
Janet D. Rowley · Michelle M. Le Beau
Terence H. Rabbitts    Editors 

Chromosomal 
Translocations 
and Genome 
Rearrangements 
in Cancer



  Chromosomal Translocations and Genome 
Rearrangements in Cancer 



         



       Janet   D.   Rowley    •    Michelle   M.   Le Beau     
     Terence   H.   Rabbitts     
 Editors 

 Chromosomal Translocations 
and Genome Rearrangements 
in Cancer                     



 ISBN 978-3-319-19982-5      ISBN 978-3-319-19983-2 (eBook) 
 DOI 10.1007/978-3-319-19983-2 

 Library of Congress Control Number: 2015951979 

 Springer Cham Heidelberg New York Dordrecht London 
 © Springer International Publishing Switzerland   2015 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of 
the material is concerned, specifi cally the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfi lms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology 
now known or hereafter developed. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specifi c statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
 The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made. 

 Printed on acid-free paper 

 Springer International Publishing AG Switzerland is part of Springer Science+Business Media (www.
springer.com) 

 Editors 
   Janet   D.   Rowley (deceased)   
Department of Medicine
  Section of Hematology/Oncology 
 University of Chicago 
  Chicago ,  IL ,  USA 

     Terence   H.   Rabbitts   
  Weatherall Institute of Molecular Medicine 
MRC Molecular Haematology Unit 
 University of Oxford 
  Oxford ,  UK   

   Michelle   M.   Le Beau   
  Section of Hematology/Oncology 
Comprehensive Cancer Center 
 University of Chicago 
  Chicago ,  IL ,  USA   

www.springer.com
www.springer.com


We hope that this volume will inform 
academics and clinical scientists to help 
their studies aimed to develop better cancer 
diagnostics and treatments. We are indebted 
to Ms. Annabel Gordon for her tireless and 
diligent work into the production of this 
volume. Without this crucial input, the book 
would never have been accomplished.



                   



vii

   Contents 

   Part I Introduction   

   1       A Short History of Chromosome Rearrangements 
and Gene Fusions in Cancer ..................................................................  3   
    Felix   Mitelman     

   Part II General   

   2       Molecular Genetics Methods in Discovery of Chromosome 
Structure ..................................................................................................  15   
    Donna   G.   Albertson    

    3       Mechanisms of Recurrent Chromosomal Translocations ...................  27   
    Richard   L.   Frock    ,     Jiazhi   Hu    , and     Frederick   W.   Alt    

    4       Chromosome Translocations, Cancer Initiation 
and Clonal Evolution ..............................................................................  53   
    Mel   Greaves     and     Anthony   M.   Ford    

    5       Common Chromosomal Fragile Sites and Cancer...............................  73   
    Yanwen   Jiang    ,     Isabelle   Lucas    , and     Michelle   M.   Le Beau    

    6       Copy Number Changes in Carcinomas: Applications .........................  95   
    Henry   Wood     and     Pamela   Rabbitts     

   Part III Leukaemia/Lymphoma   

   7       Chronic Myeloid Leukaemia ..................................................................  107   
    Debora   A.   Casolari     and     Junia   V.   Melo    

    8       Immunoglobulin and MYC Rearrangements 
inMultiple Myeloma Pathogenesis .........................................................  139   
    P.   Leif   Bergsagel     and     W.   Michael   Kuehl    



viii

    9       Chromosomal Translocations in B Cell Lymphomas ..........................  157   
    Marco   Fangazio    ,     Laura   Pasqualucci    , and     Riccardo   Dalla-Favera    

    10     Chromosomal Translocations and Gene 
Rearrangements in Acute Lymphoblastic Leukaemia .........................  189   
    Marc   R.   Mansour     and     A.   Thomas   Look    

    11      Cellular and Molecular Basis of KMT2A/MLL 
Leukaemias: From Transformation Mechanisms 
to Novel Therapeutic Strategies .............................................................  223   
    Bernd   B.   Zeisig     and     Chi   Wai   Eric   So    

    12      Acute Promyelocytic Leukaemia: From a Specific 
Translocation to Cure by Targeted Therapies ......................................  251   
    Kim   L.   Rice     and     Hugues   de   Thé    

    13      Chromosome Abnormalities in Acute Myeloid Leukaemia 
and Their Clinical Importance ..............................................................  275   
    Krzysztof   Mrózek     and     Clara   D.   Bloomfi eld     

   Part IV Sarcomas   

   14      Fusion Oncogenes of Sarcomas ..............................................................  321   
    Pierre   Åman    

    15      Translocations in Ewing Sarcoma .........................................................  333   
    Jason   M.   Tanner     and     Stephen   L.   Lessnick     

   Part V Epithelial Tumours   

   16      RET and Thyroid Carcinomas...............................................................  357   
    Maria   Domenica   Castellone     and     Giancarlo   Vecchio    

    17      Gene Fusions in Prostate Cancer ...........................................................  381   
    Andrew   S.   McDaniel     and     Scott   A.   Tomlins    

    18      Chromosomal Translocations in Lung Cancer .....................................  403   
    Hiroyuki   Mano    

    19      Colon and Ovarian Translocations ........................................................  417   
    Paul   T.   Spellman     

   Part VI Other Aspects   

   20      Pre-clinical Modelling of Chromosomal Translocations 
and Inversions..........................................................................................  429   
    Katia   Ruggero     and     Terence   H.   Rabbitts    

