
 
 

 
 

 
Impacto de las alteraciones moleculares en el 

pronóstico de la Leucemia Mieloide Aguda (LMA) 
 "de novo" 

 
Montserrat Hoyos Colell 

 
 

 
 
�
�
�
�
 

 
ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a l’acceptació de les següents condicions d'ús: La difusió 
d’aquesta tesi per mitjà del servei TDX (www.tdx.cat) i a través del Dipòsit Digital de la UB (diposit.ub.edu) ha estat 
autoritzada pels titulars dels drets de propietat intel·lectual únicament per a usos privats emmarcats en activitats 
d’investigació i docència. No s’autoritza la seva reproducció amb finalitats de lucre ni la seva difusió i posada a disposició 
des d’un lloc aliè al servei TDX ni al Dipòsit Digital de la UB. No s’autoritza la presentació del seu contingut en una finestra 
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1��Hematopoyesis�

1.1�Definición�
��� 7�����+�8�%"%� �%� �'� +����%�� 0"%"�'?�"��� ��� �� ����"? � � ��� '�%�

�"0��� ��%� '" �;�%� ��'*'���%� ��� '�� %� ���� +���� ���� �"-��� '��

7����%��%"%� 8� '�%� �"0��� ��%� 0* �"� �%� ��� '�%� �!'*'�%� ���*��%#� ��%�

�!'*'�%�7�����+�8!�"��%�%��'���'"-� �� �'���!�*'��?%������'�%�7*�%�%�

�� ���'�%#� �� +���*�� � I#M:IJO� �!'*'�%� %� �*/ ��%� +��� %��* ��PIQ#�

��%�'" 0��"��%�%��0���� �� �'���!�*'��?%���8����*�� �� �'�%�?��� �%�

'" 0�"��%#� � � ������" ���%� �"��* %�� �"�%� +���'?�"��%� �'� 7/����� 8� �'�

4�-��+*��� ��%*�"��0* �"� �%�7�����+�8!�"��%#�

1.1.1��Generación�de�los�linajes�hematopoyéticos�
���7�����+�8�%"%� ����'��%��" 9�"���8��%�9��� ���'����+���0������%�

��� ����"�"� ���6*���%�"�*'� � '�� %�E�'"-��"? �8�+��'"0����"? � ��'*'��(�

�%/������+����0������%������� %��"+�"? �6*��+���"�� �'���"0��� �"��"? �

� � * � %� �"��� ��� '/ ��� 8� '�� 0�����"? � ��� �!'*'�%� ����'�� ���

�"0��� �"���%�8�+����� ���0* �"� �'�%#�

� � �� �"�"� �%�  ����'�%(� '���!�*'�� ?%��� �'4����� '�%� �!'*'�%�������

7�����+�8!�"��%� �.�����+�"��"�� %���� ��''(� .��� 6*�� �"� � �

��+��"���� ��� �*��2�� �$��"? � 8� ��� �"0��� �"��"? � � � �!'*'�%� �9%�

���*��%�����*�'6*"��� '" �;�#�� �%*��"$"%"? ��� ��� ���%��!'*'�%(�* ��

�� � ��+��"���� ��� �"0��� �"��%�� 8� ��� +��'"0����� +���� 6*�� +"����� '��

��+��"��������*��2��+'"���"? ��+���� "�����*'�"+��� �"�'(������8������

6*��+���� ����9������.����"$"%"� �%��%"�!��"��%�#���%��!'*'�%������

%����������"-� �+���+!��"������'����+��"��������*��2�� �$��"? �+����

�� �"� � � %*� ��+��"���� ��� �"0��� �"��"? � � � ����%� '�%� '/ ��%�

��'*'���%��"�'�"��%#��%��%��!'*'�%�%����������"-� �+���'���:+��%"? ����

'�%� ���������%� ��� %*+��0"�"�� ����� �
BK(� ����9%� ��� ����%�
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���������%� ��� " ���*��-� ����� �
GJ� 8� �
IIH#� �%��%� �!'*'�%� %���

�"0��� �"� �8��� ��� �* �+���� "���� '" 0�"������3 ���* �+���� "����

�"�'�"��� ���3 � ����(� ����#� �'� ���� �� �" *��9� �"0��� �"9 ��%��

�� ��� '*���� �� +���� "����%� ��"���"��%@������"��/�"��%� ������ ��

+���� "����%� ��� *'��/�"��%@�� ��/�"��%� �����#� ��%� ���� %�� "�9 �

�"0��� �"� ��� +���� ���4��� �� ��� ��� ��"����"��%� 8� +'�6*���%(� 8� '�%�

���� �� � ��"�� � �� ����?0���%(� 4�%?0"'�%(�  �*��?0"'�%� 8� ��%" ?0"'�%�

�)"�*��� I�#� �:"%��� * � �6*"'"4�"�� � ���� '�� �*��� ��+'"���"? � 8� '��

�"0��� �"��"? ����*'����+���0������%��������"�"� ���8�������%��"+�"? #�

� � ��� �  3����� ��� �%��%� 0������%� �%�9 � " $�'*�����%� � �

��� %'����"� �%� ���*��� ��%� "�� �"0"����%�� � ��+'�%"�%#� ��� '�*���"��

%�� ��"�" �� �*� ��� %�� +"����� �%��� �6*"'"4��� � ���� +��'"0����"? � 8�

�"0��� �"��"? #��

�

�

Figura�1.��%6*������'�+����%�����7�����+�8�%"%� ����'#��
�:���/������Schuringa,�J.�and�E.�Vellenga,�Mechanisms�involved�in�HSC�self�renewal�and�
hematopoietic�lineage�commitment.�web�page,�2012PFQ.�
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2��Leucemia�mieloide�aguda�(LMA)�

2.1�–Descripción�

�����*���"���"�'�"�����*������������4"! ��� ��"��������'�*���"��

�"�'�4'9%�"��� ��*��(� �"�'?�� �� ��*��(� ��� *'��/�"��� ��*��� 8�  ��

'" 0��/�"��� ��*��(� �%� '�� '�*���"�� ��*��� �9%� ���3 � � � ��*'��%#�

��+��%� ��� * � �� ;* ��� 7������! ��� ��� � 0��������%� �� � * �

����"�"� ��� ��%�� ���'���� ��� +���� "����%� 7�����+�8!�"��%� ��'�

'" �;���"�'�"��#��

�"� �� * �� " �"�� �"�� �'�4�'� ��� K#M� +��� ����� IJJ#JJJ� +��%� �%� +���

�E�#� � �'� TJ]� ��� '�%� '�*���"�%� � � ��*'��%� �����%+� ��� �� ���� 8� %��

+��%� ����� �* ��'"�������8���0���*� �"��� �7��4��%�6*��� ��*;���%#�

�* 6*��+*�����+����������*�'6*"�������(�%*�" �"�� �"����*�� ����� �

'�%��E�%#��

�+��:"������ ��� �'� TJ]� ��� '�%� +��"� ��%� �"�� �%�"����%� ��� ����

�'�� -� � '�� ���"%"? � ���+'���� ����(� +���� �3 � 7�8� * � OJ]� ��� '�%�

+��"� ��%�6*��������8��*������4"�����'��� 0�������#�^%���+���� ��;��

�%���8����*� ���7�4'���%����+��"� ��%����������$� -���#�

2.2�–Etiología�

���'�*���"����*����%������"�'��/����%�� ��"��Y�'����8��/�������%�%����

�����+��������� 0������%+��9�"��(� 8� %?'��� �* �+�6*�E��+���� ��;��

��� +��"� ��%� %�� +*���� "�� �"0"���� * � 0������ +���"%+� � ��#� ����

�;��+'�S�

o ���� %��* ���"�S� ��%� +��"� ��%� 6*�� 7� � %"��� �������%� �� �

6*"�"�����+"��+���������"+������9 �����"� � �+���"%+�%"�"? ���

+�����������%��* ���"����������"� ��#�������"��"? �"� "-� ���

*�"'"-���� � � �'� ������"� ��� ���4"! � +���"%+� �� �� '�� ���#� �'�

�"�%��� �%��*�7���� ��� �*� ��� '�� ���"��"? � %�� *�"'"-�� �����
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3 "��� �%������"�� ����+!*�"��� %" � ���4" ��'�� �� �

6*"�"�����+"�#��'��"�%����%��"������'�%����"��"� �%�"� "-� ��%�

�%�9� ��'��"� ���� �� � '�� ����� ��'� +��"� ��� 8� �� � '�� ��%"%�
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Figura�2.����%0�����"? �'�*�!�"��#��
�:���/������Ashley,�P�et�al.�Concise�Review:�Preleukemic�Stem�cells:�Molecular�biology�
and� clinical� implications� of� the� precursor� to� leukaemia� stem� cells.� Stem� cells�
translational�medicine,�2012#PIIQ�
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�:���/������O’Brien,�EC,�et�al.�The�epigenetic�Landscape�of�acute�Myleoid�Leucemia.�
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2.4��Síntomas�de�la�LMA�
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4�Factores�Pronóstico�para�la�LMA�

�

4.1�LMA�secundaria�
�

�6*�''�%� +��"� ��%� 6*�� %�� �"�� �%�"�� � ��� ���� +�%���"��� �� * ��

�"�'��"%+'�%"�(� �� * �� �"��+� "�� ��� ��"�� � ��%�� ��"��(� ����� �"+�� ���

�'�����"? � 7�����'?�"��(� �� * � � ������ ��� ��� 6*"�"�����+"��

� �" ��+'9%"��(��"� � �* ���� �����%�������(��%/������* ���� �����

8��������*%�����* ����8������PITQ#�

�

4.2�Edad�
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I� � 0������������4���$�%�*'����
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��� �"��
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�� �%��/�%� �*��%?�"��%���* ���� �%��/�� �� �+��%� �"�����* ����

�9%� � ���'/�%� �%��*��*��'�%� ��:�'*8� ��� �6*�''�%� ��� +�� ?%�"���

0�$���4'��#� �'� +�� ?%�"��� ��� �%��� ��*+�� ��� +��"� ��%� �%� " 0�*%��#�

�� $"� ��%�E�'������4"! �6*��%���%��4'��"?��'�*�4��'�� �K�� ���'/�%�

+������0" "���'����"��"+�����+'�;�#�
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4.7�Alteraciones�moleculares�
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�%����"0"���"? � � � ��*+�%� +�� ?%�"��� ��4"��� �� '�� "�+�%"4"'"���� ���

�4�� ����"��%"%(� '��+��%� �"����������� ��"� ��%���/+�"��%�" $"%"4'�%��

8� �'� 7��7�� 6*�� * � KJ]� ��� '�%� +��"� ��%� +��%� �� � �"���� !�"���
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4.7.1�Core�Binding�factor�

��'� ���+'�;�� ����� 4" �" �� 0������ �%� * � 0������ ��� ��� %��"+�"? �

7������"�!�"��� " $�'*������ � � '�� ���*'��"? � ��� '�� 7�����+�8�%"%#�

�%�9� 0������� +��� ���%� %*4* "����%� �&)�'0�� 6*�� %�� * � � �'� 
��(�

���CI(����CF�8����CB(�8�+���* ��%*42* "�����&)4���#��%��%��� �%�

Tabla�4.��'�%"0"���"? ����'�%��*���"� �%#
Función� Gen� Frecuencia� Grupo�

��
S�FJeFT�]�FLT3�
�
�

R
�S�MeIJ�]�
�
TBOM��

�"��%" 2V" �%��
�
�
�
�

KIT�
�

FMeBJ�]�� �CBF2
����

NRAS� GeIK�]�
�*������

KRAS� MeIH�]�

�'�%�2��
�
�
�
�
�
�
�

)�%0�+����" �����
" ������4"�� 3�'��2
�"��+'�%���

NPM1� FMeBM�]�

CEBPA� IJeFJ�]�
RUNX1� MeIB�]�
RUNX1�
RUNX1T1�

IJeIM�]�

CBFB�MYH11� BeT�]�

)������%����
��� %��"+�"? �
�
�
�
� MLL�fusión� MeG�]�

�'�%�2���
�
�
�
�
�
�
�

TET2� TeFH�]�
IDH1� OeG�]�

."���:"���"'��"? ���'�

���
�
�

IDH2� GeIF�]�

���"'��"? ���'�
��� DNMT3A� ITeFB�]�
ASXL1� IJeIB�]�

�'�%�2���f�
��*���"� �%�� �
���"0"������%�
�+"�� !�"��%��
��

MeO�]�
���"'��"? �."%�� ��B�
RK�
�
�

ASXL1�
��
S�MeIB�]�

��'�%����2���f�

�*���"? �� WT1� IJ2IB]� �'�%���2��2���f�
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�%�9 � " $�'*�����%� � � �9%� ��� FJ� ��� %'����"� �%� "�+'"�� ��� '�%�

�� �%�RUNX1� �AML1�� 8�CBF�beta#� ��%� ������ ��"� �%��9%� ���* �%�

%� �'����TYFI��6FFY6FF���� ��� ����'��� ����0*%"? �RUNX12RUNX1T1�

8�'��" $�IO��+IB6FF�@��IOYIO��+IBY6FF��6*���� ��� ��'��� ����0*%"? �

CBFbeta�MYH11#���4�%�%� ��*���"� �%�����'�%����#��

� �+��"� ��%���� ��'��"$��4*� �+�� ?%�"�����4"����� %*� ��+��"�������

��%+� ���� �� '�� 6*"�"�����+"�� 8� %*� �'�$���� ��%�� ��� ���"%"� �%�

���+'���%#� �%��%� +��"� ��%� %�� 4� �0"�"��/� � ��� ����+"�%� �� �%�

����%"$�%#�

o RUNX1�RUNX1T1/AML1�ETOS� ��* :2��'����� ��� %��"+�"� �

0������ I�� �� �������� � � +��"� ��%� �� � ��TYFI�#� ��� �0" "���� ���

���CI� +���� * "�%�� �'� 
��� %�� $�� " ����� ����� +��� '��

+��:"�"���� ��� ���CI� �� � �&)4���#� �� ������ ��� * �

������ ��"� ���6*��"�+'"����'��� �RUNX1� �AML1�� '���'"-����

� ��'������%����FI�8��'��� �RUNX1T1��ETO��� ��'������%����

T#� �'� �� � AML1�ETO� 4'�6*��� '�� �"0��� �"��"? � ��� '�%�

+���� "����%� 7�����+�8!�"��%� �� " �*��� %*� �*��2�� �$��"? �

�)"�*���K�#���+�%�*'��6*��'���:+��%"? ����AML1�ETO� ��%��/��

%*0"�"� ��� +���� " "�"��� �'� +����%�� ��� '�*�����! �%"%(� 8� %��"��

 ���%��"��'��" ���"$��"? ��������%��� �%������JAK2,�PI3K,�AKT�

y�KITPKB(�KKQ#��'�FJ]����'�%�+��"� ��%��� �����+��%� �� ��%���

������ ��"� ���8�%��%*�'� ��%��"����'� %*4�"+���F���� '��)�&#�

��7����%��"���6*��� ��%��%�+��"� ��%(��'����*� ���'�*���"���"��

�'� �"�� ?%�"��� �%� * � 0������ +�� ?%�"��� " ��+� �"� ��PBHQ#�

����9%� ��� '�� ��TYFI�� '�%� +��"� ��%� +*��� � +��%� ���� ����%�

� ���'/�%��%��"���%������'��+!��"������* ������%����%�:*�'�

6*�� �� ;* ���� ��� �� � '�� '�*���"��%"%� 8� '�� +�%"�"$"���� ���

�
MO�%��"� �0������%����+�� ?%�"�����$��%�#�
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Figura 4.�)* �"? �������CI2���CI�I. &'�6*������'���"0��� �"��"? �
��" �*���%*��*���� �$��"? . ���+��������Schuringa,�J.�and�E.�Vellenga,�
Mechanisms�involved�in�HSC�self�renewal�and�hematopoietic�lineage�commitment.�web�
page,�2012PFQ#�
��
�

o CBFbeta�MYH11S��'������� ��"� ���"�+'"���'��0*%"? ����CBFB�

� � IO6FF� �� � �'� �� � MYH11� �myosin� heavy�chain�11�� � �

IO6IB#����%��"���'�%*4�"+���K��� ���%" �0/'"�����'��)�&�8�� �

����%����%"� �%�%���%��"�����F�8��M#��'����*� ���'�*���"���"��8�

'�� ����� %� � 0������%� ��� �"�%��� +���� �%��� ��*+�� ���

+��"� ��%PKM(�KOQ#���%�+��"� ��%��� �" $�IO�@��IOYIO��+*��� �

+��%� ������"%��/��T(�FI�8�FF�6*��'�%��� 0"����* ��� ����"�%���

�������/��PKHQ#��
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Figura�5#��%��*��*�����'������� ��"� ���CBFB2MYH11���*%����
+���'��" $�IO��+IB#I6FF�#��
�:���/������7��+S@@��'�%�� ��"�%� ��'��8#���@#��
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4.7.2�Mutaciones�en�RUNX1�

����'"-���� � � FI6FF(� �'� �� �RUNX1� �%�9� 0������� +��� * �� +����� �2

����" �'�6*���� �"� ��* ����" "��������&)4�����8����"��'��* "? ��'�


���8�'��" ������"? ��� ��'��&)4����8�* ��:�������2����" �'��� �* �

���" "����� %���"$����PKTQ#���*�������*�����������"$���������+��%���

� �0* �"? ����'�%��� �%��� �'�%�6*��" ������3�PKGQ#��

� �� �����%��*���"� �%� � �RUNX1� � � +��"� ��%�  �� �'�%"0"��4'�%� � �

'�%� �"0��� ��%� %*4��*+�%� ��� 4*� � +�� ?%�"��� ��� '�� U.	� �RUNX1�

RUNX1T1(�CBFbeta�MYH11(�PML�RARA(�NPM1�o�CEBPA��PMJQ#�

�� 7� � ��%��"��� �*���"� �%� � � �'� �� � RUNX1� � � � * � O2T]� ���

+��"� ��%#�

������%�� �� ������*���"� �%�%" �%� �"���� � '��+������2����" �'(�8�

�*���"� �%� 6*�� ��* �� � '�� +����� �2����" �'#� �%��%� �*���"� �%� %��

�%��"� � �� ��'� +�� ?%�"��� �� ��� � � ��7����%� �"���� !�"���� ���

7������! ��%PMJQ(������� �+��"� ��%�������"��"+�� ����'PKTQ#�
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Figura�6.�)* �"� �%����RUNX1. ���C����"$��'���:+� %"� ��"�'�"���
���"$� ����� �%�%*+��%���%�����*����%�8���+�"�"� ����� �%����
�*�������''*'��#�� 7"4"����%�������C(�$�'$��"� ������"$���'���*�����
��'*'��#��:���/������Goyama,�S�et�al.�Transcription�factor�RUNX1�promotes�survival�of�
acute�myeloid�leukemia�cells.�J�Clin�Invest.�2013PMIQ�
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4.7.3�Mutaciones�C�KIT�

����'"-���� � � K6II26IF(� ���"0"��� +���� * � �'"��+����" �� ��� %2

���4�� �� ��� IKMV
� �"��4��� ��� '�� 0��"'"�� ��� ����+����%� �"��%" 2

V" �%���"+������8� ;*����* �+�+�'� "�+���� ���� � '��7�����+�8�%"%#���%�

�*���"� �%� ��� '�� 0��"'"�� ��� '�� �"��%" 2V" �%�%� �� 0"��� � * �� $� ��;��

+��'"0����"$�������%*+��$"$� �"���� '�%��!'*'�%�4'9%�"��%�8����+����/� �

�� ��*���"� �%���'����+'�;���&)(�����'0��8������ ��'�+����%�����'��

'�*�����! �%"%#��

��� �%��*��*��� ��� �2R��� �� %"%��� � � � ���%� ���" "�%S� �:�����'*'��(�

��� %���4�� ��8� " �����'*'����� ��'����" "�� �"��%" 2V" �%�#��*� ���

%�� ���"$�� �'� ����+���� ��� �2R��(� �%��� %�� �"���"-�� 8� 0�%0��"'�#� ��%�

�*���"� �%�� �C�KIT�%��� �*� ��� �+�" �"+�'�� ���� ��'��:? �IH�6*��

���"0"��� +���� �'� �'��+�� ���"$����� ��'� ���" "�� V" �%�� 8� +��%� ���

�*���"� �%� +* �*�'�%� � � �'� ���? � TIO� 8� TFF(� 8� � � �'� �:? � T� 6*��

���"0"��� +���� �'� ���" "�� �:�����'*'��� ��'� ����+����

" %���"� �%@��'��"� �%�� ��'����? �KIH�8�KIG��)"�*���H�#��

� �� �����%��*���"� �%�� �C�KIT�� �+��"� ��%��� �RUNX1�RUNX1T1�

8� CBFb�MYH11#� �+��:"������ ��� �'� FJ2BJ]� ��� '�%� +��"� ��%� �� �

'�*���"�%��&)�+��%� �� ��*���"� �%�� ��'��� �KIT� 8� %���%��"� ��� �

* ��'�$���� ���*� ��� '�*���"���"��8� '�%�+��"� ��%� �� ��*���"? �� � �'�

�:? �IH�%���%��"����* ��'�$����" �"�� �"���������/��#������'�$� �"�����

'�%� �*���"� �%� � � �'� �:? � T� � � '�%� +��"� ��%� �� � " $�IO�� �%�

�� ���$���"��#� �%/� �"%��(� �'�* �%� �*����%� %*�"��� � 6*�� �'� $�'���

+�� ?%�"������'�%��*���"� �%�� �C�KIT�$��/�����4"! �� �0* �"? ����'��

�������'�+��"� ��#�
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Figura� 7.��%��*��*��� ��� '�� �'"��+����/ ��R��� 8� %*%��*���"� �%� � � '��
���#��
���+��������Goyama,�S�et�al.�Transcription� factor�RUNX1�promotes� survival�of�acute�
myeloid�leukemia�cells.�J�Clin�Invest�,�2013PMIQ�
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4.7.4�Mutaciones�FLT3�

�'��� �FLT3��FMS�Like�Tirosin�quinase�3�(�%��'���'"-��� �IB6IF(��%�* �

����+���� �"��%" 2V" �%�� �"+�� ���(� �%�9� 0������� +��� �" ��� ���" "�%�

" �* ��'�4*'" 2'"V�(�* ����� %2���4�� �(�* ��8*:�����4�� ��8�* �

���" "��" �����'*'����� ���%����" "�%�+����" 2V" �%�#��%�9�"�+'"�����

� � '�� 7�����+�8�%"%�  ����'(� 8� +���"�"+�� � � '�� %*+��$"$� �"�� 8�

�"0��� �"��"? � ��� '�%� �!'*'�%� 7�����+�8!�"��%#� �� �:+��%�� � � * ��

+��+���"? ��*8�"�+���� ������4'�%��%�'�*�!�"��%#�

� �� ��� '�%� �'�����"� �%���%� 0���*� ��%� � � ���� �IM2BJ]� ��%�%� �� �

������%�'���*+'"���"? �" ��� ��� ��9 �������
�����'�%��:� �%�IK2IM(�

�� � '�� 6*�� %�� ��"�" �� * � 0����� ��� � ����'S� * �� +��'� ���"? � ��'�
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%���� ��� 8*:�����4�� �#� �%��� 0����� ��� )��B� ������" �� * ��

���"$��"? ��� %�"�*�"$����'� ����+������ ��%�"�*'��"? ���� '�%� �*��%����

%�E�'"-��"? ��"+��AKT(�MAPK�8� JAK2�6*���� ''�$� �* ��*�� ������ '��

+��'"0����"? � 8� %*+��$"$� �"�� ��'*'��� PMFQ#� ��� '� �"�*�� ��� '��

�*+'"���"? ���'�
���$��/��� ����IM�8��9%����BJJ�+���%����4�%�%#��

�����
�%���4%��$��� ���8���0���*� �"��� �+��"� ��%��� ��"���� !�"���

����"�%���" ������"�#�� �'�����*�'"�����%�* �0������+�� ?%�"�����$��%��

�� ��������%�����*+���%��"������* ����8���+��4�4"'"�����������/���8�

* �� �"%�" *�"? � ��� '�� %*+��$"$� �"�#� ���4"! � %�� 7�� $"%��� 6*�� %��

�%��"����'�*���"��%"%�8�4'�%��%"%#�

�� �%�9� �"%�*�"� ��� %"� �%� '�� %"�+'�� +��%� �"�� ��� '���*���"? � '�� 6*��

�� 0"���� ��'� +�� ?%�"��(� �� %"� �%�9� ��'��"� ���� �� � '�� ���"��� ��� '��

��
PMBQ� �� �� � '�� ��'��"? � � ���� '�%� �'�'�%��*����%� 8� ����" �'�%� � �

�!��" �%� ��� ���"�� FLT3�ITD@����" �'� PMK(� MMQ#� � �'�* �%� �*����%�

%*�"��� � 6*�� '�%� +��"� ��%� �� � * �� 4�;�� ���"�� �'!'"��� +��%� �� � * ��

%*+��$"$� �"�� %"�"'��� �� �6*�''�%� +��"� ��%� %" � '�� ��
� ��'� FLT3#�

���"� ��%� �� � '�� �*+'"���"? � " ��� �� � � �9 ������ ��� ��� KJ� +4(� 8�

�6*!''�%� � � '�%� 6*�� '�� ��
� %�� " %����� � � �"����"? � BZ� ��'� ���" "��

8*:�����4�� ���"� � �* �+�� ?%�"����3 ��9%�" 0�*%��#�

����9%� ��� '�� ��
(� �'� �� � FLT3� +*���� +��%� ���� �*���"� �%� 6*��

�0���� ��'����? �TBM�8�TBO��
TBM@�TBO��� ��'����" "���"��%" 2V" �%��

6*��������" ��* ��7"+��0* �"? �����%������" "�#��%��%��*���"� �%�%��

+��%� �� � � � * � +���� ��;�� �*8� 4�;�� ��� +��"� ��%� �H2T]�� 8� %*�

%"� "0"����� +�� ?%�"��� �%� �� ���$���"��� PMOQ#� �%��%� �*���"� �%� %��

�%��"� ���7"+��'�*���"��%"%#�

���4"! � �:"%��� * �� �*���"? � � � �'� ���" "�� 8*:�����4�� �(� � � �'�

���? �FJ�6*��%��7��� �� ������� �* ��F]����'�%�+��"� ��%��� �����
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Figura�9.�����'"-��"? �� ?��'�����'�� *�'��0�%�" ��� ����#�
�-6*"����S� ���� "%��� ��� ��� %+�����  3�'��2�"��+'�%��� ��� NPM1�
����" �'#� ��� "�+�����"? � ���" �� $%#� '�� �:+�����"? #� 
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���� "%��� �4���� ��� ��� '�� �:+��%"? � �"��+'�%�9�"��� ��� ���I� � �
������ ��*���"? �� ����I#�����:+����"? � *�'����+�����" ��%�4���
'��"�+�����"? � *�'���#��
�:���/��� ��� Falini,� B.,� et� al.,� Altered� nucleophosmin� transport� in� acute� myeloid�
leukaemia� with� mutated� NPM1:� molecular� basis� and� clinical� implications.� Leukemia,�
2009.�POBQ�
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4.7.7�Alteraciones�gen�MLL�
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Figura�11.��� ����(��� ����0*%"? �����8����2��
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�:���/��� ��� Andrei� V.� Krivtsov� &� Scott� A.� Armstrong.� MLL� translocations,� histone�
modifications�and�leukaemia�stem�cell�development.�Nature�Reviews�Cancer�2007PHBQ#��
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accumulates� in� acute� myelogenous� leukemia� with� isocitrate� dehydrogenase� 1� and� 2�
mutations.�J�Exp�Med,�2010#PHMQ�
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4.7.9�Mutaciones�en�TET2�
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�4%��$����* ��0�������%0�$���4'��� �+��"� ��%��� ����"��"+�� ����'�

PHG(�TJQ#��

�'� �0�����  ����"$�� ��� '�%� �*���"� �%� � � TET2� %�� ��'��"� �� �� � '��

+��%� �"�����FLT3�ITD�8�'���*%� �"������*���"� �%����NPM1�8�CEBPA#�

�

Figura 13. ����'"-��"? ����'�%��*���"� �%�� �TET2#��
�:���/��� ��� Mohr,� F.,� et� al.,� TET� genes:� new� players� in� DNA� demethylation� and�
important�determinants�for�stemness.�Exp�Hematol,�2011�PTIQ�
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4.7.10�Alteraciones�en�NOTCH�

�'� �� �Notch� �%�9� �'���� ��� �� %��$������ '�� '�������� '�� �$�'*�"? �8�

�%�9� "�+'"������ � '��+��'"0����"? (��"0��� �"��"? �8� �+�+��%"%#��*����

0* �"� ��� ����� � ���! � �� ����� �� � %*+��%��� ��� �*����%(�

��+� �"� �����'��"+����'*'��#��

�:"%�� � K� �� �%� Notch� �Notch1(� Notch2(� Notch3� 8� Notch4�(� 6*��

���"0"�� �+��������+����%����%*+��0"�"�#��*� ���%��* � ��'�'"�� ��(��'�

���" "�� " �����'*'��� ��� ����7� %�� ��� %'���� �'�  3�'��� �� " ������"� ��

�� �0������%������� %��"+�"? �������� �%����'��0��"'"��Hes�8�Herp(�6*��

+���� ��� ���* ��0��"'"�������+��%���%���� %��"+�"� �'�%#���

�*� ���Notch� �%�9��*����(� %�� ��� * �� ���"$��"? � �� %�"�*�"$�� ��� %*�

�*������%�E�'"-��"? �� �'��'�*���"��'" 0�4'9%�"�����*�������!'*'�%��#�

� �� �'�$���� �:+��%"? � ���Notch1� � � ���� ������� '�� %*+��$"$� �"�� ��

" ����� ��� '�� +��4�4"'"���� ��� ����/��� PMGQ#� ��� ��'�$� �"�� ��� '��

�:+��%"? � � ����'� ��� Notch1� � � ���� �%� ���"$�� ��� �%�*�"�%�

���*�'�� ���� ��*�%�#�
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Figura�14#��%��*��*������NOTCH1#��
�:���/������Palomero,�T�et�al.�Therapeutic�targeting�of�NOTCH1�signaling�in�T�ALL.�Clin�
Lymphoma�Myeloma.�2009#�PTFQ�
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4.7.11�Mutaciones�en�DNMT3A�
�+��:"������ ��� �'� FJ]� � '�%� +��"� ��%� �� � ���� +��%� �� �

�*���"� �%�� ��'��� �DNMT3A� �DNA�metiltransferasa�3A�#���%��� �%�

DNMT�����'"-� �'���� $��%"? �����"��%" ��� �M2���"'�"��%" �#�DNMT3A�

�� ;* ���� ��� �� � DNMT3B� %� � ��%+� %�4'�%� ��� '�� ���"'��"? � ��'�


��� 8� %*� �� �� "�"� ��(� 8� 0* �"� � � " ��+� �"� ���� ��� ��� '��

��+'"���"? #� ��� ���"'��"? � ��� '�� �"��%" �� �%� * �� ���"0"���"? �

�+"�� !�"���" $�'*������� ��'��� ���'����'�����*'��"? ����'���:+��%"? �

�! "��#� � �� ���"'��"? � � ����'� �� ��/�� * � �0����� � � '�� " "�"��"? (�

+�����%"? �8��� �� "�"� ������'��'�*�����! �%"%#�

�� 7� � ��%��"��� �*���"� �%� � � DNMT3A� � � * � IT2FB]� ��� '�%�

+��"� ��%��� �����8�� �* �FJ2BM]����+��"� ��%��� ����"��"+�� ����'#�

�� ��%��"4� � $��"�%��*���"� �%� ��� +!��"��� ��� 0* �"? � � � ����%� '�%�

�:� �%� ��� DNTM3A(� �* 6*�� '�� �*���"? � �9%� 0���*� ��� �%� * ��

�*���"? � +* �*�'� %" %� �"��� � � +�%"�"? � �TTF� 6*�� �"%�" *8�� '��

���"$"���� ����'/�"��� 8� '�� �0" "���� ��� '�� * "? � �'� 
��#� ��%� +��0"'�%� ���

���"'��"? � �4���� ��%� " �*�"��%� +��� '�� �*���"? � +���/� � �%����

�%��"���%���'��+�����%"? �'�*�!�"���PHOQ#��

��7��%*���"���6*�� '�%��*���"� �%�� ��'��� �DNMT3A�+���/� � �� ���

* � �0����� +�� ?%�"��� ��$��%�PHK(� TBQ(� 8� 6*�� �%���/� � �%��"���%� ��

�*���"� �%�� �NPM1�8�FLT3��)"�*���IM���
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Figura�15.��%��"��"� �%����'�%��*���"� �%�� �DNMT3A#��
�:���/������Patel,�JP�et�al.�Prognostic�relevance�of�integrated�genetic�profiling�in�acute�
myeloid�leukemia,�N�Engl�J�Med,�2012PHKQ�
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4.7.12�Mutaciones�en�el�gen�RAS�

��� 0��"'"�� ��� RAS� � " �'*8�� �� �"$��%�%� +����/ �%� �%��"���%� �� '��

���4�� �� 6*�� ���*'� � '�� +��'"0����"? (� �"0��� �"��"? � 8� �+�+��%"%#�

� �� �����%� B� �� �%�RAS� 0* �"� �'�%� 6*�� �� �"� � � K� �:� �%� �����

* �S�N�RAS(�K�RAS� 8�H�RAS#��*���"� �%� � � '�%� ���� �%� IF(� IB� 8� IO�

�� 0"��� �* �����"$��"? ��� %�"�*�"$�����'��+����/ ����PTKQ#�

��%��*���"� �%��9%� 0���*� ��%� %� � '�%� 6*�� %�� �� � � �NRAS� 8� %�� 7��

$"%���6*��* �IJ2BJ]����'�%�+��"� ��%��� ����#��

�'��0�����+�� ?%�"�������%��%��*���"� �%��%��� ���$���"��#�� ��'�* �%�

�%�*�"�%� %��7���4%��$����6*��NRAS� �"� ��* � "�+����� ����"$��� ��'�

+�� ?%�"������'��� 0�������PTMQ(��"� ���%�6*��� �����%��%�*�"�%��%���

"�+����� ����"$��%��'"�"�����+��"� ��%��� ��"���� !�"������+�� ?%�"���

0�$���4'�PTOQ#� � � � ����%� ���4�;�%�  �� %�� �4%��$��  " �* �� �%��"��"? �

�� ��'�+�� ?%�"���0�$���4'��PTHQ#�
����'�0����(��6*�''�%�+��"� ��%��� �
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�*���"� �%� � � RAS(� �������%� �� � 6*"�"�����+"�� " �� %"$�� �� ��/� �

�� ���+��4�4"'"�����������/���PTTQ#�
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4.7.13�Alteraciones�en�WT1�

�'��� ���'��*�������U"'�%��WT1���%�9�'���'"-����� �II+IB�8����"0"���

+����* ��+����/ �����* "? ��'�
���� �0������������%����-" �#��*����

���*��� ����� ��+��%��� �� ���"$����� � � 0* �"? � ��'� �� ��:��� ��'*'��� 8�

�����%?�"��� 8� ;*���� * � +�+�'� �%� �"�'� � � '�� '�*�����! �%"%� 8� '��

� ���! �%"%����+���� "����%�7�����+�8!�"��%#��

��%�4��2�:+��%��� ��9%���'�GJ]����'�%��!'*'�%�'�*�!�"��%��� �'��6*��

%��7��*�"'"-���������������������� 0����������%"�*�'��/ "���+����

�6*�''�%� +��"� ��%� 6*��  �� +��%� �� �  " �* �� � ���'/����'��*'��� ��

�����%?�"��PTGQ#��

�:"%�� � �"%���+� �"�%� %�4��� '�� ��'��"? � %�4��2�:+��%"? � ��� WT1� �'�

�"�� ?%�"��� 8� �'� +�� ?%�"��#� � � " ����� ��� ��� '�%�  "$�'�%� ��� WT1�

%��"�� * � +���"����� ��� '�� ����/��#� ���4"! � +���/� � *�"'"-��%�� '�%�

 "$�'�%� �'�$���%� ��� WT1� +���� "�� �"0"���� +��"� ��%� �� � �'���

+��4�4"'"�����������/������%�* ����%+'� ����'��! "��#�

�'�7��7�����6*��WT1�%��%�4��2�:+��%��� �'����8��/�����+��"� ��%�'��

7���� * � 4*� � �� �"����� +���� �'� %��*"�"� ��� ��� '�� � 0��������

��%"�*�'��/ "��#�

� �* �IJ]����'�%�+��"� ��%��� �'�*���"����*��(�WT1��%����*����(�'�%�

�*���"� �%� %�� �� � +�" �"+�'�� ��� � � '�%� �:� �%� H� 8� G(� 8� %�� 7� �

�%��"���� �� * �� �� ��� " �"�� �"�� ��� ���"%"� �%� ���+'���%� 8� �� * ��

�'�$���� ��%�� ��� 6*"�"����%"%�� �"�PGJQ#� ��%� �*���"� �%� ��'� �:? � H�

�� ��� � * �� +����/ �� ��* ����� �� � +!��"��� ��� '�� 0* �"? � ���

���*'��"? ���� '�� ���%��"+�"? #� ��%��*���"� �%� ��'� �:? �G� %� ��� �%�

0���*� ��%�6*��'�%���'��:? �HY��%��%��*���"� �%��0���� ���'���%��*��*���
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Figura�16.��%��*��*�����'��� �WT1#
���+��������Ho,�PA�et�al.�Prevalence�and�prognostic�implications�of�WT1�mutations�in�
pediatric�acute�myeloid�leukemia�(AML):�a�report�from�the�Children's�Oncology�Group.�
Blood,�2010#PGFQ�

4.7.14��Alteraciones�en�ASXL1�
�'��� �ASXL1�����"�"� �'�%�:����4%�'"V�2I��%��'���'"-��� �FJ6II�8��%���

" $�'*������� �'���"��GYFJ��+IBY6II�(�* ������� ��"� ������*��� ���

� � '�*���"�� '" 0�4'9%�"��#� ���3�� ����� �����"$����� '"�� ��2

��+� �"� ���+�����'�����+������'�9�"������" �"���8��%�9�" $�'*������� �

'�����*'��"? ����'�����"'��"? ����'�%�7"%�� �%#

��7� ���%��"����*���"� �%�� ��'��:? �IF�� �+��"� ��%��� �%/ �����%�

�"�'��"%+'9%"��%(�  ��+'�%"�%��"�'�+��'"0����"$�%� 8� '�*���"���"�'�"���

��*��#��%����� �%��+��%� ����*������ �* �M2BJ]����'�%�+��"� ��%��� �

����8���%�0���*� ���� ���� �+��"� ��%��� �'�*���"��%��* ���"�#�� �

'/ ��� �� � '�%� �%�*�"�%� ��� TET2(� ASXL1� �� 0"���� ��'� +�� ?%�"��� � �

+��"� ��%� �� � ���"��"+�� ����'PGBQ� 8� � � �'� ��*+����� �"���� !�"������

+�� ?%�"���" ������"��PGKQ#�����4"! �%��7��$"%���6*��'��+��%� �"�����

�*���"� �%� � � ASXL1� �"%�" *8�� '�� +��4�4"'"���� ��� �'�� -��� '��

���"%"? ����+'���PGMQ#�
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Figura�17.��*���"� �%�� �ASXL1���'��'��������'��+����/ �#��
�:���/������Véronique�Gelsi�Boyer,�et�al.�Mutations�in�ASXL1�are�associated�with�poor�
prognosis�across�the�spectrum�of�malignant�myeloid�diseases.�J�Hematol�Oncol.�
2012PHJQ#�
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4.8��Expresión�aberrante�

�:"%�� �* ��%��"������� �%�6*��%*��:+��%"? ��4���� ����%�4�����" 0��2

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

4.8.1�Expresión�de�BAALC�
�'��� �BAALC��Brain�and�Acute�Leukemia,�cytoplasmatic��%��'���'"-��� �

T6FF#B� 8� ���"0"����� +���� * �� +����/ �� ��� 0* �"? � ��%�� ��"����*8�

�� %��$������'��'��������'���$�'*�"? (�6*��+���/���%����"�+'"������ ��'�

4'�6*������'���"0��� �"��"? ��"�'�"��#���
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BAALC� �%� * � ��������� ��� �!'*'�%� +���� "����%(� 8�� 6*��  �� %��

� �*� ���� �:+��%"? � � � ���*'�� ?%��� ���*���  "� � � '�*���"��%�

�"��*'� ��%#��

��� �'�$���� �:+��%"? � ���BAALC� %�� ��%��"4"?� +��� +�"����� $�-� � � * �

+��"� ����� ���"%��/��T�%" � " �* ���'�����"? ��%��"���#�� �'������'��

��"%��/��T�%��7���%��"������+�� ?%�"���" ������"������%0�$���4'�#�����

�%�����"$��%��" $�%�"�?�%"�'��%�4��2�:+��%"? ����BAALC��� ��/���0�����

+�� ?%�"�����$��%��" �'*%��� �+��"� ��%��� ����"��"+�� ����'#�� ��%��

%� �"��(� '�� %�4��2�:+��%"? � � ��� BAALC� %�� 7�� �%��"���� �� ��'�

+�� ?%�"��(��� ���� �+��"� ��%��� ����"��"+�� ����'�PGOQ������� �'�%�

6*�� +��%� �� � �'�����"� �%� �"���� !�"��%PGHQ#� �%��� ��'��"? � %�� ��� � �

�*%� �"������*���"� �%�� �CEBPA���FLT3�ITDPGTQ#��


�4"��� �� 6*�� '�� �:+��%"? � ��� BAALC� �%�9� ��%��" �"��� �'�

���+���"�"� ��� ��� '�%� �!'*'�%� +���� "����%� 8� 6*�� %�� �4%��$�� * ��

�'�$�����:+��%"? ����BAALC�� �4'�%��%�'�*�!�"��%(�BAALC�+���/��%���

* �����������%���"���%+��/0"��(����*'�����*�� ���'��7�����+�8�%"%�8�

�:+��%�������0������4���� ����*�� ���'���'�*�����! �%"%#��

4.8.2�Expresión�de�MN1�
�'� �� �MN1� �Meningioma� 1�� %�� '���'"-�� � �FF6II�8� ���"0"��� +����* �

���+'�;����2���"$��������'����� %��"+�"? #���"�� �"0"�?�������"� �����

'�� ��KYFF�� � � * � +��"� ��� �� ��� " �"���� 8� ���4"! � %�� 7�� $"%��� � �

+��"� ��%��� � ��+'�%"�%��"�'�"��%�6*��+��%� �� ���IFYFF�#�

���"0"���+����* ��+����/ �� *�'�������IMJV
���'���� ����� %��$����

6*�� +���"�"+�� � � * � ���+'�;�� ��� ���*'��"? � �! "��� �� � �'� ����+����

 *�'�������2�C�����'�����+�������'��$"���" ��
��)"�*���IT��PGGQ#�

��7��$"%���6*��TEL��* �0������������%��"+�"? �ETS��%��0*%"� ���� ��'�

�� �MN1�� �+��"� ��%��� � '�*���"����*����� � '�� ��IFYBB��+IBY6II�#�

��� +����/ �� ��� 0*%"? � ��I2���(� ���3�� ����� * � 0������ ���
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��� %��"+�"? � ��%���*'���#� ��I2���� +���*�$�� '�� +��'"0����"? � ���

+���� "����%��"�'�"��%�8�'" 0�"��%�8�4'�6*���%*��"0��� �"��"? #�

���%�4��2�:+��%"? ����MN1��%�* �0������+�� ?%�"���" ��+� �"� ���� �

+��"� ��%� �� � ���� 8� �"���� !�"���  ����'(� �%��"���� �� * �� 4�;��

��%+*�%�����'��6*"�"�����+"�����" �*��"? �8���* �����8����9%������#��

MN1�;*���/��* �+�+�'�"�+���� ���� �'��7�����+�8�%"%� ����'�8�� �'��

'�*�����! �%"%(�8��6*��%��7��$"%���6*��%���:+��%��� �+�4'��"� �%����

�!'*'�%� 7�����+�8!�"��%� +�"�"�"$�%� ��� +��"� ��%� �� � '�*���"��

'" 0�4'9%�"�����*���8�6*���%�9���+�"�"����*�� ���'���"0��� �"��"? #�

��� %�4��2�:+��%"? � ��� MN1� %�� �%��"�� �� '�*���"�%� �� �

" $�IO�@��IOYIO��8��%���%�4��2�:+��%"? �%��/��* ��$� ������+����"$��

�� � CBFB�MYH11� +���� " �*�"�� '�� '�*�����! �%"%#� � � �%��� ��*+�� ���

+��"� ��%(�'��%�4��2�:+��%"? ����MN1����4"! ��"� ���0�����+�� ?%�"���

��$��%�PIJJQ#�

�%/� +*�%(� '�� %�4��2�:+��%"? � ���MN1� �%� * � �$� ��� %��* ���"�� � � �'�

+����%�����'��'�*�����! �%"%PIJIQ#�

�
Figura�18#���I�* "����'������"$�����+BJJ@�&�����'*�� ����@�C��8�
%��" 7"4��'���"0��� �"��"? �$/����+��%"? ���� %��"+�"� �'#��
���+����� ��� Grosveld,� GC.� MN1� inhibe� la� diferenciación� vía� RAR/RXR.� Adaptado� de��
Treating�AML�with�ATRA?�Beware�MN1.�Blood,�2007PKBQ#�
�
�



����	
���������������

TM�

4.8.3�Expresión�de�ERG�
�%��� '���'"-���� � � FI6FF#� � � +��"� ��%� �� � ���� � �� �����%�

������ ��"� ��%�6*��" $�'*��� ��'��� �ERG��ETS�related�gene�#��

�%����� �+���� ������'��0��"'"�����+����/ �%����* "? ��'�
������6*��

���*'� � '�%� " ������"� �%� ��%� 6*"��2�+"��'"�� 8� �� � '�� ����"-�

�:�����'*'��#��

ERG� ���3�� ����� � ���� � 8� �%��� %�4��2�:+��%���� � � +��"� ��%� �� �

'�*���"�#� ���*'�� '�� ���%�*��"? � ��� %�E�'�%(� +���*�$�� '��

�"0��� �"��"? ���'*'��(�'��+��'"0����"? �8�'���+�+��%"%PIJFQ#�

� �� �����%� %�4��2�:+��%"? � ��� ���� � � +��"� ��%� �� � ���"��"+��

���+'�;�(���+'"0"���"� �%���/+�"��%���'������%����FI�8�+��"� ��%��� �

�"���� !�"���  ����'#� *� %�4��2�:+��%"? �  �%� �8*��� �� "�� �"0"����

+��"� ��%��� �* ����8����" �"�� �"����*�*'�����������/���8�* ��+����

%*+��$"$� �"�#� � "�"�'�� ��� %�� +� %?� 6*�� �%��� �0����� +�� ?%�"���

��$��%�����'��%�4��2�:+��%"? ����ERG�%����4��3 "���� ����*� ���'�%�

 "$�'�%� ��� �:+��%"? � ��� BAALC� ��� � 4�;�%� 8� � � +��"� ��%� ��� �����

�$� -���PIJBQ#����*�'�� ���%��7��$"%���6*����4�%��� �%�%� �0������%�

+�� ?%�"���" ��+� �"� ��%PIJKQ#�

�

4.8.4�Expresión��de�EVI1�
����'"-���� � � B6FO#F(� ���"0"��� +���� * �� +����/ ��  *�'���� 6*��

" ������3�� �� � � �����+��%���%�8� �����"$�����%#��� �"� ��F����" "�%(�

* ���2����" �'�6*���� �"� ��H����"$�%����" "�%��"+������%����-" ��8�

����� �9%� ����� �� �'� ���" "�� �2����" �'� 8� 6*�� �� �"� �� B� ���"$�%�

�"+������%����-" ��6*��%��* � ��'�
��#�EVI1���+�"���'����� %��"+�"? �

�� �'��6*���0�������'���"0��� �"��"? �7�����+�8!�"��PIJMQ#��

�� ��%��"4"?� * �� �:+��%"? � �4���� ��� ��'� �� � EVI1� �Ecotropic� viral�

integration� site� 1�� � � '�*���"�%� �� � " $�B��6FI6FO#F�� ��

��BYB��6FIY6FO#F�#��* 6*���%��%��'�����"� �%�� ��'������%����B�%� �
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�9%� 0���*� ��%� � � +��"� ��%� %� � %/ ������ �"�'��"%+'9%"��(� '�%�

+��"� ��%��� �����6*��'�%�+��%� �� �%*�'� �%�����'�%���%+� ������%�

��'������+"��8��"� � ��*8���'���$�'*�"? PIJOQ#�

���%�4��2�:+��%"? ����EV1�%���4%��$��� �* �T]����'�%�+��"� ��%��� �

���� ���  �$�� 8� %�� �%��"�� �� * ���� ��� ��%�� ��� ��� PIJHQ� 8� ���� ���

%*+��$"$� �"�#�EVI1� ��%��� �*� ����%�4��2�:+��%����� �+��"� ��%����

�"���� !�"��� ��� �"�%��� 0�$���4'�� �� 6*�� +��%� �� � �*���"� �%� � �

NPM1PIJTQ#��

��7��$"%���6*���'� �� �EV1� 0�����* � ��9 %��"������ 0*%"? � �� ��'� �� �

MDS1#�����%+'"�" �(��'��:? �F����MDS1�%��* ���'�%��* ����:? ����EVI1�

0���� ��� �'� ��9 %��"��� ��� 0*%"? � MDS1�EVI1#� �%��� ��*���� �� ��� � �

��;"��� ����'������� �'��'�*���"���"�'�"��#�MDS1�EVI1����"0"���+����

* �� +����/ ���9%� '����� 6*�� �� �"� �� '�� +����/ �� �A�I� � ����� 8� * ��

�:�� %"? �� � '��+������2����" �'#���7��$"%���6*���A�I�8��
I��A�I�

+*��� ��� ���+��+"�����%��+*�%��%�PIJGQ#�

4.9��Estado�actual��

��%��!� "��%���'��*'���%����%��*� �"��"? ���%"$�� �%�7� �+���"�"���

"�� �"0"���� * �� %��"�� ��� ���������%� ��'��*'���%� � � +��"� ��%� �� �

'�*���"�� �"�'�"��� ��*��� 6*�� %� � ��� ��� � *�"'"���� +���� '��

�%����"0"���"? ��'��"�%������'�%�+��"� ��%#��

� � * � �%�*�"�� +*4'"����� +��� �'� �� ���� �� ���� ��'�%� ��%����7�

���[��V(� ���*�%��� � 6*�� '�%� �*���"� �%� DNMT3A(� NPM1(� CEBPA(�

IDH1@F� 8� RUNX1�  �� ���:"%�� � �� � 0*%"� �%� �! "��%� 6*�� " $�'*��� �

0������%���� ��� %��"+�"? #�����9%(��6*�''�%�+��"� ��%�6*��+��%� �� �

�*���"� �%�� �NPM1(�FLT3�8�DNMT3A����+���� ��'��"%���+��0"'����
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�:+��%"? � �! "��(� 8� %*�"��� � 6*�� +���/�� �� %"�����%�� ����� * ��

� �"�����"0��� �"�������'�%�+��"� ��%�����"�%���" ������"�PIIJQ#�

	���� �%�*�"�� ���"� ��� ��� ����'(� ��� �'(� � � �'� 6*�� � �'"-� � +��0"'�%�

�*���"� �'�%(� ���*�%��� � '�%� �*���"� �%� � � IDH� �� 0"��� �

+�� ?%�"��� 0�$���4'�� � � +��"� ��%� 6*�� +��%� �� �FLT32��
� 8� �'� �� �

NPM1��*����#��%����0�����0�$���4'�(��"%�" *8��� ��6*�''�%�+��"� ��%�

6*��%�'��� ���+��%� �� ��'��� �NPM1��*����#�����9%(��4%��$� �6*��

�'���*+�����+��"� ��%�6*��+��%� �� ��*���"� �%��� ���� �NPM1������

� �DNMT3A�8�FLT3� %���%��"� ���* �+���? �����:+��%"? ���������8�

�"�����%+��/0"��(�%*�"�"� ���6*��'�%�+��"� ��%��� �'����"+'���*���"? �

��4��/� � �� %"�����%�� ����� * � � ��*+�� �"0��� �"���� ��'� +�� ?%�"���

" ������"�#��


��*�%��� �6*��'�%��*���"� �%�� �TET2(�ASXL1(�DNMT3A�8�MLL2��
�

�� 0"��� � +�� ?%�"��� ��$��%�#� ���4"! � "�� �"0"�� � ���4" ��"� �%�

�*���"� �'�%�6*����*��� ���� 0�����0���*� ���� �+��"� ��%��� �����

�����%��+*�����4%��$���� �'��0"�*���IG#�
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Figura�19.�)���*� �"����'��"$��8���'��"� �%�� ����'�%��"0��� ��%�
�*���"� �%�� �+��"� ��%��� ��������� �$��#��
�:���/������Patel,�JP�et�al,�Prognostic�Relevance�of�integrated�genetic�
profiling�in�Acute�Myeloid�Leukemia,�N�ENgl�J�Med,�2013PHKQ#�
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5.�Presentación�publicaciones�

�

��'�8������7���%���%��"��(��:"%�� ��"$��%�%����������%���'��*'���%�

6*��+���"�� �'���$�'*�"? ����'����*���"���"�'�"�����*��#��3 ��%/(� '��

��8��� +����� ��� � �''�%�  �� %�� *%� � ��� 0����� 7�4"�*�'� � � '�� +�9��"���

�'/ "��#��


�%��� IGGG(� �'� ��*+�� ���+����"$�� ������� 7�� �� "��� � � �*� ��� '�%�

�'�����"� �%� �� !�"��%� +���� �%����"0"���� �'� �"�%��� ��� '�%� +��"� ��%(� 8�

���+���� �'� ������"� ��� +�%����"%"? � � � 4�%�� �� �''�#� � � �'� +������'��

���*�'� ����2IF�� %�� *�"'"-�� '�� " 0�����"? � ��'� %���*%� �*���"� �'� ���

FLT3(�NPM(�CEBPA� 8�MLL� 8� %�� � �'"-�� ��� 0�����+��%+���"$�� '�� ����

���"� ����"������/�����0'*;��8�� 9'"%"%����'���:+��%"? ����WT1#��

�� �'��" ����*��"? ����'�%��!� "��%����%��*� �"��"? ���%"$�(��+����� �

����� $�-� ��%� ���������%� +�� ?%�"��(� +��� �%�� �%� �� � "�+���� ���

�$�'*���%*�"�+�����+�� ?%�"���0*�*����+'"���"? �� �'���'/ "��#�

�

��%����4�;�%�6*���� 0"�*�� ��%�����%"%�%� �* ���0'�;�����'�%��%�*�"�%�� �

'�%�6*���'���*+���������7����'��"� ����'�%��'�����"� �%���'��*'���%�

8��'�+�� ?%�"������'�%�+��"� ��%��� �������� *�$���"�� ?%�"��#�� �* ��

+�"�����0�%��%���%�*�"��� �'�%�+��"� ��%��� ��"���� !�"��� ����'���'�

+������'�����2JB#���%�����*+��%��7���'�%"0"������'9%"���� �����������

�"�%��� " ������"�� +���� � � '�%� 3'�"��%� �E�%� %�� 7�� +*�%��� ��� ��'"�$��

6*�� '�%��*���"� �%�� �FLT3(�NPM�8�CEBPA� "�� �"0"�� �+��"� ��%��� �

�"%�" ����$�'*�"? #�
���%����"� ��%�%�4���'�%��*���"� �%�� �IDHPIIIQ�

 �%� " �*;��� � �� �%�*�"��'�%� � �  *�%���� ��*+�� ��� +��"� ��%(� '�� 6*��

�� %�"�*8��'��+�"�����+*4'"���"? �����%�����%"%#��
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�4"��� �� 6*�� TET2� �� IDH� %� � �*���"� �%� �*��2�:�'*8� ��%PIIFQ(�

���4"! �%���%�*�"?��'��0��������'�%��*���"� �%����TET2�� �+��"� ��%�

IDH� ����"$�%#��

�%��%�����%��+����"��� �� �'����$"%������*V��"����%����7��� ��'�FJIFS�

Adverse� impact� of� IDH1� and� IDH2� mutations� in� primary� AML:�

experience�of�the�Spanish�CETLAM�group.��������*(�1#)#(�.�8�%(��#����

�'PIIBQ#�

�

��*"���� ��(�%�'���"� ���%�'�%�+��"� ��%��� ��"���� !�"���0�$���4'��

�� ��� ��'� +������'�� ���2GG� �?��� ��'� ���2JB#� ^%��� ��*+�� ���

+��"� ��%� �"� � �* � ��'��"$��4*� �+�� ?%�"��(� �* 6*��7�8�* ��+�����

��� !%��%� 6*��  �� %"�*� � '�� �"%��� �" 9�"��� ��� %*+��$"$� �"��

+��'� ������ ����"%"? #��

�'� %��* ��� ���4�;����� ��%"%� �%�*�"?� '�%� 0������%� �'/ "��%� 8�4"�'?�"��%�

�" �'*"��%� '�%� �*���"� �%(� %�4��2�:+��%"? � ��� �� �%� 8� ����� +����

"�� �"0"����'�%���%�%��� �+����+�� ?%�"��#�� ��%���'/ ��(�4�%9 �� �%�� �

�%�*�"�%�+��$"�%�6*�� "�� �"0"���� � '�� %�4��2�:+��%"? ����BAALC� PGO(�

GH(�IJKQ�8�MN1PIJJ(�IJIQ�� ��'���*+�����+�� ?%�"���" ������"�������

0������ +�� ?%�"��� ��$��%�(� " $�%�"����%� %*� "�+����� � � �'� ��*+�� ���

+��"� ��%�����"���� !�"���0�$���4'�#��

�%��� �%�*�"�� � �'"-?� ���4"! � 0������%� +�� ?%�"��� �'9%"��%� ����� '��

����(� '�*���"��%"%(� �*���"� �%� � � C�KIT(� � ���'/�%� �%��"���%� �'�

������ ��"� ���CBF�8� 3����������+"�%������9 %��"����'��"�� ?%�"���

8� ��%+*!%� ��'� ������"� ��(� � ���� ����%� +���� �� ����� * � / �"���

+�� ?%�"��#�

����� �''�� %�� ����*;�� � � * �� +*4'"���"? � � � '�� ��$"%��� ��*��+�� �

1�*� �'� �0�.������'��8�� � � FJIBS�Core� binding� factor� acute� myeloid�

leukemia:� The� impact� of� age,� leukocyte� count,� molecular� findings,� and�

minimal�residual�disease#�.�8�%(��#(��������*(�1#�)#�����'�PBOQ#��
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)" �'�� ��(� �'� ������� ���4�;�� ��� ��%"%� " �'*8?� ����� '�� ��7����� ���

+��"� ��%� ��'� +������'�� ���2JB� +���� � �'"-��� '�� ��'��"? � � ����

�:+��%"? � ��'� �� � WT1� 8� �$�'*�"? � � � �!��" �%� ��� " �"�� �"�� ���

����/��%� 8� %*+��$"$� �"�#� WT1� �%� * � ��������� ��� � 0��������

��%"�*�'��/ "��(�8��6*��+�9��"���� ��� ����%� '�%�+��"� ��%� �� �����

�:+��%� � WT1PTGQ(� +���� �3 �  �� %�� *�"'"-�� � � '�� �'/ "��� ��� 0�����

7�4"�*�'#� �� �%�*�"?� '�� �:+��%"? � ��� WT1� � � ���%� ���� ��%Y� �'�

�"�� ?%�"��(� ���%� '�� 6*"�"�����+"�� ��� " �*��"? � 8� ���%� '�� ���

" �� %"0"���"? #��

���4"! �%��7� ���%��"����*���"� �%�� �WT1�� �'������+����%*��0�����

+�� ?%�"��� �%� �� ���$���"��PGIQ(� �%/� 6*�� ���4"! � �%�*�"���%� %*�

�0������ � *�%������*+�����+��"� ��%#�

�%��� ������� ���4�;�� ��� ��%"%� %�� +*4'"�?� � � � FJIB� � � '�� ��$"%���

���*V��"��S�Bone�marrow�WT1�levels�at�diagnosis,�post�induction�and�

post�intensification�in�adult�de�novo�AML.��������*(�1#)#(�.�8�%(��#����

�'�PIIKQ#�
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����� ��2�"�������%� ��� '�%� ���4�;�%� +���� '�� �4�� �"? � ��'� ������ ���
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�

I# D*��'��������� ���7���� "���* �+�+�'�+�����" � ���� ��'��"%�E��

���'�%��%�*�"�%(�� �%*����'"-��"? (�� ��'�� 9'"%"%����'�%���%*'����%(�
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a  b s t r a  c t

The study  of genetic  lesions  in  AML cells is  helpful to  define the prognosis of  patients  with this disease.

This study  analyzed the frequency and  clinical  impact of recently described gene alterations,  isocitrate

dehydrogenase 1  (IDH1)  and isocitrate  dehydrogenase  2  (IDH2) mutations, in  a series  of  homogeneously

treated patients  with  primary  (de  novo) AML.

Two-hundred  and seventy-five  patients  enrolled  in the CETLAM  2003  protocol were  analyzed.  IDH1

and IDH2  mutations  were  investigated by  well-established  melting curve-analysis  and direct sequencing

(R140 IDH2 mutations).  To  establish  the  percentage of the mutated  allele a  pyrosequencing  method was

used. Patients were  also  studied for NPM, FLT3,  MLL,  CEBPA,  TET2 and  WT1 mutations.

IDH1 or  IDH2 mutations  were  identified  in  23.3% AML cases  and  in  22.5% of those  with  a normal

karyotype. In  this  latter  group,  mutations  were associated with short  overall  survival. This  adverse  effect

was even  more evident  in patients with  the  NPM or  CEBPA  mutated/FLT3  wt genotype.  In all the cases

analyzed, the normal  allele  was  detected, suggesting  that  both mutations  act  as  dominant  oncogenes.  No

adverse clinical impact  was  observed in cases  with  TET2  mutations.

IDH1 and  IDH2  mutations  are  common  genetic  alterations  in  normal  karyotype  AML.  Favourable

genotype NPM  or CEBPA  mutated/FLT3  wt can be further categorized  according  to  the  IDH1  and  IDH2

mutational status.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Acute myeloid leukemia (AML) is caused by somatic mutations

in genes that control normal cell  proliferation and differentiation.

Characterization of  these genes has allowed a more refined classi-

fication of AML, enabling the identification of potential therapeutic

targets and the definition of prognostic subgroups [1].

Genetic  lesions of isocitrate dehydrogenases 1 (IDH1) and 2

(IDH2) have been identified as early steps in  the progression of

gliomas to high-grade tumors [2,3]. Whole DNA genome sequenc-

ing has revealed that IDH1 and IDH2 may  also be mutated in

acute myeloid leukemia (AML) samples [4].  Additional studies in

∗ Corresponding author at: Servei de Laboratori dı̌Hematologia, Institut

dı̌Investigacions Biomèdiques Sant Pau, Hospital de  la Santa Creu i Sant Pau, Uni-

versitat Autònoma de Barcelona, Mas Casanovas 90,  08041 Barcelona, Spain.

Tel.: +34 93 5537378; fax: +34 93 5537373.

E-mail address: jnomdedeu@santpau.es (J. Nomdedéu).

large AML  cohorts  have confirmed this finding and have demon-

strated that  these lesions may also be present in myelodysplastic

and myeloproliferative disorders. In  the AML setting, and in sharp

contrast with findings in gliomas, IDH1 and IDH2 mutations are fre-

quently associated with blastic transformation or aggressive forms

[5–8].

Ongoing studies indicate that the mechanisms of leuke-

mogenesis associated with IDH1 and IDH2 mutations involve

functional shifts  in metabolic pathways with generation of 2-

hydroxyglutarate [9–11], increases in the production of reactive

oxygen species (ROS), cooperation with other oncogenes [12] and

hypermethylation that disrupts TET2 function [13,14].  Findings

about the  possible adverse prognosis of these mutations in normal

karyotype AML  have aroused great interest because they could pro-

vide additional prognostic stratification and guide post-remission

treatment.

In  this study, the Spanish CETLAM group analyzed the frequency

and clinical impact of IDH1, IDH2 and TET2 mutations in a large

series of adults with primary AML.

0145-2126/$ –  see front matter ©  2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.leukres.2012.03.019
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Table 1
Characteristics of the whole series.

Whole (n  = 275)

IDHwt (n =  211) IDHmut (n  = 64) P

No. % No. %

Sex 0.306

Male 120  56.9% 41 55  64.1%

Female 91  43.1% 23 17–71  35.9%

Age, median (range) 52 (18–73) 58  (17–71) 0.149

<50 years 103 48.8% 21 32.8% 0.024

>50 years 108 51.2% 43 67.2%

WBC  × 109/L, median (range) 19.85 (0.7–289) 23.05 (0.8–408) 0.508

≤20 ×  109/L  109  51.7% 31 48.4% 0.652

>20 × 109/L 102  48.3% 33 51.6%

Blood blasts %, median (range) 67.8 (0–100) 78.5 (12–100) 0.539

<90% 152 72.4% 43 67.2% 0.422

≥90% 58 27.6% 21 32.8%

Platelet, median (range) 69 (4–23000) 57  (8–2369) 0.456

LDH, median (range) 785  (2–13460) 665.5 (3–7219) 0.713

FAB 4/5 0.002

FAB4/5 109  51.7% 47 73.4%

Others 102  48.3% 17 26.6%

Cytogenetics 0.640

Normal karyotype 92  49.2% 27 45.3%

Others 95 50.8% 29 54.7%

Cytogenetic risk group 0.184

Favorable 22 11.8% 3 5.8%

Intermediate 135  72.2% 44 84.6%

Adverse 30 16% 5 9.6%

FLT3-ITD 0.231

Wild-type 157  73.4% 49 80.3%

ITD 57 26.6% 12 19.7%

NPM1 0.324

Wild-type 98 62.4% 25 54.3%

Mutated 59  37.6% 21 45.7%

CEBPA 0.322

Wild-type 183  95.3% 56 98.2%

Mutated 9  4.7% 1 1.8%

MLL 0.105

Wild-type 193  95.5% 54 90.0%

Mutated 9 4.5% 6 10.0%

WT1  mutations 0.004

Wild-type 166  87.4% 58 100.0%

Mutated 24 12.6% 0 0.0%

CR 0.985

Yes 158 74.9% 48 75.0%

No 53  25.1% 16 25.0%

Exitus 0.954

Alive 75  35.5% 23 35.9%

Exitus 136  64.5% 41 64.1%

Relpase 0.864

Non-relapsed 135  64.0% 42 65.6%

Relapsed 76  36.0% 22 34.4%

2. Materials and methods

Patients included were between 17 and 73 years  of age.  They were all treated

according to  the CETLAM-03 protocol and had a stored DNA sample for molecular

study.

Induction therapy consisted of 1  or 2  courses of  idarubicin 12  mg/m2 IV

days 1,3,5, cytarabine 500 mg/m2/12 h over 2  h  IV days 1,3,5,7 and etoposide

100 mg/m2 IV on days 1, 2 and 3. This  was followed by a consolidation phase

with mitoxantrone 12 mg/m2 IV from days 4  to 6, and cytarabine 500 mg/m2/12  h

IV from days 1  to  6. Patients also received G-CSF priming, consisting of

150 mg/m2 administered subcutaneously (SC) from day 0 to the last day  of

induction and/consolidation CT. Post-consolidation treatment was risk-adapted:

high-dose cytarabine 3  g/m2 IV on  days 1,  3,  5 was administered to patients

with CBF AML; autologous stem  cell transplant (SCT) was performed in patients

with a normal karyotype, leukocyte count below than 50 × 109/L  and FLT3 wt;

and  allogeneic SCT (either myeloblative or reduced intensity conditioning) was

given in patients with adverse cytogenetics, FLT3/ITD or MLL  rearrangements.

Informed consent was  obtained from all  patients, both for therapy and for storing

samples.

The main clinical and laboratory variables were recorded at diagnosis and during

follow-up, and stored at the Spanish CETLAM data center.

2.1. Molecular studies

Diagnostic samples from all patients were analyzed for  mutations in the  NPM1,

FLT3, CEBPA, MLL  and WT1  genes using well established protocols [15–17].  FLT3

results  were  indicated as positive or negative without detailing the allelic ratio  cal-

culated  between mutated/wt. FLT3 mutational studies detected allelic ratios of 0.05,

as established by  dilution experiments.

