
 hydroxyurea �.&$�Q�*�Q2������*	����������
 HbF \-*�*�*$!-�2����2�����

hydroxyurea

4. $	�.�Q erythroid cell culture #�� peripheral blood stem cell ��
,��
I!� �-thalassemia \	�-*���

#/��!� 3 ���

5. ��������2�� hydroxyurea 2� erythroid cell culture �.&���

6. ��������
 hydroxyurea �.&$�Q�*�Q2������*	����������
 HbF \-*�*�*$!-�2����2�����

hydroxyurea

7. #����� 4.-6. $Q%&�����������
 hydroxyurea �.&$�Q�*�Q2������*	����������
 HbF \-* �*�*

$!-�2����2�����\-�!#Y
$�"&Q�/������-�
���$�k�$-%��\-*$	�.�Q erythroid cell culture #��

peripheral blood stem cell ��
,��
I!� �-thalassemia \	�-*��� ��
�"Q�K HbF, Hb A2, and Hb A

by automated high-performance liquid chromatography (VARIANT; BioRad, Hercules, CA,

U.S.A.) �-globin mRNA ��� real time PCR detection technique (Perkin Elmer) (28) \-* �-

globin chains (�G/�A globin chain) 2� erythroid cell culture #��,��
I!�\	�-*����.&������

hydroxyurea  ��� Triton X-100 acid urea polyacrylamide gel electrophoresis

8. !"$���*�+ hematologic data, hemoglobin analysis and reticulocyte count, serum transferin

receptor, % hemoglobin E \-* hemoglobin F ��
,��
I!� ��� conventional method

 9. �/����Q�-#����� 7. (in vitro data) Q����!�Q��QJ��4+������Q�-�.&���#����� 8. (clinical data,

hematological parameters) ��`
�.`$J%&��/��
������XY��� molecular mechanism (genetic background,

linkage analysis, polymorphism, etc.)
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10. XY���\-*$
�.��$�.��,-�����-�
 in vivo\-* in vitro 2�,��
I!� �-thalassemia/HbE (�-

thal/HbE)��� in vivo study ,��
I!� (�-thal/HbE ������ hydroxyurea $
0�$!-� 2 
_ \-* $#�*$-%��

Q�	�!#!"$���*�+����� ��!����XY���2� in vitro �-�
#��,��
I!� ���$�"Q������ hydroxyurea \-�! 7

$�%��- 1 
_ #Y
$#�*$-%�� ,��
I!� �-thal/HbE ���$�"QQ�XY������ erythroid cell culture technique

\-*	�!#!"$���*�+�����	��
q \-*$
�.��$�.��,-�����-�
#�� in vivo \-* in vitro

11. 2�� hydroxyurea \��,��
I!� �-thalassemia $Z�� ,��
I!� �-thal/HbE �.&$
0� responder $J%&�2����������

>*��������
1. #�����XY���\-* small scale purification ��
 erythroid progenitor cells #�� peripheral blood

�����*�!������
	���
�.` (�) Mononuclear separation ���2Z� Ficoll-Hypaque (�) red blood cells lysis

(�) platelet depletion (
) adherent cells depletion \-* purification of BFU-E by magnetic cell sorting

(negative selection)

Day 0; BFU-E

Day 3; Late BFU-E

Day 6; CFU-E

Day 10; Erythroblast

Day 14; Red blood cell

Figure 1    BFU-E at day 0
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Figure 2    BFU-E at day 1

Figure  3   BFU-E at day 2
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Figure  4   BFU-E at day 3

Figure  5    BFU-E at day 4

Figure  6   BFU-E at day 5
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Figure 7   CFU-E at day 6

Figure 8  CFU-E at day 7

Figure 9   Pronormoblast at day 7
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Figure 10   Pronormoblast at day 8

Figure 11   Pronormoblast and Basophilic normoblast at day 9

Figure 12  Basophilic normoblast at day 10
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Figure 13  Orthochromatic normoblast at day 10

Figure 14   Polychromatophilic and Orthochromatic normoblast at day 11

Figure 15  Orthochromatic normoblast and  Polychromasia at day 12
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Figure 16  Orthochromatic normoblast, Polychromasia and mRBC at day  13

����� ����	
��
 BFU-E ����������	���������� (	����� 1 - 	����� 16) erythroid precursor cells ��


�	 differentiate ��� proliferate �	���!�
 day 1 ��!"
#$ mature red cells �" day 13 .