Contents



ix

    21      Protein Complex Hierarchy and Translocation 
Gene Products .........................................................................................  447   
    Jacqueline   M.   Matthews    

    22      Aberrant Transcriptional Programming in Blood Cancers ................  467   
    Constanze   Bonifer    ,     Peter   N.   Cockerill    , and     Anetta   Ptasinska

Index ................................................................................................................. 485        

Contents



Part I
Introduction



3© Springer International Publishing Switzerland 2015 
J.D. Rowley et al. (eds.), Chromosomal Translocations and Genome 
Rearrangements in Cancer, DOI 10.1007/978-3-319-19983-2_1

    Chapter 1   
 A Short History of Chromosome 
Rearrangements and Gene Fusions in Cancer       

       Felix     Mitelman      

  Contents 

   1.1    Introduction .....................................................................................................................  3   
  1.2  Chromosome Banding ....................................................................................................  4   
  1.3  Recombinant DNA Technology ......................................................................................  5   
  1.4  Next-Generation Sequencing ..........................................................................................  7   
  References ................................................................................................................................  9    

  Abstract     The molecular characterization of recurrent chromosome aberrations in 
the early 1980s laid the foundation for gene fusion detection in cancer. This approach 
remained the unrivalled method to identify fusion genes for a quarter of a century 
and led to the detection of more than 700 neoplasia-associated fusion genes. The 
advancement of deep sequencing in the mid-2000s revolutionized the search for 
cytogenetically undetectable fusions, and such studies have dramatically changed 
the gene fusion landscape. A myriad of new gene fusions – more than 1,300 – the 
great majority involving previously unsuspected genes, have been identifi ed by 
sequencing-based analyses during the past 10 years.  

  Keywords     Cytogenetics   •   Karyotype   •   Chromosome aberrations   •   Gene fusions   • 
  Oncogenes  

1.1         Introduction 

 One hundred years ago, Theodor Boveri in his famous book  Zur Frage der 
Entstehung maligner Tumoren  [ 1 ] proposed an idea that later became known as the 
somatic mutation theory of cancer, which essentially states that cancer originates in 
a single cell by a mitotic disturbance leading to chromosomal damage. The acquired 
genetic change is then propagated during subsequent mitoses to all descendants of 
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the originally transformed cell. This concept is today the paradigmatic view of can-
cer pathogenesis, supported by a wealth of experimental evidence. It long remained 
a theoretical idea, however, which could not be examined critically until technical 
improvements in human cytogenetic analysis were made half a century later, culmi-
nating in the description of the normal human chromosome complement by Tjio and 
Levan in 1956 [ 2 ]. 

 The discovery only 4 years later by Nowell and Hungerford [ 3 ] of an acquired 
characteristic marker chromosome consistently seen in patients with chronic 
myelogenous leukaemia (CML), later designated the Philadelphia chromosome 
(Ph) after the city where it had been found, immediately provided strong support for 
the idea that chromosome aberrations indeed may play a major role in the initiation 
of the carcinogenic process. It was reasonable to assume that the specifi c chromo-
somal abnormality – a perfect example of a somatic mutation in a haematopoietic 
stem cell – was the direct cause of the neoplastic state, i.e., the true verifi cation of 
Boveri’s somatic mutation theory. The discovery of the Ph chromosome greatly 
stimulated interest in cancer cytogenetics in the 1960s. However, the results obtained 
over the next decade were disappointing. Chromosome aberrations were detected in 
most tumours but no specifi c change comparable to the Ph was found. The abnor-
malities varied within the same tumour types and among patients, and at the end of 
the 1960s most scientists agreed that chromosome aberrations were secondary epi-
phenomena – not the cause, but the consequence, of neoplasia. The Ph was the 
exception to the rule that chromosome changes did not play any important pathoge-
netic role in carcinogenesis. 

1.2      Chromosome Banding 

 The situation changed dramatically in 1970 with the introduction of chromosome 
banding by Caspersson and co-workers [ 4 ]. Each chromosome, chromosome arm, 
and even chromosome region could now be precisely identifi ed on the basis of its 
unique banding pattern, and hence aberrations that previously had not been possible 
to detect could now be visualized. The fi rst characteristic cytogenetic changes in 
cancer cells discovered with the help of the new technique appeared in 1972 (see 
Mitelman and Heim [ 5 ] for a review of the early data): a 14q+ marker chromosome 
in Burkitt lymphoma (BL), a deletion of the long arm of a chromosome 20 in poly-
cythemia vera, +8 in acute myeloid leukaemia (AML), and −22 in meningiomas. 
The fi rst balanced rearrangements were reported shortly afterwards. In 1973, 
Rowley fi rst identifi ed a reciprocal translocation between chromosomes 8 and 21, 
i.e., t(8;21)(q22;q22), in the bone marrow cells of a patient with AML [ 6 ] and the 
very same year she showed that the Ph in CML originated through a t(9;22)
(q34;q11), not a deletion of the long arm of chromosome 22 as previously thought 
[ 7 ]. A steadily increasing number of characteristic, specifi c, sometimes even pathog-
nomonic balanced rearrangements, in particular translocations, were soon described 
in various haematologic disorders and malignant lymphomas, including t(8;14)

F. Mitelman
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(q24;q32), t(2;8)(p11;q24), and t(8;22)(q24;q11) in BL [ 8 – 11 ], t(15;17)(q22;q21) 
in acute promyelocytic leukaemia [ 12 ], t(4;11)(q21;q23) in acute lymphoblastic 
leukaemia [ 13 ], t(8;16)(p11;p13) in acute monocytic leukaemia [ 14 ], and t(14;18)
(q32;q21) in follicular lymphoma [ 15 ]. The fi rst specifi c translocations in experi-
mental neoplasms and, as it turned out, the perfect equivalents of the characteristic 
rearrangements in human BL were identifi ed by Ohno et al. [ 16 ] in mouse plasma-
cytomas (MPC) by the end of the 1970s. 