For mutational analysis of IDH1, IDH2 and TET2 genes, genomic DNA was

extracted from BM cells at diagnosis by  standard methods. IDH1 and R172 IDH2

mutations were investigated using a fluorescence melting curve analysis as previ-

ously described [18] with  minor modifications. For R140 IDH2 mutational analysis,

we carried  out  PCR amplification of the involved region followed by direct sequenc-

ing using an ABIPRISM 3100 genetic analyzer (Applied Biosystems, Foster City, CA).

Mutations were confirmed in two  separate reactions using forward and reverse

primers.

In order to assess the  amount of  the mutant allele, we performed pyrosequenc-

ing reactions in cases with IDH1 and IDH2 mutations. Pyrosequencing analysis

was  carried out on a  PyroMark® Q24 system (Qiagen, Hilden, GE) according to the

manufacturer’s protocol. The PCR reaction was carried out in a 50 �l  reaction with

100 ng of DNA containing Cl2Mg  5  mM,  10×  buffer, 200 nM dNTP Mix, 10 �M  of each

primer and  1  U Taq polymerase (Applied Biosystems, Foster City, CA). The reaction
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Table 2
Grouped categories according to cytogenetics in  the current series and in  the entire

CETLAM study population.

All  CETLAM patients Current series

MRC  groups n  %  n %

Good (GP) 73 11% 25  9%

Intermediate (I) 432 63% 179 65%

Adverse (AP) 95 14% 35  13%

Not done 85 12% 36  13%

Total 685  100% 274 100%

Karyotype

Normal 292  43% 120 44%

Other 300 44% 118 43%

Not done 93 14% 37  13%

Total 685  100% 275 100%

conditions were 95 ◦C  for 30 s,  annealing at 56 ◦C for 30 s  and extension at  72 ◦C for

30 s for 35 cycles.

For IDH1 mutation detection, the primers used were:  IDH1Biotynilated:

CATAATGTTGGCGTCAAATGTG, IDH1ACATGCAAAATCACATTATTGCC and IDH1

pyrosequencing primer: TGACTTACTTGATCCCC.

For IDH2 mutational analysis the primers used were: IDH2 GTTCAAGCTGAA-

GAAGATGTGG, IDH2Biotynilated

TGTGGCCTTGTACTGCAGAG in association with IDH2 pyrosequencing primer

AAGCCCATCACCATT for the R172K mutation and IDH2 pyrosequencing primer

AAGTCCCAATGGAACTA for R140Q.

TET2 mutations were investigated using primers and conditions previously

reported [19]. Amplimers were directly sequenced using forward and reverse

primers (exons 3–11).

2.2. Statistical analyses

For descriptive statistics, we  calculated median, mean, ranges and percentage

of cases. Proportions were compared using the Chi Square test. Differences between

continuous variables were analyzed using Student-t test. Overall survival was mea-

sured from the date of  enrolment until the date of death. Disease free survival (DFS)

for patients who  achieved a  CR was  estimated from date of CR to relapse or death.

Probability of relapse (PR) was  calculated from date of  CR to relapse. Survival prob-

abilities were estimated using the Kaplan–Meier curves and differences between

groups were analyzed by  the log-rank test.  Covariates included in the  multivariate

analysis were those with ≤0.15 significance in univariate comparisons. Multivari-

ate analysis was  performed applying the  COX  regression model with P-values <0.05

considered significant. All  computations were performed with SPSS for Windows

(Version18.0, Chicago, IL).

3. Results

3.1. IDH1 and IDH2 mutations are commonly found in de novo

AML

From a  cohort of 685 consecutive cases enrolled in the CETLAM

protocol between 2004 and 2010, the present series included the

275 AML  patients for whom a DNA sample was available. Patients’

characteristics are summarized in Table 1.  There were 161 (59%)

males and 114 (41%) women. Cytogenetic groups according to

the MRC  classification were: favorable, 25;  intermediate, 179; and

adverse, 35. No cytogenetic study was available in 36 patients. A

normal karyotype was identified in  120 (43%) patients, a propor-

tion similar to that  observed in the group without IDH analysis

(Table 2).

IDH mutations were present in 64 (23.3%) cases: 36 had  IDH1

mutations and 28 had IDH2 mutations. Nineteen of the 36 IDH1

cases had R132C while 18 of the IDH2 cases had R140Q and 10  had

R172K. IDH1 and IDH2 mutations were absent in the remaining 210

cases. (Suppl Fig. 1). Pyrosequencing reactions were performed on

51 out 64 cases with IDH1 or IDH2 mutation (79.6%). According

to the percentage of the mutated allele, all  cases had mutations

in a heterozygous state. The allelic ratio ranged between 8% and

58% percent. The cases with the lowest values corresponded to the

R172K mutation of  the IDH2 gene (Supplementary Fig. 2).

Table 3
Cyotgenetic and molecular findings associated with the  IDH1 and IDH2 mutations.

UPN  IDH1  IDH2 Moleculara Cytogenetics

24 R132G FLT3-ITD add11q23

28 R132C None −7
31 R132H  NPM1 Normal

33 R172K None +11,i17q,del10, der12

34 R172Q FLT3-ITD and MLL  Normal

49 R140Q None ND

50 R172K None +8

56 R172K None Normal

86 R132P None Complex

94 R132S None Normal

95 R132H  None ND

106  R140Q FLT3-ITD and NPM1 Normal

126  R140Q CEBPA Normal

136 R132C None del 13q

141  R140Q NPM1 Normal

147 R140Q None del 9q

153  R132C  None Inv (16)

156 R140Q None ND

157 R172K None +11

161 R132G None ND

162  R132C  FLT3-ITD del 9q21

163  R132S  None Normal

166  R132C  None del5q

172  R132H  NPM1 ND

188 R172K None Normal

203  R172K NPM1 −2,del 8q,+mar

219 R140Q None Normal

220  R132H  None Normal

233  R132C  FLT3-ITD and NPM1 Normal

257 R140Q NPM1 Normal

276  R132H  NPM1 Normal

279 R172K None Normal

291  R140Q None ND

292 R172K None ND

300  R132C  None t(12;22)

305  R132C  NPM1 del 13q14

314 R132S MLL Inv (9)

321 R132S  FLT3-ITD and NPM1 ND

323 R140Q FLT3-ITD and NPM1 Normal

324  R132C  None t(8;21)

331  R132C  None +11

348  R132C  MLL +8

349  R132S  NPM1 Normal

352 R140Q FLT3-ITD and MLL +11

364 R140Q MLL +11,i11q10

367 R140Q None Complex

368  R140Q ND Complex

384  R132C  MLL Normal

398  R132C  NPM1 Normal

423  R132L  FLT3-ITD and NPM1 ND

425  R172K NPM1 +8

428  R140Q NPM1 Normal

432  R132C  FLT3-ITD Normal

443  R132C  None Normal

460  R140Q None Normal

470  R132H  NPM1 del 9q21

471  R132H  NPM1 ND

474  R132H  NPM1 Normal

480  R132C  None del 5q31  20q21

488  R172K None 7q+,del 3

491  R132C  FLT3-ITD Normal

495  R132C  FLT3-ITD and NPM1 Normal

496  R140Q NPM1 Normal

502  R132C  None Normal

a NPM1 molecular analysis was lacking in 17 cases.

CEBPA mutation study was not available in  6  cases.

MLL was not  performed in 3 cases and FLT3 was not investigated in one case.

In  this series 80 (29%) of  the  275 samples had  NPM mutations

and 65  (25%) had FLT3-ITD mutations. IDH mutations were thus

the third most  frequent mutation after NPM and FLT3-ITD. IDH

mutations were associated with NPM mutations in 21 cases, with
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Table 4
Induction results in this study group.

Whole

IDHwt IDHmut P

CR 157 (74%) 48 (75%) 0.718

Refract 23 (11%) 5  (8%)

Exitus 31 (15%) 11 (17%)

Normal Karyotype

CR 74 (80%) 17 (63%) 0.086

Refract 7  (8%)  2  (7%)

Exitus 11 (12%) 8 (30%)

Normal  Karyotype NPM or CEBPA+/FLT3-

CR 21 (95%) 6 (67%) 0.030

Exitus 1 (5%) 3 (33%)

FLT3-ITD in  12, with MLL-PTD in six and with CEBPa in one case.

We did not find any cases of IDH1/2 and WT-1 mutations (Table 3).

Table 4 shows the induction results according to IDH status  in

the whole series, in the normal karyotype and in the favorable

genotype (NPM or CEBPA mutated/FLT3 wt)

The OS, DFS, PR and CI in the whole series, in the nor-

mal  karyotype, and in the favourable genotype (NPM or CEBPA

mutated/FLT3 wt) were matched with demographic and biologic

factors. These results are shown in Supplementary Tables 1–3.

3.2. IDH1 and IDH2 mutations were associated with poor

prognosis in normal karyotype AML

In the entire series there were no differences in survival

or relapse between IDH1/2 mutated and  non-mutated cases

(Supplementary Fig. 3).  In contrast, when analysis was  restricted to

AML  patients with a  normal karyotype we observed a significantly

adverse OS and DFS in patients with IDH mutations (Fig. 1).

3.3. IDH1 and IDH2 mutations abrogated the good prognosis

associated with the NPM or CEBPA mutated/FLT3 wt genotype in

normal karyotype AML

Based on the results in normal karyotype AML,  we focused our

analysis on the intermediate prognosis cytogenetic group which

included normal karyotype and represents the most  common sub-

group with IDH mutations (179 cases, with 44 mutations, see

Table 1).

The favourable genotype (NPM or CEBPA mutated/FLT3 wild-

type) was detected in 31 patients. The  induction CR was also

significantly different in IDH mutated and the IDH wt  group

(Table 4).

The presence of IDH mutations led to unfavorable OS and DFS

in this subgroup (Fig. 2 and  Table 4). Table 5 shows the causes of

treatment failure associated with the presence of IDH mutations.

Multivariate analysis performed on the whole series showed

that sex and leukocyte/blast cells were independent prognostic

Table 5
Mortality causes in normal karyotype AML  with the  NPM or CEBPA mutated/FLT3

wt genotype and IDH mutations.

UPN Induction results Status OS (months) EXITUS

31 CR Died 2.135 Septic Shock E. Coli

141 CR Died 13.338 Disease progression

257 CR Alive 58.541

276 CR Alive 62.911

349 Exitus Died 0.329 Multiorganic failure

398 RCR Died 10.512  Septic shock GVDH

428 CR Died 6.472 Implant failure after BMT

474 Exitus Died 0.394 Septic shock

496 Exitus Died 0.230 Septic shock

factors regarding overall survival (OR(95% CI):1.8(1.1–2.3), P = .013

and 1.5(0.7–2.2), P  = 0.028 respectively. Patients with NPM muta-

tions had fewer  relapses (OR(95% CI):2.6(1.5–4.5), P = .004). Older

patients had approximately twice the probability of  relapse and

worse  outcome than younger patients. When COX regression

analysis was  applied to normal karyotype AML  the significant

variables were: age, leukocyte number, FLT3-ITD status regard-

ing OS (OR(95% CI): 1.8(1.1–3), P.015, and 1.5(1–2.6), P = .052 and

1.7(1–2.7), P = .042,  respectively. NPM mutations were independent

prognostic factor for relapse rate and  DRS (OR(95% CI):  1.8(1–3.2),

P = .039  and 2.9(1.5–5.7), P = .002 respectively. IDH mutational sta-

tus predicted that patient harbouring mutations had twice the

probability of relapse and  worse outcome than patients without

these mutations (Table 6). Genetic analysis of normal karyotype

AML including  IDH genes provided valuable information in terms

of survival projection (Supplementary Fig. 4).

No differences were detected in survival based on the number

of mutated IDH1 or IDH2 alleles  (data not shown).

3.4. TET2 mutations were common in AML and were devoid of

adverse prognostic impact

Based on the overlapping function of IDH and TET2 mutations,

we  focused our analysis on cases without IDH mutations. In  158

samples, the entire  coding sequence (exons 3–11) was  analyzed

by direct  sequencing. We found 15 mutations in 14 cases (6.3%)

(see Table  7). Germ-line DNA was  also analyzed to rule out TET2

polymorphisms.

We found statistically significant associations between TET2

mutations, older age and number of cycles of chemotherapy

required to achieve CR (Supplementary Table 4a).  All  the cases

showed a heterozygote pattern of mutation.

TET2 did not have an adverse prognostic impact on OS, DFS or

PR in  any the analyzed groups (whole series, normal karyotype

and patients with a normal karyotype with a favorable genotype)

(Supplementary Table 4b).

4.  Discussion

In  this  multicentric study in the Spanish population we  found

that IDH mutations are common in AML, since they are present

in 22.5% of patients with a normal karyotype. Outcome was poor

in patients with IDH mutations and normal karyotype and also

in those  with IDH mutations and the favourable genotype (NPM

or CEBPA mutated/FLT3 wt genotype). This is a relevant finding

because these patients with  the  favourable genotype are  usually

treated less intensively sparing BMT. Significantly, most patients

with IDH mutations in  this report died in a relatively early phase

after induction therapy. Four patients with the NPM or CEBPA

mutated/FLT3 wt genotype died from septic shock while only one

died from progressive leukemia.

Leukemias with IDH or  TET2 mutations are characterized by

a marked DNA hypermethylation. Promoter involvement by this

process determines a  transcriptional silencing of pivotal myeloid

factors. We  found a  frequency of 6.3% of cases with TET2 mutations.

These results are in  line with previously reported series [20–22]. In

our  patients, TET2 mutations did not have an adverse prognostic

impact but were  associated with older patients [20,22].

Improvements in  therapy for AML  require a better understand-

ing of the cells that proliferate and maintain this malignancy. These

are  the  leukemic  stem cells (LSC) [23,24] which remain after treat-

ment  and give rise to  the regrowth of the neoplasm, leading to

clinical  relapses. For this reason, the number, immunophenotype

and molecular pathways of LSC in normal karyotype AML are cur-

rently being investigated. IDH mutations provide a LSC  functional
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Fig. 1. IDH1 and IDH2 mutations prognostic impact in normal karyotype AML.(a) Survival  analysis (OS). (b) Disease free survival (DFS). (c) Probability of  relapse (PR). Curves

corresponding to IDH mutated (red) and non-mutated (blue) normal karyotype AML  cases.  Survival time in  months.

phenotype, and consequently, the associated poor  prognosis could

be attributed to a  larger leukemic compartment. Leukemias with

more aggressive behaviors would likely have a greater number of

LSC  [25]. However, our findings suggest that the mechanisms of

therapeutic failure associated with IDH mutations could be more

complex than chemoresistance alone. Remarkably, in line with the

pyrosequencing quantitation results, IDH1 and  IDH2 mutations act

with a dominant pattern and the behavior of each mutant may  be

different [26].

Marcucci et al. [27] analyzed 358 patients with de novo AML

and a normal karyotype and  found IDH mutations in 33% of cases. In

agreement with our findings, these mutations were associated with

a poor outcome, especially in cases with the NPM mutated/FLT3 wt

genotype. In Marcucci’s series, 199 patients were aged >60 years.

Oki  et al.  [28] recently found that IDH mutations are extremely

rare  in  pediatric patients. These studies suggest that the frequency

of IDH mutations in AML  is dependent on age of the patients. Green

et  al.  [29] reported a series of younger patients with de novo AML

and they found that the  prognosis of IDH1 mutations was associated

with FLT3 status. Abbas et al. [30] also  demonstrated the  associa-

tion  of IDH  mutations with normal karyotype AML  and reported the

association with  JAK2 mutated MPN. In two  separate works Chou

et  al. [31,32] published their experience in Chinese AML  patients.

IDH1 mutations did not  have an adverse prognostic impact but they

were associated with a normal karyotype and the mutation was

stable when analyzed at  relapses. In  their study, IDH2 mutations

were also devoid of adverse prognosis. The stability of the muta-

tion was  also  demonstrated for IDH2. Like Chou et al. [31,32] we
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Fig. 2. IDH1 and IDH2  mutations help to stratify favorable genotype AML. (a) Survival analysis (OS). (b) Disease free survival (DFS). (c) Probability of relapse (PR). Curves

corresponding to IDH mutated (red) and non-mutated (blue) normal karyotype AML  cases. Survival time in  months.

also found that IDH2 mutations were rarely associated with WT1

mutations.

Boissel et al. [33] reported their experience in 937 patients

whose ages ranged from 15 to 70, and again found a poor outcome

in patients with a  favourable genotype and  normal karyotype AML.

The importance of evaluating IDH status was also seen in  a Ger-

man  study [34]. In a series of 805  adults, Paschka et al. [34] found

IDH mutations in 129 (16%) patients. In line with our results, the

molecular refinement provided by IDH mutations could identify

two prognostic groups in the NPM or CEBPA  mutated/FLT3 wt geno-

type patients. However, Green et al. [35] findings suggested that the

adverse prognostic impact of IDH2 mutations could be  attributed

to  the aggressive behavior of R172 mutated cases. These results are

in line with earlier experimental data  and  the low allelic burden

found in our AML samples with the R172 mutation.

TET2 analysis did not help to refine the  adverse prognostic

impact provided by IDH mutational study. It  remains to be  inves-

tigated whether its identification in clinical samples, especially in

older  patients, can provide successful therapeutic options.

In  summary, the clinical relevance of the IDH mutations needs

to be  tested in prospective trials of de novo AML. The combination

of melting curve analysis and rapid sequencing protocols such as

those provided by pyrosequencing devices could be appropriate in

this setting  [35,36].
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Table 6
Cox analysis of the whole series and in  the normal karyotype (NK) AML.

Whole

OS DFS PR

P P P

Male vs. Female 1.6 (1.1–2.3) 0.015

>50 years vs. <50  years 2.3 (1.6–3.3) <0.001 2.3 (1.6–3.3) 0.007 2.3 (1.6–3.3) 0.040

>90%Bl vs. <90%Bl. 1.5 (1.5–2.2) 0.028

NPMwt vs. NPMmut 1.9 (1.2–3.) 0.004 2.6 81.5–4.4) 0.004

Normal Karyotype

>50  years vs. <50  years 1.8 (1.1–3) 0.015

>90%Bl vs. <90%Bl. 1.6 (1–2.6) 0.052

FLT3-ITD vs. FLT3wt 1.7 (1–2.7) 0.034

NPMwt vs. NPMmut 1.8 81–3.2) 0.039 2.9 (1.5–5.7) 0.002

IDHmut vs. IDHwt 2.1 (1.2–3.5) 0.006 2.7 (1.4–5.2) 0.004 2.5 (1.1–5.6) 0.020

Table 7
TET2 mutations in the whole series.

UPN DNA mutation Protein mutation

053-03 c.1326 1327delCA p.T443NfsX11

058-03 c.4600C>T p.Q1534X

060-03 c.3818A>G p.T1270A

105-03 c.2477GT>TA p.S826I

108-03 c.452 453delTG p.V151EfsX10

294-03 c.4537+2T>C Splice Disruption

318-03 c.2428C>T p.Q810X

344-03 c.4393C>T p.R1465X

344-03 c.4532T>A p.L1511X

346-03 C.4679 4680insA p.Y1560X

373-03 c.1669C>T p.Q557X

415-03 c.2362G>A p.E788L

440-03 c.4527delA p.K1509SfsX8

486-03 c.4138C>T p.H1380Y

492-03 c.4935T>G p.Y1645X
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Abstract

Purpose: Most patients with acute myeloid leukemia (AML) and genetic rearrangements involving the

core binding factor (CBF) have favorable prognosis. In contrast, a minority of them still have a high risk

of leukemia recurrence. This study investigated the adverse features of CBF AML that could justify

investigational therapeutic approaches. Patients and methods: One hundred and fifty patients (median

age 42 yr, range 16–69) with CBF AML (RUNX1-RUNX1T1 n = 74; CBFB-MYH11 n = 76) were

prospectively enrolled into two consecutive CETLAM protocols at 19 Spanish institutions. Main clinic and

biologic parameters were analyzed in the whole series. In non-selected cases with available DNA

samples, the impact of molecular characterization and minimal residual disease (MRD) was also studied.

Results: Overall, complete remission (CR) rate was 89% (94% in ≤50 yr old and 72% in >50 yr,

P = 0.002). At 5 yr, cumulative incidence of relapse (CIR) was 26 � 1%, disease-free survival (DFS)

62 � 6%, and overall survival (OS) 66 � 4%. In multivariate analyses, leukocyte count above 20 9 109/

L, BAALC over-expression, and high copy numbers of RUNX1-RUNXT1 or CBFB-MYH11 after induction

chemotherapy (CT) led to increased relapse rate. Regarding OS, age >50 yr, leukocyte count above

20 9 109/L, and increased MN1 expression were adverse features. Conclusion: Age, leukocyte counts,

BAALC, and MN1 gene expressions as well as high copy numbers of RUNX1-RUNXT1 or CBFB-MYH11

after induction chemotherapy are useful tools to predict the outcome and should be considered for risk-

adapted therapy.
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Introduction

A well-defined group of acute myeloid leukemias (AMLs)
harbors chromosomal abnormalities involving the core bind-
ing factor (CBF). Core binding factor AML group includes
cases with t(8;21)(q22;q22)/RUNX1-RUNX1T1 and AML
with inv(16)(p13q22) or t(16;16)(p13;q22)/CBFB-MYH11.

Intensive chemotherapy allows 60% of these patients becom-
ing long-term survivors (1–3). This is consequence of the
high proportion of complete remissions (CR) and the relapse
incidence of approximately 30% (4).
Some patients with CBF AML have less favorable outcome.
High white blood cell counts (WBC) at diagnosis, mutations
in the C-KIT gene, and high copy number of transcripts at

© 2013 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 209
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diagnosis and/or after chemotherapy are considered adverse
factors in this group of AML. Herein, the Spanish CETLAM
group reports 150 consecutively treated patients with CBF
AML and evaluate the impact of these prognostic factors
and of other less extensively studied molecular features.
The aim of the study was identifying patients with high

relapse incidence and decreased survival who may be candi-
dates for investigational approaches.

Patients and methods

Patients and treatment

Patients studied were adults 16–69 yr old with ‘de novo’
AML with t(8;21)(q22;q22) RUNX1-RUNX1T1 or inv(16)
(p13.1q22) or t(16;16)(p13.1;q22) CBFB-MYH11 following
the 2008 WHO classification (5) and confirmed by FISH
and/or RT-PCR. Treatment was administered between 1999
and 2012 at 19 institutions according to the AML-99 and
AML-03 protocols. These trials were approved by the insti-
tutional review boards of participating centers, registered in
www.clinicaltrials.gov (NCT01716793 for AML-99 and
NCT01723657 for AML-03), and informed consent was
obtained from each patient. The study and analyses were
conducted according to the Helsinki declaration. In brief,
induction CT included one or two courses of idarubicin
12 mg/m2 intravenously (IV) days 1,3,5, cytarabine
500 mg/m2/12 h over 2 h IV infusion days 1,3,5,7, and eto-
poside 100 mg/m2 IV days 1,2,3. This was followed by one
consolidation with mitoxantrone 12 mg/m2 IV from day 4
to 6, and cytarabine 500 mg/m2/12 h IV from day 1–6 in
the two protocols. Of note, in the AML-03 trial, patients
also received G-CSF priming, 150 mg/m2 subcutaneously
(SC) from day 0 to the last day of induction and consolida-
tion CT. Subsequently, the patients went on chemotherapy
courses with high-dose cytarabine as in the Cancer and Leu-
kemia Group B trial (6). In addition, in the AML-03 proto-
col, patients with a leukocyte count above 20 9 109/L were
intended to receive autologous stem cell transplantation
instead of the high-dose cytarabine CT. If the patients expe-
rienced a leukemia relapse, an autologous or allogeneic
transplantation was proposed, depending on prior therapy
and availability of an human leukocyte antigen-identical sib-
ling or a matched unrelated donor.