2. !�

�	%#
&���'"��'*$ hydroxyurea �����������"
�	
	�+��"
�	�	��$ HbF ��� 	�������

�"
�	�����	 hydroxyurea ����������!�
 peripheral blood stem cell '*$/"�
+� (normal adults) !��"�"

3 	�� 4���5�Hydroxyurea ���/����'��'�"+��$7 (0, 5 10, 20, 30, 40, 60, 80 ��� 100 �M) ������*�<�=���

370C, 5% CO2 ��@"���� 96 5A��4�$ �
D� Cell �����/	���G���	���<I�4�4
���"
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Figure 17 Effect of varying concentrations of hydroxyurea in normal adult erythroid cultures.

(A) Effect on fractional HbF content in erythroid cultures

(B) Effect on total Hb

(C) Effect on the amount of HbF per cell
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Figure 18 Effect of hydroxyurea on primary normal adult erythroid cell proliferation.  Each bar

represents the number of benzidine-positive cells present 96 hours after addition

hydroxyurea.
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Figure 19 Effect of varying time of 30 �M hydroxyurea treatment in normal adult

erythroid cultures.

                         (A) Effect on fractional HbF content in normal adult erythroid cultures

(B) Effect on total Hb

                  (C) Effect on the amount of HbF per cell

Figure 20 Effect of varying time of 30 �M hydroxyurea treatment in normal adult erythroid

cultures on primary adult erythroid cell proliferation in beta-thalassemia patients.
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!�
K����������$�����D"���5��$�������������� �"
�	��� hydroxyurea ��������K�+�*
�	�	��$

HbF �����'#S"/V* ��� hydroxyurea �"�A"��� 6 ����
D��T��G�"�A"��� 10 (Figure 19) �"'<���� ��K�+�*!��"�"

�T��G (Figure 20) �A$"AS" 5��$�������������� �"
�	��� hydroxyurea �������	

	�+��"
�	�	��$ HbF�����$

����A$��!��"�"�T��G��$/V* hydroxyurea �"�A"��� 6 ����
D��T��G�"�A"��� 10

4. %#
&���'"��'*$ hydroxyurea �����������"
�	
	�+��"
�	�	��$ HbF ��� 	��������"
�	���

��	 hydroxyurea ����������!�
 peripheral blood stem cell '*$K���L�� �-thal/HbE !��"�" 3 	�� 4���5�

Hydroxyurea ���/����'��'�"+��$7 (0, 5,10, 20, 30, 40, 60, 80 ��� 100 �M) ������*�<�=��� 370C, 5% CO2

��@"���� 96 5A��4�$ �
D� cell �����/	���G���	���<I�4�4
���" ����� ���/����'��'�" 30 �M '*$

hydroxyurea !�����	

	�+��"
�	�	��$ HbF �"K���L�� �-thal/HbE �����$��� 4��%#
&��"K���L�� �-

thal/HbE !��"�" 3 	�� /���Q�����A$���$�"	����� 21 (A-C) ��� 22
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Figure 21 Effect of varying concentrations of hydroxyurea in �-thal/HbE erythroid cultures.

(A) Effect on fractional HbF content in erythroid cultures

(B) Effect on total Hb

(C) Effect on the amount of HbF per cell
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Figure 22 Effect of hydroxyurea on primary adult erythroid cell proliferation in �-thal/HbE

patients.  Each bar represents the number of benzidine-positive cells present 96 hours

after addition of hydroxyurea.

                  !�
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&<� dose independent manner (Figure 21) �"'<���� ��K�+�*
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Figure 23 Effect of varying time of 30 �M hydroxyurea treatment in �-thal/HbE erythroid

cultures.