 The following decade saw a similar explosion of data emerging from studies of 
solid tumours, initially in particular among mesenchymal tumours. Several of the 
aberrations identifi ed in the solid tumours were as specifi c as those previously found 
among haematologic malignancies, e.g., t(2;13)(q36;q14) in alveolar rhabdomyo-
sarcoma [ 17 ], t(11;22)(q24;q12) in Ewing sarcoma [ 18 ,  19 ], and t(12;16)(q13;p11) 
in myxoid liposarcoma [ 20 ]. At this time, it also became clear that many benign 
tumours carried characteristic aberrations, including reciprocal translocations, e.g., 
t(3;8)(p21;q12) in salivary gland adenoma [ 21 ], t(3;12)(q27–28;q13–15) in lipoma 
[ 22 ,  23 ], and t(12;14)(q14;q24) in uterine leiomyoma [ 24 – 26 ]. All published abnor-
mal karyotypes in neoplasia detected by banding analyses are presented in Mitelman 
et al. [ 27 ], and a comprehensive review of the presently known recurrent and spe-
cifi c chromosome aberrations may be found in Heim and Mitelman [ 28 ].  

1.3     Recombinant DNA Technology 

 Technical developments in the late 1970s enabling the identifi cation and character-
ization of genes in the breakpoints of chromosome rearrangements made it possible 
to elucidate the molecular consequences of the recurrent cancer-associated chromo-
some changes, and analyses in the early 1980s of the specifi c translocations in 
MPC, BL, and CML proved particularly pivotal for our understanding of how chro-
mosome aberrations contribute to neoplastic transformation. When the different 
pieces of the puzzle were assembled, it became apparent that balanced rearrange-
ments exert their effects by one of two mechanisms: Transcriptional up-regulation 
of an oncogene in one of the breakpoints through exchange of regulatory sequences 
in the other breakpoint, and the creation of a hybrid gene through fusion of parts of 
two genes, one in each breakpoint [ 29 ]. Deregulation of an oncogene by juxtaposi-
tion to a constitutively active gene region was predicted by Klein already in 1981 
[ 30 ] and the principle was soon demonstrated in MPC and human BL. The break-
points of the characteristic translocations in mice and humans were found to be 
located within or close to the  MYC  oncogene and one of the immunoglobulin heavy- 
or light-chain genes ( IGH ,  IGK  or  IGL ). As a consequence of the translocations, the 
entire coding part of  MYC  is juxtaposed to one of the immunoglobulin genes, result-
ing in deregulation of  MYC  because the gene is now driven by regulatory elements 
of the immunoglobulin genes. The alternative mechanism – the creation of a fusion 
gene – was documented at the same time in CML with the demonstration that the Ph 
chromosome, i.e., the der(22)t(9;22)(q34;q11), contains a fusion in which the 3′ 

1 A Short History of Chromosome Rearrangements and Gene Fusions in Cancer
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part of the  ABL1  oncogene from 9q34 has become juxtaposed with the 5′ part of a 
gene from 22q11 called the  BCR  gene, resulting in the creation of an in-frame 
 BCR / ABL1  fusion transcript. 

 The fi rst confi rmation of the BL scenario in another B-cell neoplasm was the 
demonstration in 1984 that the t(14;18)(q32;q21) in follicular lymphoma results in 
overexpression of  BCL2  [ 31 ] due to its juxtaposition to the  IGH  locus, and in 1986 
an analogous situation was established in T-cell acute lymphoblastic leukaemia in 
which regulatory elements of the T-cell receptor alpha ( TRA ) gene were found to 
deregulate the expression of  MYC  [ 32 – 34 ]; other 3′ partner genes, e.g.,  LYL1 ,  TAL1 , 
 LMO1 ,and  LMO2 , involved in translocations involving  TRB  and  TRD  loci were 
soon identifi ed in T-cell leukaemias/lymphomas carrying various translocations 
[ 35 – 39 ]. The CML scenario, i.e., the creation of a chimeric fusion gene, was fi rmly 
established in both haematologic malignancies and solid tumours in the early 1990s: 
 PML / RARA  in acute promyelocytic leukaemia with t(15;17)(q22;q21) [ 40 ,  41 ], 
 RET / CCDC6  in thyroid carcinomas with inv(10)(q11q21) [ 42 ],  DEK / NUP214  in 
AML with t(6;9)(p22;q34) [ 43 ],  RUNX1 / RUNX1T1  in AML with t(8;21)(q22;q22) 
[ 44 ], and  EWSR1 / FLI1  in Ewing sarcoma with t(11;22)(q24;q12) [ 45 ]. 