Samples

At diagnosis, DNA and RNA were extracted following the
established BIOMED protocols (7). C-KIT D816 mutations
were screened (in patients with available samples) on a Light
Cycler� using a melting curve based assay with locked
nucleic acid (LNA) and mutation specific fluorogenic hybrid-
ization probes. An LNA probe was used to suppress the
amplification of the wild-type target, possibly allowing

detection of the mutant allele when this allele represented
only a minor fraction of all cells. Data were analyzed using
the Light Cycler 4.0� software (Roche Diagnostics�,
Mannheim, Germany) and the second derivate maximum
method. Exon 8 mutations were investigated by direct
sequencing using forward and reverse primers.
MN1 and BAALC were determined by real-time PCR

using the platform ABI Prism 7000 Sequence Detections
System (Applied Biosystems, Foster City, CA, USA), in
patients with RNA available. Each sample was performed in
triplicate using the TaqMan� Gene Expression Assay
(Applied Biosystems). The comparative cycle threshold
(DDCt) method was used to determine relative expression
levels, expressed as a ratio between target gene (MN1 or
BAALC) and control gene. The control gene used was ABL
using the FAM fluorochrome (Applied Biosystems). The ref-
erence values used were bone marrow samples from healthy
donors. Quantitative methods for CBFB-MYH11 and
RUNX1-RUNX1T1 analyses were detailed in previous reports
also using ABL as control gene (8). The standard chromo-
some banding analysis used was G-banding.

Statistical methods

Independent variables analyzed were age, gender, type of
CBF AML, additional cytogenetic abnormalities, FAB cate-
gory, white blood cell count (WBC) at diagnosis, treatment
protocol (AML-99 or AML-03) and in the patients with
available samples, molecular characterization, and minimal
residual disease (MRD) data. The threshold values for
mRNA levels (BAALC and MN1 genes), and for RUNX1-
RUNX1T1 or CBFB-MYH11, were established by selecting
the most accurate values by a nonparametric receiver-
operating characteristics (ROC) analysis, taking into account
the maximum ratio sensitivity–specificity. The endpoint for
the threshold was death and relapse. This approach has also
been reported by others authors (9, 10) and was applied fol-
lowing the REMARK guidelines(11, 12). Threshold values
for RUNX1-RUNX1T1 patients were as follows: MN1
expression ratio of 3.15, BAALC expression ratio of 8.031,
31018 transcript copies for MRD at diagnosis, 183 copies
after induction chemotherapy, and 33 after consolidation CT.
Threshold values for CBFB-MYH11 were as follows: MN1
expression ratio of 77.8, BAALC expression ratio of 46.63,
14442 transcript copies for MRD at diagnosis, 100 copies
after induction chemotherapy, and 82 after consolidation CT.
High gene expression and copy numbers at diagnosis,

after induction and after consolidation, were defined as
above the threshold. Dependent variables were CR achieve-
ment, cumulative incidence of relapse (CIR), disease-free
survival (DFS), and overall survival (OS). Proportions were
compared using the chi-square test. Differences between
continuous variables were analyzed with the Student’s t-test.
Time-dependent outcomes were calculated using Gray’s test
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(CIR), Kaplan–Meier curves (DFS or OS), and the log-rank
test was used for comparisons (13). After exploratory univar-
iate comparisons, multivariate analyses were performed
including variables with a P-value below 0.15 as well as
treatment protocol. This analysis was performed in the whole
series and on each CBF AML per separate. In those patients
with molecular studies available the multivariate analysis
was only performed in the whole series due to the limited
sample size. The regression model used was COX and Fine
and Gray’s test (13). The statistical packages used were the
IBM�

SPSS
� Statistics (Release 19.0.0, New York, NY,

USA), and the open source integrated development environ-
ment GNU Emacs 23.4.1 (i386-mingw-nt5.1.2600) of 2012-
02-04 on MARVIN Studio version 0.94-110 (2009–2011
RStudio, Inc., Boston, MA, USA) using the Rversion 2.14.0
(2011, The R Foundation for Statistical computing).

Results

Descriptive analysis

The main characteristics of the 150 patients appear in
Table 1. The subgroup of patients with additional molecular
analyses available had similar characteristics to those without
this additional information. Information on transcript copy
numbers was available in 114 patients at diagnosis, in 78
after induction chemotherapy, and in 77 after consolidation.
RNA samples for the gene expression analysis of MN1 and
BAALC were available in 72 patients, and multivariate analy-
ses on the impact of MRD and gene expression were per-
formed in this latter subgroup with full information. In
summary, patients with molecular studies had a distribution
of RUNX1-RUNX1T1/CBFB-MYH11 of 48%/52%, a median
age of 42 yr (72% younger than 50 yr), a median leukocyte
count of 16 9 109/L, 28% of patients relapsed and 11%
died; in cases without additional molecular studies, the dis-
tribution RUNX1-RUNX1T1/CBFB-MYH11 was 56%/44%,
median age was 43 yr old (79% younger than 50 yr), med-
ian leukocyte count was 13 9 109/L, 33% of patients
relapsed and 24% died. The values in the two groups were
not significantly different.
When comparing the two CBF AML categories, RUNX1-

RUNX1T1 AML at diagnosis had lower WBC counts at
diagnosis, more frequent additional cytogenetic abnormalities
and higher fusion transcript copy numbers than the CBFB-
MYH11 AML group (Table 1). Patients with CBFB-MYH11
AML more frequently had high WBC counts at diagnosis,
C-KIT mutations, and high expression of the MN1 gene
(Table 1).

Induction and consolidation results

Complete remission was achieved in 133 of the 150 patients
(89%; Table 1). Chemoresistance was observed in only three

patients (2%, one patient with RUNX1-RUNX1T1, and two
with CBFB-MYH11) and death during induction in 14 (9%)
cases. The results of induction were comparable in the two
groups of CBF AML; 69 (93%) CR in RUNX1-RUNX1T1
and 69 (84%) CR in CBFB-MYH11 AML. The only factor
associated with decreased probability of CR was an age over
50 yr: CR rate was 72% in patients >50 yr old vs. 94% in
those ≤50 yr (P < 0.001).
All 133 patients in CR received the first consolidation

course with mitoxantrone and intermediate-dose cytarabine.
Death during this treatment was observed in three patients
(2%). Following, 103 patients were allocated to receive
HDAC per protocol; among them, four patients (3%) did not
received additional treatment due to contraindication, 11
patients (11%) relapsed before CT, 77 (75%) received the
HDAC consolidation, and 10 (10%) patients received an
autologous transplant (protocol deviation). Twenty-seven
patients with high WBC at diagnosis and belonging to the
AML-03 protocol were allocated to autologous transplanta-
tion, which was performed in only 10 (37%) patients due to
early relapse in 5 (19%) or mobilization failure 12 (44%);
the latter five patients subsequently received HDAC.

Relapse incidence

After a median follow-up of 31 months (range,
1–128 months), 34 of 133 patients developed leukemia
relapse. Cumulative incidence of relapse at 5 yr was
26 � 1%. There were no statistical differences between
RUNX1-RUNX1T1 and CBFB-MYH11, 23 � 5% and
29 � 6%, respectively (P = 0.354; Table 2).
Patients with a WBC at diagnosis above 20 9 109/L had

a relapse incidence at 5 yr of 40 � 7% compared with
16 � 5% in those with ≤20 9 109/L (P = 0.001; Fig. 1A).
In multivariate analysis, the adverse impact of higher WBC
was confirmed as well as the treatment protocol (Table 2).
Table 3 shows the univariate impact of extended molecu-

lar characterization and MRD assessment in the two CBF
AML groups per separate. C-KIT mutations in RUNX1-
RUNX1T1 AML, MN1, and/or BAALC over-expression in
CBFB-MYH11 cases associated with high incidence of leu-
kemia recurrence.
Multivariate analysis in patients with molecular studies,

high BAALC expression (Fig. 1B), and/or high fusion tran-
script copy numbers after induction chemotherapy were
identified as independent prognostic factors (Table 4).

Disease-free survival

After a median follow-up for alive and CR patients of
31 months (1–128), 34 of the 133 patients relapsed and 10
died in remission, resulting in a DFS of 62 � 6%. High
WBC at diagnosis (>20 9 109/L) was associated with
decreased DFS in the multivariate analyses of the whole
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Table 1 Main characteristics of the series

Whole series RUNX1-RUNX1T1 CBFB-MYH11

Patients 150 74 (49%) 76 (51%) P

Protocol

AML-99 54 (36%) 25 (34%) 29 (38%) 0.577

AML-03 96 (64%) 49 (66%) 47 (62%)

Cohorts

1998–2001 37 (25%) 16 (43%) 21 (57%) 0.534

2002–2005 48 (32%) 25 (52%) 23 (48%)

2006–2009 44 (29%) 20 (45%) 24 (55%)

2010–2012 21 (17%) 13 (62%) 8 (38%)

Age, mean/median (range), yr 41/42 (16–69) 41/41 (16–69) 41/42 (18–68) 0.887

≤50 yr 110 (73%) 56 (76%) 54 (71%) 0.522

>50 yr 40 (27%) 18 (24%) 22 (29%)

Gender

Male 84 (56%) 45 (61%) 39 (51%) 0.241

Female 66 (44%) 29 (39%) 37 (49%)

FAB type

M2 72 (48%) 64 (86%) 8 (11%) ≤0.001
M4 21 (14%) 5 (7%) 16 (21%)

M4 Eos 45 (30%) 45 (59%)

Others 12 (8%) 5 (7%) 7 (9%)

WBC count (9109/L)

Median (range) 31/16 (1–242) 17.47/13.9 (1.4–86) 44.3/44.3 (2.3–242) <0.001

≤20 9 109/L 88 (59%) 54 (73%) 34 (45%) <0.001

>20 9 109/L 61 (41%) 20 (27%) 41 (55%)

Associated abnormalities

No 81 (58%) 31 (46%) 50 (69%) 0.006

Yes 58 (42%) 36 (54%) 22 (31%)

C-KIT mutations (n = 95) (n = 56) (n = 39) 0.003

No 65 (68%) 45 (80%) 20 (51%)

Yes 30 (32%) 11 (20%) 19 (49%)

MN1 expression (threshold) (n = 72) (3.15/77.8) (n = 34) (3.15) (n = 38) (77.8) 0.001

Mean/median (range) 29.6/4.2 (0.3–424.6%) 6.1/2 (0.03–119.6%) 50.59/26.6 (0.5–424.6)

Low 53 (74%) 21 (62%) 32 (84%)

High 19 (26%) 13 (38%) 6 (16%)

BAALC expression (threshold) (n = 72) (8.031/46.6) (n = 34) (8.031) (n = 38) (46.6) 0.582

Mean/median (range) 35.8/20.9 (0.19–205.1) 33.12/21.6 (0.2–135.1) 38.2/20.9 (0.5–205.1)

Low 30 (42%) 8 (24%) 27 (71%)

High 42 (58%) 26 (76%) 11 (29%)

Induction results

Complete remission 133 (89%) 69 (93%) 64 (84%) 0.216

After 1 course 116 (87%) 61 (88%) 55 (86%)

After 2 courses 17 (13%) 8 (12%) 9 (14%)

Death during induction 14 (9%) 4 (6%) 10 (13%)

Refractory 3 (2%) 1 (1%) 2 (3%)

Copy number at Dx,1 n:114 (threshold) 31018 copies 14442 copies

Mean/median (range) 25773/15000 (8.4–225806) 24137/39582 (3631–22580) 12901/110300 (8.4–58862) 0.510

Few copies 78 (68%) 36 (65%) 42 (72%)

High copies 36 (31%) 19 (35%) 17 (28%)

MRD after induction, n:78 (threshold) 183 copies 100 copies 0.676

Mean/median (range) 431.9/19.05 (0–2700) 691/20 (0.01–20 700) 38/18 (0–148)

Few copies 67 (86%) 41 (87%) 26 (84%)

High copies 11 (141%) 6 (13%) 5 (15%)

MRD post consolidation, n:77 (threshold) 33 copies 82 copies 0.609

Mean/median (range) 55.1/4.87 (0–1727) 43/4 (0–680) 69/5.41 (0–1727)

Few copies 65 (12%) 33 (81%) 32 (88%)

High copies 12 (16%) 8 (19%) 4 (11%)

1Specific transcript copy number. Bold values: P -value < 0.050.

AML, acute myeloid leukemia; Dx, diagnosis; FAB, French-American-British; MRD, minimal residual disease; WBC, white blood cell counts.
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series (Table 2). Regarding increased levels of biomarkers
(Table 3), the multivariate analysis (Table 4) showed that
high MRD after induction treatment had independent nega-
tive impact on DFS (Fig. 2).

Overall survival

After a median follow-up for alive patients of 55 months
(range 1.7–38 months), OS for the whole series was
66 � 4% at 5 yr, 69 � 6% for patients with RUNX1-
RUNX1T1, and 64 � 6% in those with CBFB-MYH11
(P = n.s.). Factors associated with decreased OS in multivar-
iate analysis were age >50 yr, WBC >20x109/L, and high
MN1 expression (Tables 2 and 4). Because MN1 was not
available in all patients, we used age and WBC to separate

three groups of patients with significantly different survival.
Sixty-one patients without adverse factors had a 80 � 5%
probability of OS at 5 yr, 75 patients with one factor had a
OS of 61 � 6%, and 13 with two factors had poor outcome,
with overall survival of 36 � 14%, P = 0.002 (Fig. 3). This
separation in three categories was reproducible in the smaller
subset of patients with studies on MN1 expression. Of note,
there is a statistical trend supporting that MN1 over-expres-
sion may add prognostic significance in patients with 0–1
adverse factors (Fig. 4); in this group, OS at 5 yr was
76 � 6% in patients with low MN1 expression vs.
50 � 12% in those with high expression (P = 0.082). When
analyzing categories with 0 and 1 adverse factors per sepa-
rate, survival at 2 yr was lower in patients with MN1 over-
expression, although the differences did not reach statistical
significance (67 � 16% vs. 88 � 6% in group 0, 29 � 17%
vs. 71 � 10% in group 1).

Discussion

The series reported here confirms the high CR rate, the
infrequent chemoresistance, and the prognostic value of age
and WBC at diagnosis in CBF AML. As in other reports,
patients older than 50 yr had lower probability of achieving
CR due to higher induction death rate and worse survival
than younger patients (14–17). Despite this, the 5-yr OS in
this series of older age group was 50%, substantially higher
than the observed in other AML subtypes.
A high WBC at diagnosis is a classical adverse feature in

CBF AML (18, 19). We also observed this negative impact
in our report with the best cut-off value being 20 9 109/L,
in line with other authors (19–21). Low compliance of autol-
ogous transplantation in this series, mostly due to poor stem
cell harvest, makes unclear whether this procedure had an
impact of decreasing relapses on patients with high WBC.
This decrease could also be the consequence of administer-
ing intermediate-dose cytarabine during induction or the use
of G-CSF priming in our more recent protocol. Additional
prospective investigation on the role of hematopoietic trans-
plantation, either allogeneic or autologous, in patients with
CBF AML and high WBC is mandatory.
Despite the limitation of the sample size, we confirmed

that C-KIT mutations conferred adverse outcome (22–24) in
patients with RUNX1-RUNX1T1 AML but not in CBFB-
MYH11 leukemia. The same finding was observed by other
authors (24–26). Therefore, patients with RUNX1-RUNX1T1
AML and C-KIT mutations could be considered for intensi-
fied consolidation approaches and/or targeted therapy with
tyrosine kinase inhibitors (26).
A key finding from our study was that over-expression

of genes with prognostic impact in normal karyotype AML
also had adverse influence on the outcome of CBF AML.
As descriptive finding, we and others observed that patients
with CBFB-MYH11 had higher MN1 expression levels than

A

B

Figure 1 (A) Cumulative incidence of relapse (CIR) (n: 130) depending

on WBC at diagnosis in the whole series (threshold: 20 9 109/L).

Green: WBC ≤ 20 9 109/L; Blue: >20 9 109/L. (B) CIR depending on

BAALC expression (n: 63). (threshold ratio: RUNX1-RUNX1T1/ABL, 8;

CBFB-MYH11/ABL, 46.6). Green: BAALC expression ratio (BAALC/

ABL) ≤8 in RUNX1-RUNX1T1 or ≤46.6 in CBFB-MYH11; Blue: BAALC

expression ratio >8 or >46.6.
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patients with RUNX1-RUNX1T1 (27). Our observation on
the prognostic impact of BAALC on CBF AML is consis-
tent with the observed in other AML subgroups. Higher
relapse rate, lower DFS or OS for patients with BAALC
(28, 29), or MN1 (30, 31) high expressions have been
observed in patients with AML and normal or other inter-
mediate-risk cytogenetics; we show here the same negative

impact on CBF AMLs remarkably; we found that MN1
expression could add valuable prognostic information to
age and WBC.
High copy numbers of the rearranged genes after induc-

tion chemotherapy were predictive for relapse. The relevance
of MRD assessment after treatment has also been empha-
sized by other authors and is becoming a useful tool for
risk-adapted postremission treatment in AML.

Table 4 Multivariate analysis of the group of patients with molecular studies (n = 72)

Multivariate

Outcome

CIR DFS OS

AML-99 vs. AML-03 P = 0.610 P = 0.363 P = 0.398

OR (95% CI) 1.3 (0.4–4.1) 1.6 (0.6–4.6) 1.1 (0.4–3)

Age >50 yr vs. ≤50 yr NI NI P = 0.091

OR (95% CI) 1.8 (0.5–7.8)

Leuc >20 9 109/L vs. ≤20 9 109/L P = 0.076 P = 0.260 P = 0.350

OR (95% CI) 2.6 (0.9–7.8) 1.6 (0.7–3.9) 1.6 (0.6–4.7)

Assoc. Cyt. Abn. No vs. yes P = 0.103 P = 0.076

OR (95% CI) 0.4 (0.1–1.2) 0.3 (0.1–1.1)

MN1 high vs. low exp. P = 0.540 P = 0.152 P = 0.040

OR (95% CI) 1.5 (0.4–5.9) 2 (0.8–5.3) 3.4 (1–11)

BAALC high vs. low exp. P = 0.045 NI NI

OR (95% CI) 3.7 (1–13.5)

Copy number at Dx high vs. low copies P = 0.120 P = 0.350 P = 0.873

OR (95% CI) 3 (0.7–12.4) 1.7 (0.6–5) 1.1 (0.2–3.5)

MRD post induction high vs. low P = 0.048 P = 0.029 P = 0.022

OR (95% CI) 15.2 (0.7–348.6) 17.3 (1.4–217.1) 38.6 (1.7–890.6)

MRD post consolidation CT high vs. low P = 0.720 P = 0.303 P = 0.188

OR (95% CI) 0.6 (0–9.1) 0.2 (0–4) 1.1 (0.2–5.1)

AML, acute myeloid leukemia; CIR, cumulative incidence of relapse; DFS, disease-free survival; NI: variables not introduced in the multivariate

analysis (P-value in univariate analyses >0.15); OS, overall survival; WBC, white blood cell counts. Bold values: P- value <0.050.

p = 0.002

61±6%, n = 75

80±5%, n = 61

36±14%, n = 13

Figure 3 Overall survival depending on the number of adverse factors

(age >50 yr and WBC > 20 9 109/L). Red: 0 adverse factors; Green:

1 adv factor; Blue: 2 adv factors, regarding age > 50 yr and

WBC > 20 9 109/L.

Figure 2 Disease-free survival depending on minimal residual disease

after induction treatment in patients with molecular studies (n: 73).

(threshold ratio: RUNX1-RUNX1T1, 183 copies; CBFB-MYH11, 100

copies). Green: MRD post induction CT RUNX1-RUNX1T1 ≤183 cop-

ies or CBFBMYH11 ≤100 copies; Blue: >183 copies or >100 copies.
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In summary, from the series of patients with CBF AML
reported here becomes clear that the current treatment
approach is adequate for patients younger than 50 yr with
≤20 9 109/L leukocytes at diagnosis. In contrast, results are
unsatisfactory in patients above 50 yr with high leukocytes.
In our experience, over-expression of BAALC and MN1 at
diagnosis, as well as transcript copy numbers after induction
provided additional prognostic information. Therefore, there
is room for improvement in patients with these adverse
molecular features. In these cases, tailored postremission
approaches including allogeneic transplantation and targeted
therapy deserve investigation, preferably into clinical trials
of international collaboration.
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ORIGINAL ARTICLE

Bone marrow WT1 levels at diagnosis, post-induction and
post-intensification in adult de novo AML
JF Nomdedéu1, M Hoyos2,3, M Carricondo1, E Bussaglia1, C Estivill1, J Esteve4, M Tormo5, R Duarte6, O Salamero7, MPQ de Llano8,
A Garcı́a9, J Bargay10, I Heras11, JM Martı́-Tutusaus12, A Llorente13,{, JM Ribera14, D Gallardo15, A Aventin1, S Brunet3 and
J Sierra3 On behalf of the CETLAM Group

We retrospectively assessed whether normalized bone marrow WT1 levels could be used for risk stratification in a consecutive
series of 584 acute myeloid leukemia (AML) patients. A cutoff value of 5065 copies at diagnosis identified two prognostic groups
(overall survival (OS): 44±3 vs 36±3%, P¼ 0.023; leukemia-free survival (LFS): 47±3 vs 36±4%, P¼ 0.038; and cumulative
incidence of relapse (CIR): 37±3 vs 47±4%, P¼ :0.043). Three groups were identified on the basis of WT1 levels post-induction:
Group 0 (WT1 between 0 and 17.5 copies, 134 patients, OS: 59±4%, LFS:59±4% and CIR: 26±4%); Group 1 (WT1 between 17.6 and
170.5 copies, 160 patients, OS: 48±5%, LFS:41±4% and CIR: 45±4%); and Group 2 (WT1 4170.5 copies, 71 patients, OS: 23±6%,
LFS: 19±7% and CIR: 68±8%) (Po0.001). Post-intensification samples distinguished three groups: patients with WT1 4100 copies
(47 patients, 16%); an intermediate group of patients with WT1 between 10 and 100 copies (148 patients, 52%); and a third group
with WT1 o10 copies (92 patients, 32%). Outcomes differed significantly in terms of OS (30±7%, 59±4%, 72±5%), LFS (24±7%,
46±4%, 65±5%) and relapse probability (CIR 72±7%, 45±4%, 25±5%), all Po0.001. WT1 levels in bone marrow assayed using
the standardized ELN method provide relevant prognostic information in de novo AML.