(A) Effect on fractional HbF content in normal  adult erythroid cultures

(B) Effect on total Hb

(C) Effect on the amount of HbF per cell

Figure 24 Effect of varying time of 30 �M hydroxyurea treatment on primary adult erythroid

cell proliferation in �-thal/HbE patients.  Each bar represents the number of

benzidine-positive cells present 96 hours after addition of hydroxyurea.
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!�
K����������$�����D"���5��$�������������� �"
�	��� hydroxyurea ��������K�+�*
�	�	��$

HbF �����'#S"/V* ��� hydroxyurea �"�A"��� 6 ����
D��T��G�"�A"��� 10 (Figure 23) �"'<������K�+�*!��"�"

�T��G (Figure 24) �A$"AS" 5��$���������������"
�	��� hydroxyurea �������	

	�+��"
�	�	��$ HbF �����$

����A$��!��"�"�T��G��$/V* hydroxyurea �"�A"��� 6 ����
D��T��G�"�A"��� 10

6. ���
�	���*$
A�K���L�� �-thal/HbE !��"�" 22 	�� 4��
�	�5� hydroxyurea ���/����'��'�"����
A�

30 �M ��V�*%#
&�/�����@" responder ���5��$'*$�����A$"�S treated at day 6 : collected at day 10

Figure 25 Hydroxyurea  effects on fractional HbF content in 30 �M hydroxyurea treatment of

primary erythroid cultures in��-thal/HbE patients.
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7. !�

�	���	���< �-globin mRNA �G-globin mRNA �A-globin mRNA ��� �G/�A globin

mRNA �" erythroid cell culture !�
K���L���+���	��������	A� hydroxyurea !��"�"�AS$��S" 22 	��4�� real-

time PCR detection technique
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Figure 26 Hydroxyurea effects on globin mRNA levels in primary human adult erythroid cultures

of��-thal/HbE. The level of transcription of the globin gene in the control was set to 1.

The effect of hydroxyurea on

(A) the level of �-globin message,

(B) the levels of G�-globin message

 © the levels of G �/ A� globin message

(D) the levels of A�-globin message

(E) the levels of total  �-globin message and Untreated controls are shown as blue

bars while hydroxyurea-treated samples are shown as green bars.
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�"�A"��� 6 '*$
�	�!	�\'*$�T��G �����
D��T��G��V�*�5��"
�	���/	���G�"�A"��� 10 '*$
�	�!	�\) ���	���<

�G/�A globin mRNA ��$
����	���< �G/�A globin mRNA������"
	<����������	A�
�	��� hydroxyurea �A$

���$�"	����� 26

0

20

40

60

80

100

Control

HU

To
tal 
� - 

glo
bin

 m
RN

A F
old

 ind
uc

tion

                      A     B     C      D      E     F     G    H        I     J      K     L     M      N     O     P      Q     R      S    T      U     V

E



25

8. !�

�	���	���< �-globin chain (G �/ A�globin chain) �" erythroid cell culture !�
K���L���+���

	��������	A� hydroxyurea !��"�"�AS$��S" 9 	��4�� acid urea polyacrylamide gel electrophoresis technique

����� �"K���L��������	A� hydroxyurea /����'��'�" 30 �M ��@"���� 96 5A��4�$ (��� Hydroxyurea �"�A"��� 6

'*$
�	�!	�\'*$�T��G �����
D��T��G��V�*�5��"
�	���/	���G�"�A"��� 10 '*$
�	�!	�\) ���	���< G �/ A�
globin chain +�*�	���< G �/ A� globin chain ������"
	<����������	A�
�	��� hydroxyurea �A$���$�"	�����

27

Figure 27 Fold induction in G �/ A� globin chain in primary erythroid cell culture from different

�-thal/HbE patients treated with 30 �M hydroxyurea for 96 hours.
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9. ���/	���G hematologic data, hemoglobin analysis and reticulocyte count, % hemoglobin E ���

hemoglobin F '*$K���L�� �-thal/HbE ����	A� in vitro study 4�� ���
�	���/	���G����*	G�T"+G hemoglobin

E ��� hemoglobin F 4�� automated HPLC (Variant, BioRad) 4�����K�
�	��!A��"���"'*$K���L�� �-

thal/HbE �" in vivo study �AS$
�*"�����A$
�	��� hydroxyurea ���$�"+�	�$��� 1
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�������� 1. Hematologic data 	
���
���� �-thalassemia/HbE
Name Hb (g/dl) Hct (%) MCV (fl) MCH (pg) MCHC

(g/dL)