 The molecular insights into the pathogenetic mechanisms of cancer-specifi c 
chromosome aberrations sparked an enormous interest in cancer cytogenetics as a 
powerful tool to locate and identify genes important in tumourigenesis. Further 
technical improvements during the 1980s, in particular the development of fl uores-
cence in situ hybridization (FISH), multi-colour FISH, and the widespread adoption 
of the polymerase chain reaction (PCR), added a further sophistication to the analy-
sis, and radically increased the precision in identifying new gene fusions [ 28 ]. This 
course of action – the genomic characterization of the breakpoints in cytogeneti-
cally detected specifi c balanced aberrations – remained the unrivalled method to 
identify fusion genes in cancer for a quarter of a century and led to the detection of 
more than 700 fusion genes (Table  1.1 ) caused by acquired translocations, inver-
sions, and insertions characterizing various tumour entities [ 27 ].

     Table 1.1    Gene fusions in neoplasia reported 1980–2014, based on data contained in Mitelman 
et al. [ 27 ]   

 Year 

 Haematologic disorders, 
including malignant 
lymphomas 

 Solid tumours 

 Total a  
 Mesenchymal 
tumours 

 Epithelial 
tumours 

 1980–1989  19  0  0  19 
 1990–1994  55  8  6  69 
 1995–1999  101  20  18  140 
 2000–2004  162  43  20  220 
 2005–2009  247  41  109  394 
 2010–2014  379  245  975  1,598 
 Total a   674  299  1,080  2,038 

   a The total numbers do not add up because each gene fusion is only counted once but may be found 
in distinct tumour entities  

F. Mitelman
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   There was a major limitation of this remarkably successful approach, however. 
It was in principle restricted to haematological malignancies and mesenchymal 
tumours, which typically have simple abnormalities, often seen as a sole anomaly. 
Malignant epithelial tumours, representing the dominant cause of human cancer 
morbidity and mortality, which characteristically have complex karyotypes with 
numerous numerical and structural abnormalities, were consequently not amenable 
for analysis. As a consequence, very few fusion genes were detected in carcinomas. 
By 2005, only 29 fusion genes were known in carcinomas, all organs combined, as 
compared to 56 in mesenchymal neoplasms and 272 in haematological malignan-
cies. These quantitative differences led to the generally held view that fusion genes 
are not an important mechanism in carcinoma pathogenesis. Indirect evidence that 
fusion genes actually may play the same fundamental role in epithelial carcinogen-
esis as they do for the initiation of haematologic and mesenchymal neoplasms was 
presented by Mitelman et al. [ 46 ], and direct evidence clearly substantiating this 
view was soon produced with the help of new powerful technologies developed dur-
ing the last decade.  

1.4     Next-Generation Sequencing 

 The breakthrough in the search for fusion genes by alternative methods to chromo-
some banding analysis followed by reverse transcriptase-PCR and Sanger sequenc-
ing was made by Chinnaiyan and coworkers in 2005 [ 47 ]. They took a bioinformatics 
approach to look for genes in prostate cancer that showed a very high expression in 
RNA microarray experiments, and demonstrated that two of the outlier genes – 
 ERG  and  ETV1  – were frequently fused to the 5′ part of the prostate-specifi c 
androgen- regulated gene  TMPRSS2 . Subsequently other  ETS  family genes were 
found to be fused with  TMPRSS2 , and several other 5′ partner genes that activate 
 ETS  genes were also discovered [ 48 ]. The frequencies of the various fusions vary 
slightly in different patient series depending on the populations studied but alto-
gether about 80 % of prostate cancers harbour one of the presently known fusion 
genes, the most common being  TMPRSS2 / ERG . Very soon afterwards, an 
 EML4 / ALK  gene fusion was found in a subset of non-small cell lung cancer by 
screening a retroviral cDNA expression library from cancer samples [ 49 ]. The 
importance of these results in prostate and lung cancer cannot be overestimated. 
They showed, for the fi rst time, that cytogenetically undetectable gene fusions may 
be a causative factor in a substantial fraction of common human cancers, and the 
fi ndings underscored the need for high-resolution methods to be used in parallel 
with chromosome banding to characterize cancer genomes. The advancement of 
next-generation sequencing (NGS) at this time revolutionized the search for new 
fusion genes, enabling unprecedented opportunities to process thousands of tumours 
for systematic mutation and fusion gene discovery without any knowledge of the 
genetic constitution. The fi rst report using the new sequencing technology to fi nd 
fusion genes in cancer was presented by Stratton and co-workers in 2008 [ 50 ]. 

1 A Short History of Chromosome Rearrangements and Gene Fusions in Cancer
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Numerous studies of common cancer types, such as carcinomas of the breast, lung, 
prostate, and uterus, quickly followed (e.g., [ 51 – 57 ]), and the results have dramati-
cally changed the gene fusion landscape. A myriad of new gene fusions – more than 
1,300 – the great majority involving previously unsuspected genes, have been iden-
tifi ed with the help of NGS-based analysis [ 27 ]. Table  1.1  shows the dramatic 
increase of gene fusions detected since 2010, in particular among malignant epithe-
lial tumours, and Table  1.2  presents the distribution of all presently reported fusions 
among major neoplasia subtypes.