Leukemia advance online publication, 7 May 2013; doi:10.1038/leu.2013.111

Keywords: WT1; molecular diagnostics; minimal residual disease

INTRODUCTION
Minimal residual disease (MRD) analysis based on quantitative PCR
of common fusion or mutated genes is gaining acceptance as a
risk stratification tool and as a measure of impending relapse
in acute myeloid leukemia (AML). Knowledge of the genetic
mechanisms underlying leukemic transformation has markedly
enlarged the available lesions which could be used to follow AML.
However, most AML cases lack validated and standardized genetic
targets and should be followed by multiparametric flow cytometry
(MPFC), which is technically demanding.1

WT1 is a transcription factor that is overexpressed in most
de novo AML cases and in other myeloproliferative neoplasms.2–4

It is essential in mesenchymal tissue maintenance through
the Wnt4 pathway,5 and it is expressed in a small percentage
of bone marrow CD34þ cells. It is upregulated in early
myeloid progenitors, and is downregulated at later stages of
differentiation.6 Studies in mice have shown that WT1
overexpression is required for leukemogenesis.6–8 In human
leukemias, WT1 is mutated in 10% of AML and in 12–13% of
T-cell lineage ALL.9,10 Despite these findings, it is not fully
understood how WT1 overexpression and mutations contribute
to the leukemic phenotype.

WT1 expression monitoring is becoming an almost universal
target to follow de novo AML.11–16 Its expression in myeloid
malignancies is upregulated in parallel with the blast percentage.
WT1 determination has recently been standardized as a result of a
European Leukemia Net initiative.12 Raised WT1 levels at diagnosis
and post-induction have been associated with a poor outcome
in de novo adult and pediatric AML. WT1 levels have also been
used recently as a leukemia relapse predictor in bone marrow-
transplanted patients.17 WT1 levels in peripheral blood are much
lower than those in bone marrow. In line with this finding, earlier
reports have shown that best results in establishing clinical
predictions are obtained when post-induction peripheral blood
is used.18 Most currently applied MRD studies, however, are
based on routinely obtained bone marrow samples. As there is no
consensus on clinically relevant thresholds to guide clinical
decisions and to determine the optimal time-point of WT1
assessment in large multi-center trials, WT1 quantitation has not
yet gained widespread use, despite all its potential advantages.
The fact that some AML show normal WT1 levels at diagnosis
could also be partly responsible.2–4,12

To investigate the prognostic impact of the normalized
bone marrow WT1 levels at diagnosis, post-induction and
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post-intensification, we analyzed a consecutive series of de novo
AML patients from CETLAM group trials using the standardized
ELN method. At the same time, we investigated whether
the mutational status of WT1 had some influence on WT1 levels
or on the clinical outcome.

PATIENTS AND METHODS
Molecular methods
Available bone marrow samples at diagnosis (584 patients), post-induction
(365 patients) and post-consolidation (287 patients) were obtained in each
participating institution and sent to the CETLAM repository center at the
Hospital de la Santa Creu i Sant Pau in Barcelona for complete
immunophenotype and molecular analyses. Diagnostic samples from
all patients were analyzed for mutations in the NPM1, FLT3, CEBPA, MLL
and WT1 genes using well-established protocols.13,19 Mononuclear cells
were separated using Lymphoprep (Axis-Shield, Oslo, Norway) and lysed
with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. One microgram of RNA was reverse
transcribed to cDNA in a total reaction volume of 20 ml containing Cl2Mg
5 mM, 10� Buffer, DTT 10 mM, dNTP’s 10 mM each, random hexamers
15mM, RNAsin 20 units (Promega, Fitchburg, MA, USA) and 200 units of
MMLV enzyme (Applied Biosystems, Foster City, CA, USA). Samples were
incubated for 10 min at 20 1C, 45 min at 42 1C and 3 min at 99 1C, followed
by 10 min at 4 1C.WT1 expression levels were determined by real-time
quantitative PCR (RQ-PCR) in an ABI PRISM 7500 Genetic Analyzer (Applied
Biosystems), using the primers and conditions described by the ELN
group.12 For WT1 copy-number titration, the Ipsogen (Marseilles, France)
plasmid was used. Abl was used as control gene. Results were expressed as
copies and four normal bone marrow samples were used as test controls.

Treatment protocol
Patients were treated between 2004 and 2011 according to the CETLAM
AML-03 protocol trial.19 Informed consent was obtained from each patient.
Adults up to 70 years of age received induction chemotherapy
with idarubicin, intermediate-dose cytarabine and etoposide, followed
by consolidation with mitoxantrone and intermediate-dose ara-C.
Subsequently, patients with favorable cytogenetics at diagnosis received
one cycle of high-dose cytarabine. Those with a normal karytotype and
needing a single course to achieve complete remission (CR) were treated
with autologous transplantation. G-CSF priming was used during induction
and consolidation. Patients with favorable cytogenetics and high leukocyte
counts at diagnosis were treated with autologous transplantation instead
of high-dose cytarabine. A favorable genotype was defined as the
presence of NPM1 or biallelic CEBPA mutations associated with no FLT3
mutations. Patients with a normal karyotype but an adverse molecular
profile (FLT3 mutations or MLL rearrangements including partial tandem
duplications assessed by long-distance PCR) were allocated to the
treatment for unfavorable cases; this included allogeneic transplantation
from an HLA-identical donor (related or unrelated) or autologous
transplant after in vivo purging with 3 mg/m2 IV of Mylotarg (Pfizer,
New York, NY, USA). Of note, patients X50 years old with an allogeneic
donor received reduced-intensity conditioning with fludarabine and
busulfan.

Statistical methods
Overall survival (OS) was measured from the date of enrollment until the
date of death. Leukemia-free survival (LFS) for patients who achieved a CR
was calculated from the date of CR to that of relapse or death. OS and LFS
were plotted by the Kaplan–Meier method; differences between curves
were analyzed by the log-rank test. The probability of relapse
was calculated using cumulative incidence estimates and taking into
account the competing risk of death in remission. After exploratory
univariate comparisons, multivariate analyses were performed, including
the variables with P-value o0.15. The regression models used were COX
and Fine and Gray test.

The threshold values were established by selecting the most accurate
values by a nonparametric receiver-operating characteristics analysis,
taking into account the maximum ratio sensitivity-specificity. The end
point for the threshold was death and relapse. This approach was applied
following the REMARK guidelines.20

The statistical packages used were: the IBM SPSS Statistics (Release
19.0.0, IBM, Armonk, NY, USA); the open source integrated development

environment (IDE) GNU Emacs 23.4.1; the RStudio Version 0.94–110 (2009–
2011, RStudio, Inc., Wein, Austria) and the Rversion 2.14.0 from the R
Foundation for Statistical Computing.

RESULTS
WT1 levels in de novo AML samples at diagnosis
A bone marrow RNA sample at diagnosis to perform WT1
quantitation was available in 584 de novo AML cases enrolled
in the CETLAM protocol. The characteristics of this group
were equivalent to the whole CETLAM series (Table 1). The WT1
RNA results were expressed as copies. The receiver-operating
characteristics analysis revealed a 5065 cutoff value at diagnosis,
which was statistically significant in terms of sensitivity and
specificity. Using this value, cases with WT1 levels above 5065
copies had a significantly worse outcome in terms of OS, LFS and
probability of relapse (OS: 44±3 vs 36±3%, P¼ 0.023; LFS: 47±3
vs 36±4%, P¼ 0.038 and CIR 37±3 vs 47±4%, P¼ 0.043;
Figure 1). When investigating whether the adverse prognosis
was linked to any clinical and/or biological variable, we found a
statistically significant association between raised WT1 levels and
marked leukocytosis. The median leukocyte count in cases with
WT1 levels below 5065 was 9.4� 106 (0.23–400), whereas in those
with more than 5065 WT1 copies, it was 49.81� 106 (0.7–325;
Po0.001).

Normal bone marrow samples had a mean WT1 value of 200
copies. One hundred and six (18%) AML patients had WT1 levels
below 200 copies at diagnosis. When these cases are excluded, the
observed OS, LFS and CIR at diagnosis were similar to the
whole series (Supplementary Figure 1). Based on these findings,
we assumed that cases with the highest leukemic burden assessed
by WT1 copy-number quantitation had more leukocytes and,
accordingly, a bad prognosis.

Post-induction WT1 levels
WT1 post-induction levels were obtained in 365 patients. The
characteristics of these cases are detailed in Table 1.

As regards the post-induction results, three groups were
established: Group 0 (134 patients) with WT1 levels between 0
and 17.5 copies, Group 1 (160 patients) with WT1 values ranging
from 17.6 to 170.5 copies, and Group 2 (71 patients) with WT1
levels after induction greater than 170.5 copies. These groups
showed statistically significant differences (Po0.001) in terms of
OS: Group 0: 59±4 months, Group 1: 48±5 months and Group
2: 23±6 months. LFS was also statistically different: Group 0:
59±4, Group 1: 41±4 and Group 2: 19±7 (all Po0.001). Lastly,
CIR was markedly different between the three groups: Group 0:
26±4, Group 1: 45±4, and Group 2: 68±8(Po0.001) (Figure 2).
Twenty-six out of the 35 cases failing to achieve CR after induction
were in the Group 2 (WT14170.5 copies) (Po0.001).

Based on these results, we concluded that patients with
WT1 post-induction levels greater than 170.5 corresponded to
induction failures or patients with a very high risk of relapse. These
results were even more evident when cases with WT1 levels below
200 copies at diagnosis were excluded from the analysis
(Supplementary Figure 2).

Post-intensification WT1 levels
Post-intensification WT1 levels were available from 287 patients.
Table 1 shows the clinical and biological characteristics of this
subgroup compared with the whole CETLAM series.

Receiver-operating characteristics studies performed on the
available data identified three prognostically relevant groups:
cases with WT1 levels greater than 100 copies (n: 47 patients,
16%), an intermediate group with WT1 levels between 10 and 100
copies (n: 148 patients, 52%), and a third group with WT1 levels of
o10 copies (n: 92 patients, 32%). Outcomes in these three
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groups showed statistically significant differences in terms of OS
(72±5, 59±4, 30±7, Po0.001), LFS (65±5, 46±4, 24±7,
Po0.001) and relapse probability (CIR 25±5, 45±4, 72±7,

Po0.001) (Figure 3). Cases with the lowest WT1 level had a very
good prognosis, making WT1 reduction to values of o10 after
intensification a good end-point target to assess the efficacy of

Table 1. Patients’ characteristics: Whole series and cases analyzed at each time-point

Whole series WT1 diagnosis WT1 post-induction WT1 post-intensification

(n¼ 664) (n¼ 584) (n¼ 365) (n¼ 287)

Age, median (range, years) 53 (16–70) 53 (16–70) 52 (17–70) 51 (17–70)
p50 282 (42%) 250 (43%) 163 (45%) 141 (49%)
450 382 (58%) 334 (57%) 202 (55%) 146 (51%)

Gender (%)
Male 366 (55%) 330 (56%) 202 (55%) 154 (54%)
Female 298 (45%) 254 (44%) 163 (45%) 133 (46%)

WBC (� 109/l)
Median (range) 13 (0.23–408) 12 (0.23–400) 12 (0.23–400) 15(0.23–300)

FAB classification (%)
M0 45 (7%) 44 (8%) 24 (7%) 19 (7%)
M1 124 (19%) 107 (18%) 62 (17%) 54 (19%)
M2 142 (21%) 126 (22%) 93 (26%) 73 (26%)
M4 134 (20%) 113 (20%) 84 (23%) 55 (19%)
M4Eo 14 (2%) 13 (2%) 5 (1%) 5 (2%)
M5 124 (19%) 112 (19%) 54 (15%) 50 (17%)
M6 30 (5%) 25 (4%) 16 (4%) 10 (3%)
M7 7 (1%) 7 (1%) 4 (1%) 4 (1%)
AMLþdysplasia 27 (4%) 22 (4%) 15 (4%) 10 (4%)
Not classified 14 (2%) 13 (2%) 6 (2%) 5 (2%)

Cytogenetics (%) 637/664 (96%) 563/584 (96%) 356/365 (97%) 283/287 (99%)
Normal 293 (46%) 255 (45%) 164 (46%) 132 (47%)
t(8;21) 40 (6%) 39 (7%) 30 (7%) 30 (8%)
inv(16)/t(16;16) 34 (5%) 31 (5%) 20 (6%) 20 (6%)
Complex karyotype 73 (11%) 60 (11%) 38 (11%) 38 (11%)
Trisomy 8 21 (4%) 20 (4%) 13 (4%) 13 (4%)
Other abnormalities 147 (23%) 134 (24%) 82 (23%) 61 (21%)
Absence of mitosis 29 (5%) 24 (4%) 10 (3%) 10(3%)

FLT3 (%) 624/664 (94%) 553/584 (95%) 343/365 (94%) 273/287 (95%)
Wild type 483 (77%) 442 (80%) 270 (79%) 221 (81%)
Internal tandem duplication 141 (23%) 111 (20%) 73 (21%) 52 (19%)

MLL (%) 660/664 (90%) 534/584 (91%) 338/365 (93%) 265/287 (92%)
Wild type 568 (95%) 506 (95%) 319 (94%) 248 (93%)
Rearranged 32 (5%) 28 (5%) 19 (6%) 17 (6%)

NPM (%) 504/664 (76%) 454/584 (78%) 292/365 (80%) 234/287 (81%)
Wild type 334(66%) 309 (68%) 204 (70%) 152 (65%)
Mutated 172 (34%) 145 (32%) 88 (30%) 82 (35%)

CEBPA (%) 532/664 (80%) 477/584 (82%) 298/365 (82%) 238/287 (83%)
Wild type 504 (95%) 453 (95%) 282 (95%) 227 (95%)
Biallelic mutation 28 (5%) 24 (5%) 16 (5%) 11 (5%)

WT1 420/664 (63%) 366/584 (63%) 230/365 (63%) 175/287 (61%)
Wild type 379 (90%) 331 (90%) 203 (88%) 159 (91%)
Mutated 41 (10%) 35 (10%) 27 (12%) 16 (9%)

Genotype 498/664 (75%) 442/584 (76%) 284/365 (78%) 228/287 (79)
Favorable 121 (24%) 106 (24%) 64 (22%) 58 (25%)
Unfavorable 377 (76%) 336 (76%) 220 (78%) 170 (75%)

Outcome (%)
Complete remission 509 (77%) 461 (80%) 318 (88%) 287 (100%)
Refractoriness 68 (10%) 54 (9%) 35 (10%) —
Death 82 (13%) 64 (11%) 10 (2%) —

OS (months) (median, range) 17,3 (0,03–99.6) 17 (0.03–100) 22 (0.9–100) 33 (3.2–100)
LFS (months) (median, range) 16.7 (0.03–98) 17 (0.03–98) 18 (0.03–98) 23 (0.6–98)
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Figure 1. Prognostic impact of WT1 levels at diagnosis: a 5065
copies threshold identified two relevant groups. Survival analysis
(OS) (a), LFS (b) and CIR (c) curves corresponding to high WT1 (blue)
and low WT1 (green). Survival time in months (OS, LFS and CIR).
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Figure 2. Prognostic impact of post-induction WT1 levels. Each
group was identified based on WT1 copy number in post-induction
bone marrow samples. Survival analysis (OS) (a), LFS (b) and CIR
(c) curves corresponding to WT1 groups. Survival time in months
(OS, LFS and CIR).
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chemotherapeutic regimens in de novo AML. Again, when the
subgroup of patients with WT1 levels o200 copies at diagnosis
was excluded from the analysis, differences between the groups in
OS, LFS and CIR were more evident (Supplementary Figure 3).

Multivariate analysis revealed an independent prognostic value of
post-induction and post-consolidation WT1 levels
Univariate analysis disclosed statistically significant association in
terms of OS, LFS and CIR with age, cytogenetic classification
according to the MRC criteria, absence of favorable genotype
defined by FLT3 germ lineþNPM or biallelic CEBPA mutation,
WT1 levels at diagnosis, post-induction and post-intensification
(Table 2). When multivariate analysis was performed, age,
favorable genotype and WT1 levels post-intensification remained
as independent prognostic factors in terms of LFS and CIR
(Table 2). The entire database was randomly split into two groups
and the currently employed thresholds, post-induction and post-
intensification, retained its statistical significance in both groups.
These results imply that age and a relatively simple genetic
characterization (NPM, CEBPA mutations and post-intensification
WT1 levels) could provide relevant prognostic stratification in AML
trials21 (Supplementary Tables 1, 2, 3 and 4).

WT1 expression in WT1-mutated AML
Mutations in exons 7 and 9 of WT1 were investigated in 420
samples with DNA available at diagnosis. We detected 41 cases
with a WT1 mutation (10%). Cases with mutated WT1 had WT1
mean levels of 5732.71 copies compared with 9274.34 copies for
cases with non-mutated WT1 (P¼ ns) There were no statistically
significant differences between cases with mutation and wild-type
WT1 in terms of WT1 levels at diagnosis (fewer or more than 5065
copies) (Table 3). We did not find any prognostic impact in terms
of OS, LFS or CIR based on WT1 mutations. WT1 mutations were
significantly associated with age, FLT3-ITD and CEBPA mutations
(Table 3).

DISCUSSION
In this manuscript we have shown that bone marrow WT1 levels
provide prognostically relevant information at diagnosis,
post-induction and post-intensification time-points in de novo
AML cases. These results were obtained using a well-standardized
protocol that takes advantage of commercially available plasmid
reagents (Ipsogen).12 Furthermore, the most favorable WT1 level
after intensification (10 copies) was in the same range as those
obtained using chimeric targets in core-binding factor AML.22 This
subgroup of patients with very low WT1 levels had an excellent
outcome. This could make AML monitoring much easier
and provide a common theoretical target of MRD for all AML
cases enrolled in clinical protocols. Based on our findings, we
hypothesize that normal WT1 values may not be the same in
normal bone marrow as in bone marrow of patients with acute
leukemia treated with chemotherapy or BMT.23,24 In the latter
cases, the physiologic levels may be lower than in non-treated
normal bone marrow. This should be taken into consideration
when analyzing AML cohorts, given that there are B200 copies of
WT1 in normal bone marrow. These values may be even higher in
younger cases.13 The main limitation of this study is therefore that
our findings need to be confirmed in other series, specially with
regard to the clinically relevant post-intensification thresholds in
bone marrow or in peripheral blood. It should also be confirmed
whether other standardized methods of WT1 quantitation
are useful in clinical prediction and whether our findings can be
reproduced in pediatric patients.

Current AML treatment includes induction chemotherapy and
intensive consolidation. Depending on multiple genetic and
biologic data at diagnosis, patients receive additional treatment,
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Figure 3. Prognostic impact of WT1 expression in post-intensifica-
tion samples. Each group was identified based on WT1 copy number
in post-intensification bone marrow samples. Survival analysis (OS)
(a), LFS (b) and CIR (c) curves corresponding to WT1 groups. Survival
time in months (OS, LFS and CIR).
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ranging from allogeneic BMT to less-intensive chemotherapy.
The goal of these treatments is to kill leukemic cells, specially those
with stem-cell behavior. The probability of relapse in a given patient
is directly proportional to the amount of MRD for each time-point
analyzed. The need to detect small amounts of neoplastic cells and/
or leukemic nucleic acids mixed in a non-neoplastic background
has prompted the development of sensitive techniques to pinpoint
leukemic remnants. The two most commonly used techniques are
MPFC and RT-PCR based methods (real-time PCR).1,25 The main
advantages of MPFC are speed, high sensitivity and potential
application to most AML cases. However, MPFC standardization has
not been fully developed,26 and it is highly dependent on an
accurate antigenic characterization at diagnosis. MPFC also requires
optimized acquisition protocols and some degree of expertise to
analyze the results. In contrast, RQ-PCR methods are very sensitive,
rapid and well standardized. However, they are dependent on a
suitable target such as those provided by the chimeric gene fusions
that are common in some types of leukemias. In this respect, WT1
levels are becoming a universal surrogate marker of leukemic
persistence.

Using a competitive PCR, Bergmann et al.27 showed an
association of WT1 levels at diagnosis with age, FAB subtype,
imunophenotype (CD34 and CD33 expression), karyotype, and
long-term survival. In line with these findings, Barragan et al.28

found an association between bone marrow WT1 levels at
diagnosis and prognosis in adult AML patients. High GATA2 and
WT1 levels at diagnosis have also been associated with an adverse
outcome in pediatric AML.29 These findings are in agreement with
the report by Furuhata et al.30 who demonstrated that GATA1 and
GATA2 binding to 30enhancer regions of WT1 is essential for its
transcription. Gaur et al.31 analyzed WT1 levels in APL and found
an association between polymorphisms at the SNP rs16754 and
WT1 levels.31 Shimada et al.32 did not detect prognostic relevant
correlations between WT1 levels at diagnosis in 158 pediatric AML
cases. In contrast, these authors found an adverse prognostic
impact of raised WT1 levels in 74 post-induction samples.
Lapillone et al.33 analyzed 92 pediatric AML patients at diagnosis
and follow-up. WT1 at diagnosis was higher in favorable
cytogenetics and lower in the M5-FAB subtype, 11q23
rearrangements and infant leukemias. They also found that

Table 2. Univariate and multivariate analysis revealed the prognostic impact of post-intensification WT1 levels

Univariate OS LFS CIR

n P-value n P-value P-value

Age
p50years 282 54±3% o0.001 229 56±3% o0.001 33±3% o0.001
450years 382 28±2% — 278 32±3% — 48±3% —

Gender
Male 366 36±3% 0.049 275 39±3% 0.023 43±3% 0.239
Female 298 44±3% — 232 47±3% — 39±3% —

Leukocyte count
p50� 109/l 490 40±2% 0.126 389 42±3% 0.787 40±3% 0.337
450� 109/l 171 36±4% — 118 42±5% — 43±4% —

MRC classification
Favorable 74 70±5% o0.001 67 68±6% o0.001 22±5% 0.001
Intermediate 433 40±2% — 339 41±3% — 44±3% —
Adverse 100 16±4 — 64 25±6% — 50±6% —

Favorable genotype (FG)a

FG 121 64±4% o0.001 109 61±5% o0.001 24±4% o0.001
Absense of FG 377 35±3% — 283 37±3% — 49±3% —

WT1 at diagnosis
p5065 380 43±3% 0.023 310 46±3% 0.038 37±3% 0.037
45065 204 36±3% — 149 36±4% — 47±4% —

WT1 after induction CT
0-17.5 134 59±4% o0.001 124 59±4% o0.001 25±4% o0.001
17.6–170.5 160 48±4% — 149 41±4% — 46±7% —
4170.5 71 23±6% — 42 19±7% — 68±8% —

WT1 after intensification CT
o10 92 72±5% o0.001 92 65±5% o0.001 25±5% o0.001
10–100 148 59±5% — 148 46±4% — 45±4% —
4100 47 30±7% — 47 24±7% — 72±7% —

Multivariate
— OR (CI 95%) — — OR (CI 95%) OR (CI 95%) —

450 years vs p50 years — 2.3 (1.3–3.9) 0.002 — 2 (1.3–3.2) 0.002 1.8 (1.1–2.8) 0.013
Absence of FG vs presence — 4 (1.8–8.9) 0.001 — 2.4 (1.3–4.7) 0.008 2.6 (1.3–5) 0.004
High WT1 expression after intensfication CT vs
low

— — — — 1.6 (1.1–2.3) 0.006 1.5 (1–2.1) 0.050

aCEBPAmut or NPMmut without FLT3-ITD.
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raised post-induction WT1 levels had an adverse prognostic
impact. Based on our results, the adverse prognostic impact of
raised WT1 levels at diagnosis may be attributed to an association
with higher leukocyte counts. Using a competitive RT-PCR with
Abl as control gene, Garg et al.34 found a link between increased
post-induction in bone marrow and peripheral blood WT1
levels and outcome. Cilloni et al.18 reported findings similar to
ours. When these authors analyzed the peripheral blood of post-
induction AML samples, those cases with 420 copies relapsed.
However, these authors pointed out that approximately half of the
patients who reached normal WT1 levels relapsed, suggesting that
the post-induction thresholds, also in peripheral blood, should be
refined. These findings are in line with our results. We were able to
establish prognostic subgroups even in cases with WT1 levels
considered normal until now. Pozzi et al.17 analyzed the
prognostic value of bone marrow WT1 levels using the ELN
protocol in the bone marrow transplantation setting. They found
that patients with WT1 levels exceeding 100 copies had higher
probabilities of relapse than those with levels below this value.
They also took clinical decisions (donor lymphocyte infusions or
immunosuppression discontinuation) when the patients
reached 180 copies. However, using this threshold the
probability of leukemia relapse did not decrease, suggesting
that the clinically relevant threshold should be much lower.
Rossi et al.35 performed MRD studies using both flow cytometry
and WT1 quantitation in a small series of AML patients. These
authors found that WT1 levels greater than 90 copies were
associated with a poor prognosis. However, all the available
information on the prognostic value of WT1 quantitation in
AML was obtained from small cohorts of patients or by using a
non-standardized method.