%RDW Platelet Hb E %F %A Hb Type

AM baseline 5.6 20.7 63 17 27 27 744000 74.1 22.1 1.9 EF

AM 2 y-HU

treatment

5.6 21 75 20 27 24 676000 61.6 36.5 1.9

AS baseline 6 21.7 74 21 28 31 827000 60.5 35.7 4.8 EF

AS 2 y-HU treatment 6 22.4 70 19 27 27.7 783000 61.1 36.7 2.2

CK baseline 4.5 17.1 70 19 27 32 75300 71.7 25.3 2.5 EF

CK 2 y-HU

treatment

5.3 20.2 74.8 19.7 26.3 27.4 843000 59.4 38.1 2.5

KS baseline 5.7 20.4 70 20 28 32 533000 66.4 29.4 6.4 EF

KS 2 y-HU treatment 5.9 23.4 71 18 25 25.5 820000 65.9 28.3 5.8

LJ baseline 5.1 18.1 60 17 28 27 1066000 77.4 18.7 1.6 EF

LJ 2 y-HU treatment 5.5 20 73.4 20.2 27.5 24.5 881000 62.5 35.5 1.6

ML baseline 5 18.1 63 18 28 1197000 71.4 25.6 2.1 EF

ML 2 y-HU

treatment

5.5 20.1 72.5 19.9 27.4 24.6 1022000 55.4 44.5 2.1

NS baseline 5.4 22.4 68 16 24 31 660000 76.1 20 2.2 EF

NS 2 y-HU treatment 5.5 21.8 73 18 25 481000 70.7 27.3 2

PB baseline 7.1 25.1 67 18 28 623000 63.7 27.3 1.9 EFA

PB 2 y-HU treatment 6.7 24.4 70 19.3 27.6 24.9 674000 58.1 40 1.9

PG baseline 6.6 23.2 53 15 29 733000 95.3 2.9 2.4 EF

PG 2 y-HU treatment 7 24.6 54 15 28 21 987000 94.4 3.2 2.4

PM baseline 6.1 21.2 66 19 29 614000 56.5 26.4 13.7 EF

PM 2 y-HU treatment 6.8 23.4 66 19 29 950000 53.3 45.3 1.4

SK baseline 6.2 22.2 71 20 28 33 406000 70.4 19.2 7.8 EFA

SK 2 y-HU treatment 4.5 18.5 82 20 24 29.5 464000 56.3 36.2 7.5

SO baseline 5.3 19.75 13 27 27 361000 76.2 18.4 2.5 EF

SO 2 y-HU treatment 6.1 21.9 53 15 28 440000 77.3 20.1 2.6

SP baseline 6.8 22 44 13 31 286000 88.3 5.6 3.1 EF

SP 2 y-HU treatment 7.3 25.8 49 14 28 20.5 350000 90.6 6.3 3.1

SR baseline 6.3 22.3 54 15 28 23 478000 89 4.2 2.7 EF

SR 2 y-HU treatment 5.2 19.9 64 17 26 25 570000 88.6 9.3 3.1

ST baseline 8.1 28.9 65 18 28 252000 47.3 465 1.3 EF

ST 2 y-HU treatment 8.9 27.6 65.7 21.1 32.2 22.8 226000 53 61.9 1.3

WO baseline 6.2 22 60 16 27 948000 74.3 24.7 1.8 EF

WO 2 y-HU treatment 5.9 22 69 19 27 974000 57.3 40.9 1.8

WT baseline 5.5 21.1 54 14 26 30 397000 66.3 29.2 1.6 EF

WT 2 y-HU treatment 5.4 19.3 58.1 16.3 28 26.7 374000 58.8 39.2 2
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10. %#
&������	��������K�
�	���*$ in vivo ��� in vitro �"K���L�� �-thal/HbE 4���" in vivo K��

�L�� �-thal/HbE ���	A� hydroxyurea ��@"���� 2 �{ ��� �!����V*���+	�!���/	���G��/�� +��$7 �A$���$�"

K�
�	���*$ (in vivo) ��A$!�
������ hydroxyurea ���� 7 ��V*"- 1 �{ !#$�!����V*� K���L�� �-thal/HbE 	��

������%#
&�4�� erythroid cell culture technique ���+	�!���/	���G��/��+��$7 �A$���$�"K�
�	���*$

(in vitro) �����	��������K�
�	���*$�" in vivo ��� in vitro

K�
�	��	�������� in vivo ��� in vitro �"K���L�� �-thal/HbE ����� /��/����A��A"�G 	�����$

fractional HbF �" in vivo ��� in vitro �A$���$�"	�� ��� 28 ��/�� linear correlation coefficients, 0.50-19.08

��� in vivo = 0.29-11.73, r2 = 0.54 (P value = 0.204 ),    �"'<���� /�� G�/A��globin chain fold increase �"

in vivo ��� in vitro study �A$���$�"	�� ��� 29 ��/�� = 0.80-1.43 ��� in vivo = 0.98-1.23, r2 = 0.62 (P value

= 0.134) ���"/��fold induction G �/ A� globin mRNA�" in vivo��� in vitro �A$���$�"	�� ��� 30 ��/��
G �/ A� globin mRNA fold induction = 0.34-8.18 ��� in vivo = 0.28-6.10, the linear correlation

coefficient  r2 = 0.52 (P value = 0.164).

Figure 28 Comparison of fractional HbF in vivo after 2 year hydroxyurea treatment and fractional

HbF in vitro of primary erythroid progenitor cell cultures from �-thal/HbE treated

with 30 �M HU for 96 hours as compared to untreated control.
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Figure 29 Comparison of fold induction of  G�/A� globin chain in vivo after 2 year hydroxyurea

treatment and G�/A� globin chain in vitro of primary erythroid progenitor cell cultures

from �-thal /HbE treated with 30 �M HU for 96 hours as compared to untreated

control.
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Figure 30 Comparison of fold induction of G�/A� globin mRNA in vivo after 2 year hydroxyurea

treatment and G�/A� globin mRNA in vitro of primary erythroid progenitor cell

cultures from �-thal /HbE treated with 30 �M HU for 96 hours as compared to

untreated control.
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��� �A$�	��$ HbF ��$T#�$�*�/��*$
A�	��$�"'*$ Smith et al., 2000 (29) �	���<'*$ total HbF ���$��D


"�*���V�*/����'��'�"'*$ hydroxyurea �����'#S" ���"/�� HbF content per cell !������'#S"��V�*/����'��'�"'*$

hydroxyurea �����'#S" ���"!��"�"�T��G!����$��� dose dependent manner "*
!�
"AS"
�	%#
&�5��$

���������������"
�	����� (hydroxyurea) �����
�	 ��� hydroxyurea ��V�*�A"��� 6 '*$
�	�!	�\ erythroid

cell culture T#�$"����!�
 Peripheral blood '*$/"�
+��������
�	�
D��T��G�����/	���G��A$!�

�	�!	�\

erythroid cell culture ������ 10 �A" ��@"5��$������������������A$���!��"�"�T��G��$ (benzidine positive

cells) ��� �A$�	��$  HbF ��$ !�
"AS"���
�	%#
&���'"��'*$ hydroxyurea (0, 5, 10, 20, 30, 40, 60, 80 and

100�M) �����������"
�	
	�+��"
�	�	��$ HbF �"K���L�� �-thal/HbE ����� '"��'*$ hydroxyurea ���

��������"
�	
	�+��"
�	�	��$ HbF /V* 30 �M 5#�$��@"/����'��'�"����A$���!��"�"�T��G��$ (benzidine

positive cells) ��� �A$�	��$ HbF ��$ ���"/�� HbF content per cell !������'#S"��V�*/����'��'�"'*$

hydroxyurea �����'#S" ���"!��"�"�T��G!����$��� dose dependent manner "*
!�
"AS"
�	%#
&�5��$

���������������"
�	����� (hydroxyurea) �"K���L�� �-thalassemia/hemoglobin E �����5��$������������

���"
�	����� (hydroxyurea) /V* ��� hydroxyurea ��V�*�A"��� 6 '*$
�	�!	�\ Erythroid cell culture T#�$"����

!�
 Peripheral blood '*$K���L�� �-thal/HbE �������
�	�
D��T��G�����/	���G��A$!�

�	�!	�\ erythroid

cell culture ������ 10 �A" ��@"5��$������������������A$���!��"�"�T��G��$ (benzidine positive cells) ���

�A$�	��$  HbF ��$ T#�$
�	%#
&� optimized conditions �"K���L�� �-thal/HbE �A$����/���	��$�"��
�*" !�


optimized conditions ������"����%#
&�
�	+*��"*$'*$K���L��+�* hydroxyurea 4��%#
&�K�'*$

hydroxyurea +�*
�	�	��$ HbF T#�$"����!�
 Peripheral blood '*$K���L�� �-thal/HbE !��"�" 22 	�� 4��


�	�5� hydroxyurea ���/����'��'�" ����
A� 30 �M ��@"���� 96 5A��4�$ (Treated at Day 6 : Collected at

Day 10) ��V�*%#
&������K���L��	������@" responder �	V* non-responder ����� K���L���AS$ 22 	�� ���	������

=���"
�	+*��"*$����+
+��$
A" (	����� 25) ��K���L�� 20 	�������
�	+*��"*$+�* hydroxyurea ��� 2 	��

*�!!A�*����"
������������
�	+*��"*$+�* hydroxyurea �"V�*$��!�
�� fractional HbF content ��� fold

induction G�/A� globin mRNA"�*�
��� 1 "*
!�
"AS"!�

�	���	���< �-globin mRNA (�G/�A mRNA)

�" Erythroid cell culture !�
K���L���+���	��������	A� hydroxyurea !��"�"�AS$��S" 22 	��4�� real time PCR

detection technique ����� �"K���L��������	A� hydroxyurea /����'��'�" 30 �M ��@"���� 96 5A��4�$ (���

hydroxyurea �"�A"��� 6 '*$
�	�!	�\'*$�T��G �����
D��T��G��V�*�5��"
�	���/	���G�"�A"��� 10 '*$
�	

�!	�\) ���	���< �G/�A globin mRNA ��$
����	���< �G/�A globin mRNA ������"
	<����������	A�
�	���

hydroxyurea 4����$���
#$�	���< 8 ���� (	����� 26) 4����K�+�*
�	��"����"��
�	���$**
'*$ �G-���/

�	V* �A-globin mRNA (	����� 26) �" Erythroid cell culture '*$K���L���+���	�����$���
�	
	�+��"
�	

�	��$ HbF ��/����
����'�*$
A�
�	���$**
'*$ �G-���/�	V*�A-globin message T#�$�*�/��*$
A�	��$�"
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'*$ Kollia et al., 1998 (30) �A$"AS"
�	���	���< �-globin mRNA �"/"�
+������
A�K���L�����A�T����� !�

"����T#�$/����'���!�"
�	/��/��
�	���$**
'*$ �-globin gene "*
!�
"AS"�A$������"A
�����%��+	G

�������G����'���!
#$'��"
�	/��/��
�	���$**
'*$��"���/��/�� HbF ���*���$
�
+�*$ *A"!���@"

�	�4�5"G+�*
�	�A~"�����
�	��*$
A"���	A
&�4	/���A�T�����+�*���"*"�/+���*���$���	������=��

��A$!�

�	%#
&��" in vitro �������"��K�
�	���*$����	���
A�
�	%#
&��" in vivo '*$K���L��

�-thal/HbE 4�� in vivo study K���L�� �-thal/HbE ���	A�hydroxyurea ��@"���� 2 �{ <. 4	$������	�����

���4�� 	%."�. ���	 !A"�	G!�	�<� ��� �!����V*���+	�!���/	���G��/�� +��$7 �A$���$�"K�
�	���*$

(in vivo study) ��A$!�
K���L�� �-thal/HbE ����
�		A��� hydroxyurea ���� 7 ��V*"- 1 �{ !#$�!����V*� K��

�L�� 	��������%#
&�4�� primary erythroid cell culture technique ���+	�!���/	���G��/��+��$7 �A$���$

�"K�
�	���*$ (in vitro study) �����	��������K�
�	���*$ in vivo ��� in vitro K�
�	��	�������� in

vivo ��� in vitro study �"K���L�� �-thal/HbE ����� /��/����A��A"�G	�����$ fractional HbF �" in vivo