   As can be seen from Table  1.1 , the total number of gene fusions now exceeds 
2,000 and at least 65 % of these were identifi ed by various sequencing technologies 
during the last 5 years. Clearly, the presently known gene fusions represent only the 
tip of an iceberg. Given the extraordinary rate at which The Cancer Genome Atlas 
(TCGA) project is generating cancer genomic data [ 58 ,  59 ], a huge number of new 

   Table 1.2    Number of gene fusions and genes involved in fusions in major neoplasia subtypes, 
based on Mitelman et al. [ 27 ]   

 Diagnosis 
 Number of gene 
fusions 

 Number of genes 
involved in fusions 

  Haematologic disorders  
 Undifferentiated and biphenotypic leukaemia  24  32 
 Acute myeloid leukaemia  267  339 
 Myelodysplastic syndromes  50  59 
 Chronic myeloproliferative disorders, including 
CML 

 68  84 

 Acute lymphoblastic leukaemia  192  188 
 Plasma cell neoplasms  20  23 
 Mature B-cell neoplasms  179  195 
 Mature T- and NK-cell neoplasms  28  37 
 Hodgkin lymphoma  13  19 
  Solid tumours  
  Benign solid tumours  
 Benign epithelial tumours  14  20 
 Benign mesenchymal tumours  37  58 
  Malignant solid tumours  
 Respiratory system  373  596 
 Digestive system  62  109 
 Breast  343  578 
 Female genital organs  95  185 
 Male genital organs  142  209 
 Urinary tract  55  98 
 Endocrine system  22  28 
 Nervous system  131  227 
 Skin  12  24 
 Bone  24  30 
 Soft tissues  81  105 

F. Mitelman
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genomic rearrangements can be expected to be discovered within the next few 
years. It is important in this context to mention two notable differences between the 
fusion genes detected on the basis of cytogenetically identifi ed aberrations and 
those so far identifi ed by NGS. First, multiple NGS-detected fusion genes are gener-
ally found within the same tumour, e.g., more than 25 different fusions in one pros-
tate cancer, and secondly, very few of the NGS-detected fusion genes have been 
found to be recurrent. A major challenge will be to verify by functional studies 
which of the alleged gene fusions are primary, pathogenetically important, and 
which are either secondary progressional changes or non-consequential “noise” 
abnormalities.     
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    Abstract     Somatically acquired tumour genome alterations underlie many of the 
changes in gene expression that promote tumour formation. These changes, ranging 
from single nucleotide changes to those involving parts of chromosomes or whole 
chromosomes, likely refl ect the many different solutions taken by individual 
tumours to escape normal growth regulatory mechanisms. A variety of molecular 
and cytogenetic techniques, differing in resolution and capabilities for high through-
put or single cell analysis, for example, have been used to investigate the altered 
state of tumour genomes. Some of these methods have become the mainstay of 
clinical cancer diagnosis and patient management.  

  Keywords     Copy number   •   Chromosome aberrations   •   FISH   •   CGH   •   Whole 
genome sequencing  
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2.1         Introduction 

 Human cancer genomes typically have somatically acquired genome alterations, 
spanning the range from single nucleotide changes to those involving parts of chro-
mosomes or whole chromosomes. These aberrations underlie many of the changes 
in gene expression that promote tumour formation, such as increases or decreases in 
copy number of coding regions, inactivation or activation of genes by point muta-
tions or gene disruption, and activation of genes by mutation and rearrangements 
that create fusion genes with new properties and gene expression patterns. A variety 
of molecular and cytogenetic techniques have been used to investigate the altered 
state of tumour genomes, some of which have become the mainstay of clinical can-
cer diagnosis and patient management. 

2.1.1     Cancer Genome Alterations 

 Great variation in the numbers and types of chromosome level alterations present in 
human tumours has been reported, which is likely to refl ect the many different solu-
tions taken by individual tumours to escape normal growth regulatory mechanisms. 
Figure  2.1  illustrates chromosome level alterations that may occur in a tumour 
genome.

   Some changes result in loss of heterozygosity (LOH), i.e., change in the normal 
equal contribution to the diploid genome from both the maternal and paternal chro-
mosomes. Such alterations do not affect the number of copies of regions of the 
genome and are often referred to as “copy neutral” changes; however, gene expres-
sion may be altered by LOH and contribute to tumour formation. For example, at a 
locus heterozygous for a mutation in a tumour suppressor gene, somatic recombina-
tion could result in loss of the wild type allele and its replacement with the mutant 
copy, such that the cell would be homozygous for the mutation. Intra-chromosomal 
inversions, another class of copy neutral alterations might also alter gene expression 
as a result of a change in the gene’s neighbourhood or fusion with part of another 
gene, for example. 

 By contrast, chromosome level alterations often result in net gain or loss of 
whole chromosomes (aneuploidy) or parts of chromosomes (insertions, deletions, 
non-reciprocal translocations). Gene amplifi cation, defi ned as a copy number 
increase of a restricted region of a chromosome arm, may also occur [ 1 ]. The analy-
sis of amplifi ed DNA in mammalian cell lines and tumours has revealed that it may 
be organized as extra chromosomal copies, called double minutes, in tandem arrays 
as head to tail or inverted repeats within a chromosome, often forming a cytologi-
cally visible homogeneously staining region (HSR) or distributed at multiple loca-
tions in the genome [ 1 ]. The unit of amplifi ed DNA in some cases may involve 
sequences from two or more regions of the genome, indicating a more complex 
process of formation involving multiple chromosomes [ 2 ]. Regions of focal copy 

D.G. Albertson



17

number alterations, such as small deletions and amplicons focus attention on genes 
in these regions as potential tumour suppressors and oncogenes, respectively. 
Regions of amplifi cation pinpoint genes whose elevated expression is likely to be 
benefi cial to the tumour. As amplicons are unstable [ 3 ], it is likely that there is ongo-
ing selection for their retention and the elevated expression of gene(s) in the region. 