The ELN is not the only standardization initiative. Recently,
Willasch et al.36 reported another standardized WT1 assay. Using
this method, these authors showed that pediatric AML with WT1
mutations had significantly higher WT1 levels than non-mutated
cases. We were unable to find this association in our adult AML
cases.

In this work, we found a 10% frequency of WT1 mutations and
these cases did not have an adverse outcome. This may be
explained by the counterbalanced effects of FLT3-ITD and CEBPA
mutations which were significantly associated with WT1 muta-
tions. Other groups have reported that WT1 mutations were
associated with FLT3 mutations and a poor prognosis, linked to a
failure to achieve CR.9,10 Somatic WT1 mutations are typically
located in exons 7 and 9 (zinc-finger regions). Frameshift
mutations in exon 7 result in a truncation of the WT1 protein,
excluding the four zinc-finger domains, and cause a loss in
the DNA-binding capacity. Furthermore, WT1-mutated cases did
not show different WT1 levels compared with those cases without
WT1 mutation.

In conclusion, raised post-induction and post-intensification
WT1 levels are powerful stratification markers in adult de novo
AML patients. We were able to identify induction failures based on
bone marrow WT1 levels (4170.5 copies). Patients with very low
WT1 levels post-intensification (o10 copies) had an excellent
outcome, specially if they had also a favorable genotype. Bone
marrow WT1 quantitation using the ELN method is a useful MRD
tool that can be easily applied to all AML cases.
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Table 3. Clinical and biologic characteristics of WT1 mutated and
wild-type cases

WT1 wild type WT1 mutated P-value

Age, years (median, range) 53 (17–71) 44 (17–68)
Mean (Student’s t-test) 50 45 0.015
p50 165 (44%) 22 (54%) 0.215
450 214 (56%) 19 (46%)

WBC (� 109/l, median (range)) 15.3 (0.23–408) 16.4 (0.9–200)
Mean (Student’s t-test) 43.73 46.07 0.819
p20� 109/l 208 (55%) 21 (51%) 0.642
420� 109/l 170 (45%) 20 (49%)

Gender
Male 207 (55%) 24 (59%) 0.632
Female 172 (45%) 17 (20%)

MRC
Favorable 45 (13%) 3 (8%) 0.524
Intermediate 248 (73%) 30 (75%) —
Adverse 47 (13%) 7 (17%) —

FAB
M0 25 (7%) 2 (5%) 0.565
M1 73 (19%) 12 (29%) —
M2 73 (19%) 8 (19%) —
M4 82 (22%) 4 (10%) —
M4Eo 10 (3%) 1 (2%) —
M5 76 (20%) 9 (23%) —
M6 17 (4%) 4 (10%) —
M7 1 (0,3%) 0 —
AML with displasia 14 (3,7%) 1 (2%) —
Unknown 7 (2%) 0 —

Favorable genotype
NPM1/
CEBPA mut and FLT3-wt

76 (25%) 10 (28%) 0.692

FLT3-ITD or no mutations 231 (75%) 26 (72%) —

CEBPA
Wild type 334 (96%) 33 (85%) 0.001
Mutated 13 (4%) 6 (15%) —

MLL
Wild type 342 (94%) 38 (93%) 0.639
MLL-PTD 20 (6%) 3 (7%) —

FTL3-ITD
Wild type 293 (78%) 25 (62%) 0.032
FLT3-ITD 84 (22%) 15 (38%) —

NPM1
Wild type 195 (64%) 27 (71%) 0.373
Mutated 111 (36%) 11 (29%) —

AML1-ETO
Wild type 318 (93%) 39 (98%) 0.254
Rearranged 25 (7%) 1 (2%) —

CBFB-MYH11
Wild type 323 (94%) 38 (95%) 0.830
Rearranged 20 (6%) 2 (5%) —

WT1 diagnosis median (range) 5662.05 (0–582 089) 4576 (2–26 829) —
Mean (Student’s t-test) 9274.34 5732.71 0.538
p5065.2 214 (65%) 19 (54%) 0.225
45065.2 117 (35%) 10 (46%) —

WT1 post-induction median
(range)

31 (0–68421) 21 (3–1125) —

Mean (Student’s t-test) 918.95 114.04 0.427
p17,5 75 (37%) 11 (41%) 0.289
17.6–170.5 60 (30%) 9 (33%) —
76.1–170.5 23 (11%) 5 (19%) —
4170.5 45 (22%) 2 (7%) —

WT1 post-intensification median
(range)

19 (0.01–6444) 23.5 (0.01–960) —

Mean (Student’s t-test) 122.57 85.81 0.795
p10 54 (34%) 5 (31%) 0.548
10.1–100 81 (51%) 10 (63%) —
4100 24 (15%) 1 (6%) —

Allogeneic PBST
No 113 (51%) 11 (34%) 0.084
Yes 110 (49%) 21 (66%)

Overall survival 38±3% (n¼ 379) 30±7% (n¼ 41) 0.675
Disease-free survival 44±3% (n¼ 279) 40±9% (n¼ 32) 0.735
Cumulative incident of relapse 40±3% (n¼ 279) 44±9% (n¼ 32) 0.592
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I#� &�8���(�
#(� 
#1#� ��%%"(� � �� �#�#�U�"%%�� (�Hematopoietic� stem�
cells:� the� paradigmatic� tissue�specific� stem� cell.� ��� 1� ���7�'(�
FJJO#�169�F�S�+#�BBT2KO#�

F#� �7*�" ��(�1#�� ���#�A�''� ��(�Mechanisms�involved�in�HSC�self�
renewal� and� hematopoietic� lineage� commitment.�
7��+S@@[[[#�*�# '@��%����7@" ��� �'2
���"�" �@7�����'��"�@��%����7'" �%@��%I(�FJIF#�

B#� ��$" �(� �#�#� � �� �#
#� &'���0"�'�(� Leukemias� and�
myelodysplastic� syndromes� secondary� to� drug,� radiation,� and�
environmental�exposure.���" �	 ��'(�IGGF#�19�I�S�+#�KH2TK#�

K#� �*%�" (� .#(� �#� 
�'-�''(� � �� �#� ��'�(� Benzene� and� leukemia.� A�
review�of�the�literature�and�a�risk�assessment.����1��+"���"�'(�
IGTT#�127�B�S�+#�KIG2BG#�

M#� ��"�%-(� &#1#(� ��� �'#(�Detection� and� isolation� of� type� C� retrovirus�
particles�from�fresh�and�cultured�lymphocytes�of�a�patient�with�
cutaneous� T�cell� lymphoma.� ����� ���'� ����� �"� �� � �(� IGTJ#�
77�IF�S�+#�HKIM2G#�

O#� ��''�(� �#�#(� Cellular� and� virological� studies� directed� to� the�
pathogenesis� of� the� human� myelogenous� leukemias.� .������'�
&'������� %0*%(�IGHG#�23S�+#�H2FK#�

H#� 
��V7�� 2
[�� "�-�V(� &#(� ��� �'#(� A� new� germline� TP53� gene�
mutation�in�a�family�with�Li�Fraumeni�syndrome.��*��1��� ���(�
IGGO#�32A�T�S�+#�IBMG2OM#�

T#� �++�'��  (� �#(� ��� �'#(�Hereditary� thrombocytopenia� and� acute�
myeloid�leukemia:�a�common�link�due�to�a�germline�mutation�in�
the�AML1�gene.��  �.�����'(�FJJG#�88�IJ�S�+#�IJBH2T#�

G#� ��V��2U�'V��(� �#�#� � �� �#� )"��7���(� Constitutional� and�
acquired�trisomy�8.���*V���%(�IGGM#�19�IJ�S�+#�HBH2KJ#�

IJ#� �*�4*:� "(� #(� �#� A8�%(� � �� 1#
#� ��"%+" �(�Recent� insights� into�
the�mechanisms�of�myeloid�leukemogenesis�in�Down�syndrome.�
&'���(�FJJK#�103�F�S�+#�BGG2KJO#�

II#� �� ��'0"(� �#(� �#� &����8��(� � �� �#� ��"�'(� Concise� review:�
preleukemic� stem� cells:� molecular� biology� and� clinical�
implications�of�the�precursors�to�leukemia�stem�cells.�������''%�
��� %'����(�FJIF#�2�F�S�+#�IKB2MJ#�

IF#� �� [�8� 	Z&�"� (� �#(� #� ��"���*:(� � �� �#� �7�$�%%*�(� The�
epigenetic� landscape�of�acute�myeloid� leukemia.���$�.�����'(�
FJIK#�2014S�+#�IJBIHM#�

IB#� &�  ���(�1#�#(�����'#(�Proposals�for�the�classification�of�the�acute�
leukaemias.�French�American�British�(FAB)�co�operative�group.�
&��1�.������'(�IGHO#�33�K�S�+#�KMI2T#�

IK#� &�  ���(� 1#�#(� ��� �'#(� Proposed� revised� criteria� for� the�
classification�of�acute�myeloid�leukemia.�A�report�of�the�French�
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American�British� Cooperative� Group.� �  � � ��� � ���(� IGTM#�
103�K�S�+#�OFJ2M#�

IM#� &�  ���(� 1#�#(� ��� �'#(�Proposal� for� the� recognition� of� minimally�
differentiated� acute� myeloid� leukaemia� (AML�MO).� &�� 1�
.������'(�IGGI#�78�B�S�+#�BFM2G#�

IO#� &�  ���(��#.#(�Basis�of�the�present�classification�of�diabetes.���$�
�:+�����&"�'(�IGTM#�189S�+#�IH2FG#�

IH#� ��"�[���(�
#�� ���#R#�."''%(�Independent�prognostic�factors�for�
AML� outcome.� .�����'��8� ��� ��� .�����'� ��*�� �������(�
FJJGS�+#�BTM2GM#�

IT#� ���%� (� �#�#(� Is� secondary� leukemia� an� independent� poor�
prognostic� factor� in� acute� myeloid� leukemia?� &�%�� ������ ��%�
�'" �.������'(�FJJH#�20�I�S�+#�FG2BH#�

IG#� �++�'4�*�(�)#�#(�����'#(�Age�and�acute�myeloid�leukemia.�&'���(�
FJJO#�107�G�S�+#�BKTI2M#�

FJ#� 1*'"*%%� (��#(�����'#(�Age�and�acute�myeloid�leukemia:�real�world�
data�on�decision�to�treat�and�outcomes�from�the�Swedish�Acute�
Leukemia�Registry.�&'���(�FJJG#�113�IT�S�+#�KIHG2TH#�

FI#� �7��'%� (� �#�#(� ��� �'#(� A� new� method� of� classifying� prognostic�
comorbidity� in� longitudinal� studies:� development� and�
validation.�1��7�� "��
"%(�IGTH#�40�M�S�+#�BHB2TB#�

FF#� �*4V�(� �#(� ��� �'#(� [Does� Charlson�comorbidity� index� correlate�
with� short�term� outcome� in� patients� with� gastric� cancer?].�
X� ���'4'��7"�(�FJJB#�128�II�S�+#�GHJ2O#�

FB#� �4" (�#�#(�����'#(�The�impact�of�comorbidity�and�age�on�survival�
with�laryngeal�cancer.�������%���7�����1(�IGGG#�78�T�S�+#�MHT(�
MTI2K#�

FK#� " �7(�&#(�����'#(�Validation�of�the�Charlson�comorbidity�index�in�
patients�with�head�and�neck�cancer:�a�multi�institutional�study.�
���8 ��%��+�(�IGGH#�107�II����I�S�+#�IKOG2HM#�

FM#� X"++����(��#(�����'#(�The�hematopoietic�stem�cell�transplantation�
comorbidity� index� is� of� prognostic� relevance� for� patients� with�
myelodysplastic� syndrome.� .������'��"��(� FJJG#� 94�M�S� +#�
HFG2BF#�

FO#� �����(� �#�#(� ��� �'#(�Hematopoietic� cell� transplantation� (HCT)�
specific�comorbidity�index:�a�new�tool�for�risk�assessment�before�
allogeneic�HCT.�&'���(�FJJM#�106�T�S�+#�FGIF2G#�

FH#� �����(��#�#(� ��� �'#(�Hematopoietic� cell� transplantation� specific�
comorbidity� index� as� an� outcome� predictor� for� patients� with�
acute�myeloid�leukemia�in�first�remission:�combined�FHCRC�and�
MDACC�experiences.�&'���(�FJJH#�110�IB�S�+#�KOJO2IB#�
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FT#� ���� [���(��#1#(�����'#(�Leukocyte�count�as�a�predictor�of�death�
during� remission� induction� in� acute� myeloid� leukemia.� ��*V�
�8�+7���(�FJJO#�47�H�S�+#�IFKM2MF#�

FG#� ��'��� (�1#�#�� ���#�#���'�(�What�does�MRD�in�leukemia�really�
mean?���*V��"�(�FJIB#�28�M�S�+#�IIBI#�

BJ#� ��V� (� �#�#(� ��� �'#(� Residual� disease� detected� by�
multidimensional� flow� cytometry� signifies� high� relapse� risk� in�
patients� with� de� novo� acute� myeloid� leukemia:� a� report� from�
Children's�Oncology�Group.�&'���(�FJIF#�120�T�S�+#�IMTI2T#�

BI#� U�'���(� �#&#(� ��� �'#(� Impact� of� pretransplantation� minimal�
residual� disease,� as� detected� by� multiparametric� flow�
cytometry,� on� outcome� of� myeloablative� hematopoietic� cell�
transplantation�for�acute�myeloid�leukemia.�1��'" �	 ��'(�FJII#�
29�G�S�+#�IIGJ2H#�

BF#� N" (� 1#�#(� ��� �'#(� Minimal� residual� disease� monitoring� by�
quantitative� RT�PCR� in� core� binding� factor� AML� allows� risk�
stratification� and� predicts� relapse:� results� of� the� United�
Kingdom�MRC�AML�15�trial.�&'���(�FJIF#�120�IK�S�+#�FTFO2BM#�

BB#� ��"�[���(� 
#(� ��� �'#(� The� predictive� value� of� hierarchical�
cytogenetic� classification� in� older� adults� with� acute� myeloid�
leukemia� (AML):� analysis� of� 1065� patients� entered� into� the�
United�Kingdom�Medical�Research�Council�AML11�trial.�&'���(�
FJJI#�98�M�S�+#�IBIF2FJ#�

BK#� ��"�[���(�
#(�����'#(�The�importance�of�diagnostic�cytogenetics�
on�outcome�in�AML:�analysis�of�1,612�patients�entered�into�the�
MRC� AML� 10� trial.� The� Medical� Research� Council� Adult� and�
Children's� Leukaemia� Working� Parties.� &'���(� IGGT#�92�H�S� +#�
FBFF2BB#�

BM#� ���-�V(�R#(��#�#�.������(�� ���#
#�&'���0"�'�(�Cytogenetics�in�
acute�leukemia.�&'������$(�FJJK#�18�F�S�+#�IIM2BO#�

BO#� .�8�%(��#(� ��� �'#(�Core� binding� factor� acute� myeloid� leukemia:�
The� impact� of� age,� leukocyte� count,� molecular� findings,� and�
minimal�residual�disease.��*��1�.������'(�FJIBS�+#�FJG2IT#�

BH#� ��*8� (� #(� ��� �'#(� A� white� blood� cell� index� as� the� main�
prognostic� factor� in� t(8;21)� acute� myeloid� leukemia� (AML):� a�
survey� of� 161� cases� from� the� French� AML� Intergroup.� &'���(�
FJJF#�99�IJ�S�+#�BMIH2FB#�

BT#� �7��7(��#(�����'#(�Fifty�one�patients�with�acute�myeloid�leukemia�
and� translocation� t(8;21)(q22;q22):� an� additional� deletion� in�
9q� is� an� adverse� prognostic� factor.� ��*V��"�(� IGGO#�10�T�S� +#�
IFTT2GM#�
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BG#� ���-�V(� R#(� Cytogenetic,� molecular� genetic,� and� clinical�
characteristics� of� acute� myeloid� leukemia� with� a� complex�
karyotype.���" �	 ��'(�FJJT#�35�K�S�+#�BOM2HH#�

KJ#� �*�V��(� )#�#(� ��� �'#(� Disclosure� of� candidate� genes� in� acute�
myeloid� leukemia� with� complex� karyotypes� using� microarray�
based� molecular� characterization.� 1� �'" �	 ��'(� FJJO#�24�FK�S�
+#�BTTH2GK#�

KI#� �7��7(��#(�����'#(�Loss�of�genetic�material�is�more�common�than�
gain� in� acute� myeloid� leukemia� with� complex� aberrant�
karyotype:� a� detailed� analysis� of� 125� cases� using� conventional�
chromosome� analysis� and� fluorescence� in� situ� hybridization�
including� 24�color� FISH.� �� �%� �7����%���%� �� ���(� FJJF#�
35�I�S�+#�FJ2G#�

KF#� &����%(� 
#�#(� ��� �'#(� Monosomal� karyotype� in� acute� myeloid�
leukemia:� a� better� indicator� of� poor� prognosis� than� a� complex�
karyotype.�1��'" �	 ��'(�FJJT#�26�FG�S�+#�KHGI2H#�

KB#� ���%$�'�(��#�#(�Treating�AML�with�ATRA?�Beware�MN1!(���#��#�#�
���%$�'�#�A�'#�IIJ#�FJJH#�IKJI2IKJF#�

KK#� �7��"���(� #(� ��� �'#(� Molecular� alterations� of� isocitrate�
dehydrogenase� 1� and� 2� (IDH1� and� IDH2)� metabolic� genes� and�
additional�genetic�mutations�in�newly�diagnosed�acute�myeloid�
leukemia�patients.�1�.�����'�	 ��'(�FJIF#�5S�+#�M#�

KM#� 
�'�* �8(�1#(�����'#(�Prognosis�of�inv(16)/t(16;16)�acute�myeloid�
leukemia� (AML):� a� survey� of� 110� cases� from� the� French� AML�
Intergroup.�&'���(�FJJB#�102�F�S�+#�KOF2G#�

KO#� ����" (��#(�����'#(�Relevance�of�presenting�white�blood�cell�count�
and� kinetics� of� molecular� remission� in� the� prognosis� of� acute�
myeloid� leukemia� with� CBFbeta/MYH11� rearrangement.�
.������'��"��(�FJJJ#�85�H�S�+#�OGG2HJB#�

KH#� ����*��"(� �#(� ��� �'#(� Prognostic� factors� and� outcome� of� core�
binding� factor� acute� myeloid� leukemia� patients� with� t(8;21)�
differ� from� those� of� patients� with� inv(16):� a� Cancer� and�
Leukemia�Group�B�study.� 1��'" �	 ��'(�FJJM#�23�FK�S�+#�MHJM2
IH#�

KT#� U7"��� (�#�#(�����'#(�FLT3�D835/I836�mutations�are�associated�
with� poor� disease�free� survival� and� a� distinct� gene�expression�
signature� among� younger� adults� with� de� novo� cytogenetically�
normal� acute� myeloid� leukemia� lacking� FLT3� internal� tandem�
duplications.�&'���(�FJJT#�111�B�S�+#�IMMF2G#�

KG#� ��"�-"V(�A#�#(�����'#(�RUNX1�mutations�in�acute�myeloid�leukemia:�
results�from�a�comprehensive�genetic�and�clinical�analysis�from�
the�AML�study�group.�1��'" �	 ��'(�FJII#�29�IJ�S�+#�IBOK2HF#�
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MJ#� �7 "�����(�#(�����'#(�RUNX1�mutations�are� frequent� in�de�novo�
AML� with� noncomplex� karyotype� and� confer� an� unfavorable�
prognosis.�&'���(�FJII#�117�T�S�+#�FBKT2MH#�

MI#� ��8���(� #(� ��� �'#(� Transcription� factor� RUNX1� promotes�
survival� of� acute� myeloid� leukemia� cells.� 1� �'" � � $�%�(� FJIB#�
123�G�S�+#�BTHO2TT#�

MF#� N�V���(�#(�����'#(�Internal�tandem�duplication�of�the�FLT3�gene�
is� preferentially� seen� in� acute� myeloid� leukemia� and�
myelodysplastic� syndrome� among� various� hematological�
malignancies.�A�study�on�a�large�series�of�patients�and�cell�lines.�
��*V��"�(�IGGH#�11�IJ�S�+#�IOJM2G#�

MB#� R*%��(� �#(� ��� �'#(�More� on� prognostic� significance� of� FLT3/ITD�
size� in�acute�myeloid� leukemia�(AML).�&'���(�FJJO#�108�I�S�+#�
KJM2OY��*�7�����+'8�KJO#�

MK#� ��'�(� �#�#(� ��� �'#(� The� impact� of� FLT3� internal� tandem�
duplication� mutant� level,� number,� size,� and� interaction� with�
NPM1�mutations�in�a�large�cohort�of�young�adult�patients�with�
acute�myeloid�leukemia.�&'���(�FJJT#�111�M�S�+#�FHHO2TK#�

MM#� �������� �(��#(�����'#(�Favorable�outcome�of�patients�with�acute�
myeloid� leukemia� harboring� a� low�allelic� burden� FLT3�ITD�
mutation� and� concomitant� NPM1� mutation:� relevance� to� post�
remission�therapy.�&'���(�FJIB#�121�IK�S�+#�FHBK2T#�

MO#� N�������(� N#(� ��� �'#(� Activating� mutation� of� D835� within� the�
activation� loop� of� FLT3� in� human� hematologic� malignancies.�
&'���(�FJJI#�97�T�S�+#�FKBK2G#�

MH#� +"�V����  (�R#(�����'#(�A�new�and�recurrent�activating� length�
mutation� in� exon� 20� of� the� FLT3� gene� in� acute� myeloid�
leukemia.�&'���(�FJJF#�100�G�S�+#�BKFB2M#�

MT#� �7"��� 7�'�(� �#�#(� ��� �'#(� FLT3� K663Q� is� a� novel� AML�
associated� oncogenic� kinase:� Determination� of� biochemical�
properties� and� sensitivity� to� Sunitinib� (SU11248).� ��*V��"�(�
FJJO#�20�II�S�+#�FJJT2IK#�

MG#� ��'��(��#(�Mutations�Forming�Subgroups�in�AML:�Just�Like�Cells,�
They� Are� Constantly� Dividing� and� Interacting.� ����"�� �
��"��8��0�.�����'��8#��7��7�����'��"%�(�FJJH#�

OJ#� )�'" "(� &#(� ��� �'#(� Cytoplasmic� nucleophosmin� in� acute�
myelogenous�leukemia�with�a�normal�karyotype.���� �'�1����(�
FJJM#�352�B�S�+#�FMK2OO#�

OI#� �7'� V(��#)#(�����'#(�Gene�mutations�and�response�to�treatment�
with� all�trans� retinoic� acid� in� elderly� patients� with� acute�
myeloid� leukemia.� Results� from� the� AMLSG� Trial� AML� HD98B.�
.������'��"��(�FJJG#�94�I�S�+#�MK2OJ#�
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OF#� )�'" "(� &#(� ��� �'#(� Translocations� and� mutations� involving� the�
nucleophosmin� (NPM1)� gene� in� lymphomas� and� leukemias.�
.������'��"��(�FJJH#�92�K�S�+#�MIG2BF#�

OB#� )�'" "(� &#(� ��� �'#(� Altered� nucleophosmin� transport� in� acute�
myeloid� leukaemia� with� mutated� NPM1:� molecular� basis� and�
clinical�implications.���*V��"�(�FJJG#�23�IJ�S�+#�IHBI2KB#�

OK#� ��  �$"''�(��#(�����'#(�The�favorable�impact�of�CEBPA�mutations�
in�patients�with�acute�myeloid�leukemia�is�only�observed�in�the�
absence� of� associated� cytogenetic� abnormalities� and� FLT3�
internal�duplication.�&'���(�FJJG#�113�FI�S�+#�MJGJ2B#�

OM#� 
*0�*�(��#(�����'#(�Acute�myeloid� leukemia�with�biallelic�CEBPA�
gene� mutations� and� normal� karyotype� represents� a� distinct�
genetic� entity� associated� with� a� favorable� clinical� outcome.� 1�
�'" �	 ��'(�FJJG#�28�K�S�+#�MHJ2H#�

OO#� U�*���%(� &#1#(� ��� �'#(� Double� CEBPA� mutations,� but� not� single�
CEBPA�mutations,�define�a�subgroup�of�acute�myeloid�leukemia�
with� a� distinctive� gene� expression� profile� that� is� uniquely�
associated�with�a�favorable�outcome.�&'���(�FJJG#�113�IB�S�+#�
BJTT2GI#�

OH#� ��8��(� �#(� ��� �'#(�The� MLL� recombinome� of� acute� leukemias� in�
2013.���*V��"�(�FJIB#�

OT#� .�" � � (�R#(�����'#(�Clinical�characteristics�of�patients�with�de�
novo� acute� myeloid� leukaemia� and� isolated� trisomy� 11:� a�
Cancer� and� Leukemia� Group� B� study.� &�� 1� .������'(� IGGT#�
101�B�S�+#�MIB2FJ#�

OG#� &�%��V�(�1#(�����'#(�The�MLL�partial�tandem�duplication�in�acute�
myeloid�leukaemia.�&��1�.������'(�FJJO#�135�K�S�+#�KBT2KG#�

HJ#� ��'%"2&�8��(�A#(� ��� �'#(�Mutations� in� ASXL1� are� associated� with�
poor� prognosis� across� the� spectrum� of� malignant� myeloid�
diseases.�1�.�����'�	 ��'(�FJIF#�5S�+#�IF#�

HI#� U7"��� (� #�#(� ��� �'#(� Long�term� disease�free� survivors� with�
cytogenetically�normal�acute�myeloid�leukemia�and�MLL�partial�
tandem� duplication:� a� Cancer� and� Leukemia� Group� B� study.�
&'���(�FJJH#�109�IF�S�+#�MIOK2H#�

HF#� U7"��� (� #�#(� ��� �'#(� DNA� hypermethylation� and� epigenetic�
silencing� of� the� tumor� suppressor� gene,� SLC5A8,� in� acute�
myeloid� leukemia� with� the� MLL� partial� tandem� duplication.�
&'���(�FJJT#�112�M�S�+#�FJIB2O#�

HB#� R�"$�%�$(��#A#�� ��#�#����%��� �(�MLL�translocations,�histone�
modifications� and� leukaemia� stem�cell� development.� ���� ��$�
�� ���(�FJJH#�7�II�S�+#�TFB2BB#�
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HK#� ����'(� 1#�#(� ��� �'#(� Prognostic� relevance� of� integrated� genetic�
profiling� in� acute� myeloid� leukemia.� �� � �'� 1� ���(� FJIF#�
366�IF�S�+#�IJHG2TG#�

HM#� ���%%(� #(� ��� �'#(� Cancer�associated� metabolite� 2�
hydroxyglutarate� accumulates� in� acute� myelogenous� leukemia�
with� isocitrate� dehydrogenase� 1� and� 2� mutations.� 1� �:+����(�
FJIJ#�207�F�S�+#�BBG2KK#�

HO#� ����(� �#� � �� .#� R"8�"(� Gene� mutations� of� acute� myeloid�
leukemia�in�the�genome�era.�� ��1�.�����'(�FJIB#�97�F�S�+#�IOM2
HK#�

HH#� U�"%%��  (� #(� ��� �'#(� Landscape� of� TET2� mutations� in� acute�
myeloid�leukemia.���*V��"�(�FJIF#�26�M�S�+#�GBK2KF#�

HT#� �4��'2U�7�4(�	#(�����'#(�Genetic�characterization�of�TET1,�TET2,�
and� TET3� alterations� in� myeloid� malignancies.� &'���(� FJJG#�
114�I�S�+#�IKK2H#�

HG#� �7�"��(��#(�����'#(�Adoptive�transfer�and�selective�reconstitution�
of� streptamer�selected� cytomegalovirus�specific� CD8+� T� cells�
leads� to� virus� clearance� in� patients� after� allogeneic� peripheral�
blood� stem� cell� transplantation.� ��� %0*%"� (� FJJT#� 51�B�S� +#�
MGI2G#�

TJ#� �"4�*��'(� 	#(� ��� �'#(� Incidence� and� prognostic� value� of� TET2�
alterations� in� de� novo� acute� myeloid� leukemia� achieving�
complete�remission.�&'���(�FJIJ#�116�H�S�+#�IIBF2M#�

TI#� ��7�(�)#(� ����'#(�TET� genes:� new� players� in� DNA� demethylation�
and�important�determinants� for�stemness.��:+�.�����'(�FJII#�
39�B�S�+#�FHF2TI#�

TF#� ��'�����(� �#� � �� �#� )���� ��(� Therapeutic� targeting� of�
NOTCH1�signaling� in�T�cell�acute� lymphoblastic� leukemia.��'" �
�8�+7�����8�'���(�FJJG#�9�Suppl�3S�+#�FJM2IJ#�

TB#� ��  �$"''�(� �#(� ��� �'#(� Prognostic� significance� of� DNA�
methyltransferase� 3A� mutations� in� cytogenetically� normal�
acute�myeloid�leukemia:�a�study�by�the�Acute�Leukemia�French�
Association.���*V��"�(�FJIF#�26�O�S�+#�IFKH2MK#�

TK#� &�[� (�
#�#(�����'#(�RAS�mutation� in�acute�myeloid� leukemia� is�
associated� with� distinct� cytogenetic� subgroups� but� does� not�
influence� outcome� in� patients� younger� than� 60� years.� &'���(�
FJJM#�106�O�S�+#�FIIB2G#�

TM#� ��6*����(��#�#(�����'#(�N�ras�mutations�are�associated�with�poor�
prognosis� and� increased� risk� of� leukemia� in� myelodysplastic�
syndrome.�&'���(�IGGB#�82�F�S�+#�MGJ2G#�

TO#� R"8�"(�.#(�����'#(�Prognostic�implication�of�FLT3�and�N�RAS�gene�
mutations� in� acute� myeloid� leukemia.� &'���(� IGGG#� 93�G�S� +#�
BJHK2TJ#�
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TH#� &��7��(� �#(� ��� �'#(� Implications� of� NRAS� mutations� in� AML:� a�
study�of�2502�patients.�&'���(�FJJO#�107�IJ�S�+#�BTKH2MB#�

TT#� ��*4�*��(��#(�����'#(�Patients�with�acute�myeloid� leukemia�and�
RAS� mutations� benefit� most� from� postremission� high�dose�
cytarabine:�a�Cancer�and�Leukemia�Group�B�study.�1��'" �	 ��'(�
FJJT#�26�FT�S�+#�KOJB2G#�

TG#� �"''� "(�
#�� ���#���'"�(�WT1�as�a�universal�marker�for�minimal�
residual� disease� detection� and� quantification� in� myeloid�
leukemias� and� in� myelodysplastic� syndrome.� ����� .������'(�
FJJK#�112�I2F�S�+#�HG2TK#�

GJ#� A"��++� �(��#(�����'#(�Mutation�of� the�Wilms'� tumor�1�gene� is�a�
poor�prognostic�factor�associated�with�chemotherapy�resistance�
in� normal� karyotype� acute� myeloid� leukemia:� the� United�
Kingdom� Medical� Research� Council� Adult� Leukaemia� Working�
Party.�1��'" �	 ��'(�FJJT#�26�BB�S�+#�MKFG2BM#�

GI#� 	[� (��#(�1#�)"�-�"44� (�� ���#���%�7V�(�The�clinical�relevance�of�
Wilms� Tumour� 1� (WT1)� gene� mutations� in� acute� leukaemia.�
.�����'�	 ��'(�FJIJ#�28�I�S�+#�IB2G#�

GF#� .�(��#�#(�����'#(�Prevalence�and�prognostic� implications�of�WT1�
mutations�in�pediatric�acute�myeloid�leukemia�(AML):�a�report�
from� the� Children's� Oncology� Group.� &'���(� FJIJ#� 116�M�S� +#�
HJF2IJ#�

GB#� ���-�'��(� R#.#(� ��� �'#(� ASXL1� mutations� identify� a� high�risk�
subgroup�of�older�patients�with�primary�cytogenetically�normal�
AML� within� the� ELN� Favorable� genetic� category.� &'���(�FJII#�
118�FO�S�+#�OGFJ2G#�

GK#� �������� �(� �#(� ��� �'#(� Acquired� mutations� in� ASXL1� in� acute�
myeloid� leukemia:� prevalence� and� prognostic� value.�
.������'��"��(�FJIF#�97�B�S�+#�BTT2GF#�

GM#� �7�*(�U#�#(�����'#(�Distinct�clinical�and�biological�features�of�de�
novo� acute� myeloid� leukemia� with� additional� sex� comb�like� 1�
(ASXL1)�mutations.�&'���(�FJIJ#�116�FJ�S�+#�KJTO2GK#�

GO#� &�'�*%(��#
#(�����'#(�BAALC�expression�predicts�clinical�outcome�
of� de� novo� acute� myeloid� leukemia� patients� with� normal�
cytogenetics:� a� Cancer� and� Leukemia� Group� B� Study.� &'���(�
FJJB#�102�M�S�+#�IOIB2T#�

GH#� 
��"� "(� 
#(� ��� �'#(� BAALC� overexpression� retains� its� negative�
prognostic� role� across� all� cytogenetic� risk� groups� in� acute�
myeloid�leukemia�patients.����1�.�����'(�FJIBS�+#�TKT2MF#�

GT#� &�'�*%(��#
#(�����'#(�BAALC�expression�and�FLT3�internal�tandem�
duplication�mutations� in�acute�myeloid� leukemia�patients�with�
normal� cytogenetics:� prognostic� implications.� 1� �'" � 	 ��'(�
FJJO#�24�M�S�+#�HGJ2H#�
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GG#� �� ���(� �#(� ��� �'#(� Prognostic� importance� of� MN1� transcript�
levels,� and� biologic� insights� from� MN1�associated� gene� and�
microRNA� expression� signatures� in� cytogenetically� normal�
acute�myeloid�leukemia:�a�cancer�and�leukemia�group�B�study.�1�
�'" �	 ��'(�FJJG#�27�IG�S�+#�BIGT2FJK#�

IJJ#� .�*%��(� �#(� ��� �'#(�High� meningioma� 1� (MN1)� expression� as� a�
predictor� for� poor� outcome� in� acute� myeloid� leukemia� with�
normal�cytogenetics.�&'���(�FJJO#�108�IF�S�+#�BTGT2GJM#�

IJI#� ����''�(��#(�����'#(�MN1�overexpression�is�an�important�step�in�the�
development�of� inv(16)�AML.���*V��"�(�FJJH#�21�T�S�+#�IOHG2
GJ#�

IJF#� ����*��"(� �#(� ��� �'#(� High� expression� levels� of� the� ETS�related�
gene,� ERG,� predict� adverse� outcome� and� improve� molecular�
risk�based� classification� of� cytogenetically� normal� acute�
myeloid�leukemia:�a�Cancer�and�Leukemia�Group�B�Study.�1��'" �
	 ��'(�FJJH#�25�FF�S�+#�BBBH2KB#�

IJB#� �7[" �(� #(� ��� �'#(� BAALC� and� ERG� expression� levels� are�
associated� with� outcome� and� distinct� gene� and� microRNA�
expression� profiles� in� older� patients� with� de� novo�
cytogenetically� normal� acute� myeloid� leukemia:� a� Cancer� and�
Leukemia�Group�B�study.�&'���(�FJIJ#�116�FM�S�+#�MOOJ2G#�

IJK#� ���-�'��(� R#.#(� ��� �'#(� ERG� expression� is� an� independent�
prognostic� factor� and� allows� refined� risk� stratification� in�
cytogenetically� normal� acute� myeloid� leukemia:� a�
comprehensive� analysis� of� ERG,� MN1,� and� BAALC� transcript�
levels� using� oligonucleotide� microarrays.� 1� �'" � 	 ��'(� FJJG#�
27�BJ�S�+#�MJBI2T#�

IJM#� &*� ��"�"(�#(�����'#(�EVI1�induces�myelodysplastic�syndrome�in�
mice.�1��'" �� $�%�(�FJJK#�114�M�S�+#�HIB2G#�

IJO#� �*��7���(�#(�����'#(�High�EVI1�levels�predict�adverse�outcome�in�
acute�myeloid�leukemia:�prevalence�of�EVI1�overexpression�and�
chromosome�3q26�abnormalities�underestimated.�&'���(�FJJT#�
111�T�S�+#�KBFG2BH#�

IJH#� ���%�7�'(� #(� ��� �'#(�High� EVI1� expression� predicts� outcome� in�
younger� adult� patients� with� acute� myeloid� leukemia� and� is�
associated�with�distinct�cytogenetic�abnormalities.�1��'" �	 ��'(�
FJIJ#�28�IF�S�+#�FIJI2H#�

IJT#� �7� ��(�.#(��#��� V(�� ���#�#���44���(�Prognostic�implications�
of� genetic� aberrations� in� acute� myelogenous� leukemia� with�
normal�cytogenetics.����1�.�����'(�FJIF#�87�I�S�+#�OG2HH#�

IJG#� &��;�%��7�$� �U��'[";V�$� �
��� 2R7�%��$� "(�#(�����'#(�High�
EVI1� expression� predicts� poor� survival� in� acute� myeloid�
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leukemia:� a� study� of� 319� de� novo� AML� patients.� &'���(� FJJB#�
101�B�S�+#�TBH2KM#�

IIJ#� ��8(��#1#(�����'#(�Genomic�and�epigenomic�landscapes�of�adult�de�
novo�acute�myeloid�leukemia.���� �'�1����(�FJIB#�368�FF�S�+#�
FJMG2HK#�

III#� ����*��"(� �#(� ��� �'#(� IDH1� and� IDH2� gene� mutations� identify�
novel�molecular�subsets�within�de�novo�cytogenetically�normal�
acute�myeloid�leukemia:�a�Cancer�and�Leukemia�Group�B�study.�
1��'" �	 ��'(�FJIJ#�28�IK�S�+#�FBKT2MM#�

IIF#� U�"%%��  (� #(� ��� �'#(� Landscape� of� TET2� mutations� in� acute�
myeloid�leukemia.���*V��"�(�FJII#�26�M�S�+#�GBK2KF#�

IIB#� �������*(� 1#(� ��� �'#(� Adverse� impact� of� IDH1� and� IDH2�
mutations� in�primary�AML:�experience�of� the�Spanish�CETLAM�
group.���*V���%(�FJIF#�36�T�S�+#�GGJ2H#�

IIK#� �������*(� 1#)#(� ��� �'#(�Bone� marrow� WT1� levels� at� diagnosis,�
post�induction� and� post�intensification� in� adult� de� novo� AML.�
��*V��"�(�FJIB#�27�II�S�+#�FIMH2OK#�

IIM#� ����"%(��#�#(�����'#(�Recurring�mutations�found�by�sequencing�an�
acute�myeloid�leukemia�genome.���� �'�1����(�FJJG#�361�II�S�
+#�IJMT2OO#�

IIO#� 	V"(� R#(� ��� �'#(� IDH1� and� IDH2� mutations� are� rare� in� pediatric�
myeloid�malignancies.���*V��"�(�FJII#�25�F�S�+#�BTF2K#�

IIH#� ���� (��#�#(�����'#(�The�prognostic�significance�of�IDH1�mutations�
in� younger� adult� patients� with� acute� myeloid� leukemia� is�
dependent�on�FLT3/ITD�status.�&'���(�FJIJ#�116�IM�S�+#�FHHG2
TF#�

IIT#� �44�%(�#(�����'#(�Acquired�mutations�in�the�genes�encoding�IDH1�
and� IDH2� both� are� recurrent� aberrations� in� acute� myeloid�
leukemia:� prevalence� and� prognostic� value.� &'���(� FJIJ#�
116�IF�S�+#�FIFF2O#�

IIG#� �7�*(� U#�#(� ��� �'#(� The� prognostic� impact� and� stability� of�
Isocitrate� dehydrogenase� 2� mutation� in� adult� patients� with�
acute�myeloid�leukemia.���*V��"�(�FJII#�25�F�S�+#�FKO2MB#�

IFJ#� 1"��(� &#(� ��� �'#(� AML1�ETO9a� is� correlated� with� C�KIT�
overexpression/mutations� and� indicates� poor� disease� outcome�
in�t(8;21)�acute�myeloid�leukemia�M2.���*V��"�(�FJJG#�23�G�S�
+#�IMGT2OJK#�

IFI#� �7 "�����(�#(�����'#(�KIT�D816�mutations�in�AML1�ETO�positive�
AML� are� associated� with� impaired� event�free� and� overall�
survival.�&'���(�FJJO#�107�M�S�+#�IHGI2G#�

IFF#� ����(��#(�����'#(�Prognostic�significance�of�quantitative�analysis�
of� WT1� gene� transcripts� by� competitive� reverse� transcription�
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IOH��

polymerase� chain� reaction� in� acute� leukaemia.�&�� 1�.������'(�
FJJB#�123�I�S�+#�KG2MG#�

IFB#� �"''� "(�
#(�����'#(�Early�prediction�of�treatment�outcome�in�acute�
myeloid� leukemia� by� measurement� of� WT1� transcript� levels� in�
peripheral� blood� samples� collected� after� chemotherapy.�
.������'��"��(�FJJT#�93�O�S�+#�GFI2K#�

IFK#� ��--"(�#(�����'#(�Leukaemia�relapse�after�allogeneic� transplants�
for�acute�myeloid�leukaemia:�predictive�role�of�WT1�expression.�
&��1�.������'(�FJIB#�160�K�S�+#�MJB2G#�

IFM#� ��%%"(� �#(� ��� �'#(� Comparison� between� multiparameter� flow�
cytometry�and�WT1�RNA�quantification�in�monitoring�minimal�
residual� disease� in� acute� myeloid� leukemia� without� specific�
molecular�targets.���*V���%(�FJIF#�36�K�S�+#�KJI2O#�

IFO#� &�����  (� �#(� ��� �'#(� High� levels� of� Wilms'� tumor� gene� (wt1)�
mRNA�in�acute�myeloid� leukemias�are�associated�with�a�worse�
long�term�outcome.�&'���(�IGGH#�90�B�S�+#�IFIH2FM#�

IFH#� &������ (� �#(� ��� �'#(� Prognostic� implications� of� Wilms'� tumor�
gene�(WT1)�expression� in�patients�with�de�novo�acute�myeloid�
leukemia.�.������'��"��(�FJJK#�89�T�S�+#�GFO2BB#�

IFT#� �*�%" V(��#(�����'#(�High�GATA2�expression�is�a�poor�prognostic�
marker� in� pediatric� acute� myeloid� leukemia.� &'���(� FJIF#�
120�IJ�S�+#�FJOK2HM#�

IFG#� )*�*7���(��#(�����'#(�GATA�1�and�GATA�2�binding�to�3'�enhancer�
of�WT1�gene�is�essential�for�its�transcription�in�acute�leukemia�
and�solid�tumor�cell�lines.���*V��"�(�FJJG#�23�H�S�+#�IFHJ2H#�

IBJ#� 7"����(��#(�����'#(�High�WT1�mRNA�expression�after�induction�
chemotherapy� and� FLT3�ITD� have� prognostic� impact� in�
pediatric� acute� myeloid� leukemia:� a� study� of� the� Japanese�
Childhood�AML�Cooperative�Study�Group.� � �� 1�.�����'(�FJIF#�
96�K�S�+#�KOG2HO#�

IBI#� ��+"''�  �(� .#(� ��� �'#(� High� WT1� expression� after� induction�
therapy� predicts� high� risk� of� relapse� and� death� in� pediatric�
acute�myeloid�leukemia.�1��'" �	 ��'(�FJJO#�24�IJ�S�+#�IMJH2IM#�
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Al�final�ha�resultat�que�el�“barco”�

tenia�la�mida�justa…..�
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