��� in vitro study �A$���$�"	����� 28 ��/�� Linear correlation coefficients, r2 = 0.54 �"'<����/�� fold

increase in G�/A� globin chain��" in vivo��� in vitro study �A$���$�"	����� 29 ��/�� r2= 0.62 ���"/�� fold

induction G�/A� globin mRNA�" in vivo��� in vitro study  �A$���$�"	����� 30 ��/�� r2 = 0.52 !�
/���

�A��A"�G������/�� correlation 	�����$ in vitro ��� in vivo study *����"5��$���/�*"'��$�� ��	����+������@"
�	

��	��������K�
�	���*$	�����$K���L�� �-thal/HbE ���	A� hydroxyurea ��@"���� 2 �{
A� primary

erythroid cell culture ������!�
��V*�K���L�� �-thal/HbE ������	A�
�	 treat ���� 30 �M hydroxyurea ��@"����

96 5A��4�$ 
#$������!���@"K���L��	�������
A"�+� <. ����+��$
A" physiological conditions *�!��/����+
+��$


A" T#�$/����+
+��$�"
�	+*��"*$'*$ erythroid precursor cell �"K���L���+���	����/����+
+��$
A"�A$


����!���
�	V*"�*�'#S"
A���!!A�*V�"7 *�
����*���$ �5�" /�������	
�"
�	�	��$ HbF '*$K���L�������*���


�*"��� hydroxyurea �	V*��!!A��VS"��"'*$ �-globin mutation ���/�	V*5"��'*$ Chromosome *���

XmnI site polymorphism �	���< promoter '*$ �-globin gene (31, 32) ���$�����*� /����/	��� *���	
D

*�!��K�+�*
�	������"���$ physiological conditions '*$	��$
��K���L�� ��@"���"���A$�
+����!�


hematological data �5�" /��'*$ hemoglobin �����K���L�� �-thal/HbE ����'��	A�
�		A
&����� hydroxyurea

(in vivo study) ���K���L�� �-thalassemia/HbE �"
�	%#
&�"�S!���@" �-thal/HbE 5"�������/���	�"�	$

	��A���"
��$ (thalassemia intermedia) �	�������� !�

�	���*$�A$
����4���5� primary erythroid cell

culture system K���L�� �-thal/HbE 5"�������/���	�"�	$	��A���"
��$ �-thal/HbE 13 	�����%#
&��� 11

	�������
�	+*��"*$+�* hydroxyurea ��� 2 	�����*�!!A�*����"
������������
�	+*��"*$+�* hydroxyurea

�"V�*$��!�
��/�� fractional HbF ��� fold induction G�/A� globin mRNA�" in vivo ��� in vitro study ��/��

+���
��� 1 T#�$�*�/��*$
A�	��$�"'*$ Fibach et al, 1993 (10) T#�$����� K���L�� �-thal/HbE bE 5"�������/���
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	�"�	$	��A���"
��$ (thalassemia intermedia) ��	��A� HbF �������$��A$
�	��� hydroxyurea �" in vivo

study �AS$"�S*�!�"V�*$��!�
��
�	�����
�	���$+A�'*$ HbF containing erythroid ���	��$�"'*$ Fucharoen

et al., 1996 (21) ��� Hiajjar and Pearson, 1994 (33) ����� ��
�	�����'#S"'*$	��A� HbF *���$��"A����/A\

����� clinical status ��'#S"���� *�!�"V�*$��!�
��
�	���$'*$ ineffective erythropoiesis ��� severe

hemolysis *A"��@"K��"V�*$��!�
 HbE �+�*���$�	
D+�� Zeng et al., 1995 (34) %#
&�
�	+*��"*$+�*

hydroxyurea �"K���L�� �-thal/HbE 5"�������/���	�"�	$	��A���"
��$ (thalassemia intermedia) �������

	��A� ����globin chain synthesis �������$'#S"�"'<���� �����
�	�����'*$ HbF ��A$
�	��� hydroxyurea

��� T#�$�A$�������	
��/��*��������

�A$"AS"*�!�	�������� hydroxyurea ��K�+�*K���L�� �-thal/HbE �"�$�'*$
�	��"����"������
��
�	

��"���'*$ poorly hemoglobinized and short-lived erythroid cell population ���� precursors +A�����

����	A�
�	�	��$ HbF '#S" �����K�+�*
�	���$**
'*$ �G-���/�	V* �A-globin message �A$"AS"�"
�	���

��!A�4/	$
�	"�S4��
�	���*$�5� primary erythroid cell culture system ����	
!��5��"
�	��$5�S��� K���L��

�-thal/HbE 	������@" responder or non-responder 
�*"���!��'��	A�
�		A
&�4��
�	����� hydroxyure !�


����G 
����/V*
�	%#
&�K�'*$
�	
	�+��"
�	�	��$ HbF 4�� hydroxyurea !�5����������G���	A
&�K���L��

4	/���A�T���������	��
#$K�
�	 screening ��VS*$+�"���K���L��	�������+*��"*$+�*
�	
	�+��"
�	�	��$

HbF ���� hydroxyurea T#�$
����
������" stem �	V* erythroid cell culture '*$K���L�����A�T�������
�	+*�

�"*$ /V* ��
�	�	��$ HbF �����'#S" 
D����	
���
�		A
&�K���L�����A�T�����"AS"���4���5� hydroxyurea �+�
��

erythroid cell culture '*$ K���L�����A�T�������������
�	+*��"*$+�*
�	
	�+��"���� hydroxyurea �A$
����

����G
D!����	A
&�K���L����������"�S ��@"
�	5����������GK��	A
&�����	��"AS"K���L�����A�T�����/"��"��@"

responder �	V* non-responder �������	
��$�K"
�		A
&����
�
����+�*����� !#$��@"
�	 screening �����

�	������=������	���A��������/���5�!���+��$ 7 "*
!�
"AS"K���L�����A�T�����
D���	A��	�4�5"G�5�" 
��

K�
�	+	�!�*������"AS"K���L�����A�T�����"AS"��@" responder 
D!����	A�
�		A
&����
�
+�*$	���	D� ���!�


*�
�	T�������/�<=��5���+�����'#S"��� ���"/"�'������@" non-responder 
D!����	A�
�		A
&�4������*V�" �A$"AS"


�	�����!A�"�S!���K���+�*�AS$����GK��	A
&����K���L�����A�T����� �����
�		A
&����*���$���	������=��

�	���A��������/���5�!���*V�"7 �A$"AS" ���� culture 4���5� peripheral blood erythroid cells (in vitro) ���

detection systems 	���AS$ real-time quantitative PCR techniques ��@"
�		����/"�/������	�4�5"G+�*
�	

%#
&��� responders 
�*"
�	�'��	A�
�		A
&�!�
����G �����A$���	�4�5"G�"
�	%#
&����"*V�"7 ����
����
A�

erythroid cell development �	V* modulation of Hb production 4�� pharmacological agents 	���AS$
�	

+	�!
	*$�����	V*��	�/�� (screening for potential drug candidates) �����K�+�*
�	���$**
'*$��"

(gene expression ) 	���AS$
�	%#
&� molecular mechanisms '*$
�	�5����	V*��	�/�� �����"AS"
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"*
!�
"�S$�"���/�	��
�	%#
&�+�*��/V* 
�	%#
&�K�'*$���	V*��	�/��+A�*V�"7 �������	

	�+��"

�����
�	�	��$ HbF ��$'#S" �5�" butyrate derivatives �	V* ��	����� functional groups �
���/��$
A� butyrate

�	V* hydroxyurea �	V*��	*V�"7 �����
��

�	**
�����������$�"/����
A� butyrate 4���5� primary

erythroid cell culture system �	V* human leukemic cell line K562 ���*�!�A~"�"��K����������5����*�

�" transgenic thalassemic animal +�*����� 
�	�A~"�����
�	+	�!�*������	V*��	�/��+A�����*V�"7 ��V�*


	�+��"
�	�	��$ HbF ������	������=�����	���	D� (high throughput screening) ��
����	D!
D!���@"

�	�4�5"G+�*
�	��*$
A"���	A
&�4	/���A�T��������*���$���	������=����
'#S" *�
�AS$��@"
�	�	���A�

�������/���5�!���+��$7 '*$K���L���������GK�����
�		A
&� 	���AS$*�!!�����	
�A~"������
�	K��+���"

	��A�*�+���
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