 Cytogenetic and molecular methods have been applied to study the organization 
of frequently amplifi ed oncogenes such as  MYCN ,  EGFR  and  ERBB2  [ 4 – 6 ]. 
Recently, application of allele specifi c copy number and high throughput sequenc-
ing technologies (see below) has provided fi ne resolution maps of amplicons and 
chromosome alterations in tumours. The term “chromothripsis” (derived from 
Greek, chromo for chromosome and thripsis, shattering to pieces) was used to 
describe the complex rearrangements involving multiple breakpoints and copy 
number alterations seen in 2–3 % of cancers [ 7 ]. It was imagined that the rearrange-
ments occurred in a single cataclysmic event, which involved shattering of a 

  Fig. 2.1     Schematic illustration of mechanisms by which chromosomal aberrations arise . A 
two chromosome diploid genome with a large ( red  and  orange ) and smaller chromosome ( blue  and 
 light blue ) pair is depicted at the  top  of the fi gure. The maternal and paternal chromosomes of the 
pairs are distinguished by shades of  red / orange  and  blue / light blue        

 

2 Molecular Genetics Methods in Discovery of Chromosome Structure



18

 chromosome and its reassembly, rather than stepwise accumulation over time, the 
existing view of genome evolution in cancer. Although the term gained popularity 
and has even been considered a mechanism, its usage was subsequently appropri-
ately criticized based on mathematical modelling and existing knowledge of cancer 
genomes and nuclear organization [ 8 ,  9 ]. Indeed, the complex amplicons that might 
be formed via a breakage-fusion-bridge process [ 10 ], in which repeated cycles of 
fusion of broken ends of chromosomes lead to failure to segregate properly at mito-
sis with subsequent breakage during anaphase, were considered examples of chro-
mothripsis. Such a process, however, requires multiple rounds of cell division, 
generates unstable chromosomes [ 3 ], and results in heterogeneity in a population of 
cells, consistent with the observed copy number profi les characteristic of chro-
mothripsis [ 9 ]. In summary, therefore, there appears to be little need for this 
 terminology, the observed complex rearrangements being adequately explained by 
known genomic instability mechanisms.  

2.1.2     Cytogenetic and Molecular Techniques 

2.1.2.1     Fluorescent  In Situ  Hybridization (FISH) 

 A variety of cytogenetic applications use FISH to detect changes in the copy num-
ber of loci, a change in the organization of the loci on a chromosome (e.g., inver-
sions, deletions duplications, amplifi cations) and between chromosomes (e.g., 
translocations, amplifi cations). The method uses one or more nucleic acid probes 
labelled with a fl uorochrome conjugated nucleotide or other hapten, such as biotin, 
that can be detected by fl uorescently labelled molecules such as avidin or hapten 
specifi c antibodies. The labelled probe(s) are hybridized to whole organisms, tissue 
sections, cells or subcellular constituents such as metaphase chromosomes, nuclei 
or extended chromatin fi bres and the site of the nucleic acid sequence visualized by 
fl uorescence microscopy [ 11 ,  12 ]. Single locus FISH probes are currently in routine 
use in clinical laboratories, for example, to assess amplifi cation of  ERBB2  in 
tumours as a guide to therapeutic decisions [ 13 ] and to detect aneuploid cells in 
urine as a non-invasive alternative to cystoscopy to monitor bladder cancer patients 
for disease recurrence [ 14 ]. Recurrent translocations characteristic of certain can-
cers are also used to identify cancers. Probes that fl ank the breakpoints are labelled 
in different colours and following hybridization, the presence of the translocation is 
readily observed by separation of the two normally overlapping coloured signals in 
the cancer cell nuclei [ 15 ,  16 ]. 

 Analysis of tumour karyotypes using FISH to differentially label whole chromo-
somes or parts of chromosomes (painting probes) can provide higher resolution 
information on chromosome rearrangements than is possible by standard G-bands 
by Trypsin using Giemsa (GTG) metaphase chromosome analysis, especially for 
the common situation in which it is not possible to prepare well banded metaphases 
from the tumour. Two of the fi rst described painting probe approaches, Spectral 
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karyotyping (SKY) and M-FISH developed for this purpose used chromosome spe-
cifi c probe libraries differentially labelled with four to seven different fl uorophores 
[ 17 ,  18 ]. Following hybridization and imaging, sequences from the 24 human chro-
mosomes can be distinguished based on the spectroscopic properties of the probes 
and localized on metaphase spreads prepared from the tumour. Aneuploidies and 
the composition of abnormal marker chromosomes can be revealed using whole 
chromosome paints, but within chromosome structural aberrations, such as inver-
sions, deletions, insertions, and duplications cannot be detected. Variations on label-
ling with whole chromosome paints include, for example, addition of region specifi c 
probes obtained by chromosome microdissection or locus specifi c probes [ 19 ]. 
These alternatives can provide higher resolution information on specifi c genome 
regions or types of aberrations.  

2.1.2.2     Comparative Genomic Hybridization 

 Described in 1992, comparative genomic hybridization (CGH) provided the fi rst 
effi cient approach to scan the entire genome for variations in DNA copy number 
[ 20 ]. In the original implementation of CGH, total genomic DNAs isolated from test 
and reference cell populations were differentially labelled and hybridized to meta-
phase chromosomes. The binding of sequences at different genomic locations was 
measured relative to the physical position on the chromosomes. Subsequently, as 
the human genome mapping and sequencing projects progressed, chromosomes 
were replaced by DNA microarrays containing elements, initially bacterial artifi cial 
chromosome (BAC) [ 21 ] or cDNA [ 22 ] clones spanning the genome, which had 
been mapped directly to the physical map of the genome or genome sequence. With 
either representation of the genome, copy number is determined from the relative 
hybridization intensity of the test and reference signals at a given genomic location 
and is proportional to the relative copy number of those sequences in the test and 
reference genomes. Typically, the reference sample has a normal genome, so that 
increases and decreases in ratio directly indicate DNA copy number variation in the 
genome of the test sample. Data are typically normalized so that the modal ratio for 
the genome is set to some standard value, typically 1.0 on a linear scale or 0.0 on a 
logarithmic scale. With the completion of the human genome sequence, arrays com-
prised of short oligonucleotides containing single nucleotide polymorphisms (SNP 
arrays) became commercially available that allowed information on allele specifi c 
copy number to be obtained [ 23 ,  24 ], thereby providing data on both copy number 
and LOH. At present, whole genome sequencing is replacing microarray-based 
methods for measuring copy number (see below). 

 An alternative comparative genomic hybridization platform uses molecular 
inversion probes (MIPs). Available as the Oncoscan™ FFPE Assay from Affymetrix, 
Inc., the technology can be used to detect selected cancer relevant single nucleotide 
mutations and measures copy number and LOH with 300 kb resolution from small 
amounts of DNA extracted from frozen or FFPE material [ 25 ]. The technology uses 
padlock probes [ 26 ]. The probes are designed such that the two ends of the probes 
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hybridize to ~40 bp regions in the genome leaving a single nucleotide gap. The gap 
is fi lled (allowing SNP detection) and the ends of the probes ligated to generate 
circular probes. Exonuclease digestion is used to remove other nucleic acid 
sequences and the probes are hybridized to an array via a specifi c tag sequence 
included in each probe. Copy number is then determined relative to a normal refer-
ence, ideally a patient matched normal sample. Advantages of the technology 
include requirement for small amounts of sample DNA, compatibility with degraded 
DNA extracted from FFPE samples, and simultaneous copy number, LOH and SNP 
detection. A version of the technology is the fi rst chromosomal microarray to 
receive FDA approval for postnatal testing for germline chromosomal copy number 
alterations associated with developmental delay, intellectual disability, congenital 
anomalies, and/or dysmorphic features.  

2.1.2.3     Amplifi cation-Based Methods for Genome Copy Number 
Measurement 

 Real time quantitative polymerase chain reaction (PCR) has been used to measure 
copy number at specifi c loci in the genome relative to a reference locus. An advan-
tage of this approach is the rapid turnaround time and possibility of automating the 
assay for hundreds of samples. The choice of reference locus for studies of cancer 
genomes, however, can be problematic. The copy number of the reference locus 
may not be known, it may not be single copy in tumours and the copy number may 
vary amongst tumours in a cohort under study. To address this problem, a multicopy 
reference has been introduced (Qiagen, Inc.). A reference sequence present in >20 
copies per diploid genome and distributed across the genome is relatively insensi-
tive to changes in copy number that affect a single locus or a few of the loci, and 
gain or loss of one or a few copies will result in only a small change in the measured 
C T  value for the reference.  

2.1.2.4    Multiplex Ligation-Dependent Probe Amplifi cation (MLPA) 

 The MLPA method measures copy number in a multiplex polymerase chain reac-
tion [ 27 ]. Locus specifi c probes recognizing adjacent regions in the genome are 
annealed, ligated and amplifi ed using universal primer sequences. Probe sets are 
designed such that ~50 amplifi cation products can be distinguished and quantifi ed 
following separation by capillary electrophoresis. Comparison of a test sample to a 
reference sample provides information on copy number. Probes can also be designed 
to interrogate SNPs and methylation status [ 28 ]. While MLPA offers advantages in 
terms of cost, turnaround time and capability to use degraded FFPE DNA, it is lim-
ited to the simultaneous analysis of ~50 loci. Performance of MLPA is also sensitive 
to the choice of reference DNA, ideally it should be normal DNA from the same 
individual extracted in the same manner as the test sample [ 28 ].  
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2.1.2.5    nCounter® 

 The nCounter® system from NanoString® captures and directly counts individual 
molecules without the need for amplifi cation and can be used to determine copy 
number at defi ned loci in the genome [ 29 ]. The system uses a 35–50 base pair cap-
ture probe complementary to a nucleic acid sequence of interest and a second 35–50 
base pair reporter probe complementary to a second region of the nucleic acid 
sequence of interest. The reporter probe carries a coloured barcode consisting of a 
DNA sequence annealed with complementary in vitro transcribed RNA sequences 
each labelled with a fl uorophore. Multiplex hybridization of the region specifi c 
probes takes place in solution. Following hybridization, excess probe is washed 
away and the hybridized complexes are oriented and extended on a capture surface 
by application of an electric fi eld. The linear order of the fl uorophores in the bar-
codes of single molecules are then imaged and counted to determine the copy num-
ber of each locus. The nCounter® system allows simultaneous interrogation of 
several hundred loci and is suitable for use with DNA obtained from fresh frozen or 
FFPE samples.  

2.1.2.6    Whole Genome Sequencing 

 Next generation sequencing (NGS) or high throughput whole genome sequencing 
technology offers the opportunity to sequence millions of reads in a cost effective 
manner. Four general methods are used to identify copy number alterations using 
NGS, including assembly-based methods, depth of coverage or read depth methods, 
paired-end or read-pair and split-read methods [ 30 ,  31 ]. Assembly-based methods, 
which reconstruct a genome de novo are best suited to studies of small genomes and 
have not been widely applied in human genome studies. The other three methods 
rely on aligning sequence reads to a previously established reference genome for the 
organism. 

 Depth of coverage methods (DOC) use short single or paired end reads and 
determine copy number based on number of reads that fall within a bin of defi ned 
size, e.g., 15 kb. There is an underlying assumption of uniform sequence coverage 
of the genome; however, the variation of counts amongst bins is affected by the 
DNA copy number variations, the Poisson statistics of counting reads, and by biases 
of the analytical process that have substantial dependences on such factors as the 
GC content and mappability of sequences in the bins. Coverage is reduced in regions 
of the genome with high or low GC content and in repetitive regions in which reads 
cannot be mapped unambiguously. Algorithms to correct for these biases have been 
developed. Alternatively, comparisons to sequencing data from appropriate refer-
ence genomes have been used to normalize data from test samples. Algorithms 
incorporating information on SNP heterozygosity have also been used to call both 
copy number and loss of heterozygosity. The capability of DOC methods to use 
short single end reads offers an advantage when working with archival FFPE tumour 
specimens from which DNA is likely to be fragmented. A further benefi t for tumour 
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genome analysis is the use of reference free DOC methods, since matched normal 
reference DNA may not be available [ 32 ]. 

 Paired end and split read methods require paired sequencing reads. Deletions and 
insertions are detected when the paired reads align to the reference genome at dis-
tances greater than or less than expected, respectively based on the length of the 
fragments being sequenced. Paired-end sequencing can also detect inversions and 
translocations depending on the manner in which the paired ends map to the refer-
ence genome. Breakpoints in the genome can be quite accurately mapped by analy-
sis of split-reads in the case that one of the paired end reads maps to the sequence 
and the other read, which fails to align is considered to span the breakpoint of a 
genome rearrangement. 

 A number of algorithms have been described for detecting copy number altera-
tions from NGS data. They address the general workfl ow of fi rst inferring copy 
number profi les from the raw sequence, segmenting the profi les and calling aberra-
tions. A comparison of algorithms revealed differences in sensitivity and specifi city 
for different sizes and types of genome alterations [ 33 ]. Further refi nements in algo-
rithms for detecting tumour genome copy number and structure are expected to 
better address the technical biases inherent in the current sequencing methodology, 
as well as incorporating improved knowledge of human genome variation to iden-
tify germline copy number variants that could be misinterpreted as tumour genome 
alterations [ 34 ].   

2.1.3     Combining Technologies to Better Study Tumours 

 Cytogenetic and molecular methods for detecting and measuring tumour genome 
alterations vary in resolution, utility for detecting previously unknown aberrations 
and sensitivity to admixed normal cells or tumour heterogeneity. The combined use 
of more than one technique can provide greater insight into alterations in the 
genomes of the tumour cells. An example is shown in Fig.  2.2 , in which array CGH 
and FISH were used to study an oral squamous cell carcinoma (SCC) primary and 
recurrence. Analysis of the primary and recurrence by array CGH revealed low level 
gains and losses in the genomes, as well as amplifi cation of  CCND1  on chromosome 
11. By contrast, amplifi cation of  EGFR  on chromosome 7 was observed only in the 
primary (Fig.  2.2a ). Using FISH probes for  EGFR  and  CCND1 , amplifi cation of 
both regions was apparent in the primary, but  EGFR  was only modestly elevated in 
the recurrence (Fig.  2.2b ), consistent with the array CGH copy number analysis. 
Enumeration of FISH counts at fi ve different regions in the primary, however, 
revealed that the tumour was heterogeneous with respect to amplifi cation of  EGFR  
with one of fi ve regions having only modestly elevated copy number of  EGFR  simi-
lar to the recurrence (Fig.  2.2c ). These observations suggest that the recurrence pos-
sibly originated from (residual) cells from this region lacking  EGFR  amplifi cation.

   In the above example, specifi c chromosome alterations were selected for analy-
sis based on the genome-wide copy number information provided by array CGH. By 
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a

b

c

  Fig. 2.2     Combining FISH and array CGH reveals tumour heterogeneity . ( a ) Copy number 
profi les of an oral SCC primary ( left ) and recurrence ( right ). The normalized log 2  ratio is plotted at 
each locus sorted by chromosome and ordered according to genome position from the p-arm to the 
q-arm. Amplifi cations of  EGFR  on chromosome 7 and  CCND1  on chromosome 11 are present in 
the primary, but only amplifi cation of  CCND1  in the recurrence. ( b ) Hybridization of FISH probes 
for  EGFR  ( green ) and  CCND1  ( red ) to tissue sections from the primary ( left ) and recurrence 
( right ). The large clusters of green signals indicative of  EGFR  amplifi cation are absent from the 
recurrence consistent with the array CGH profi les. ( c ) Enumeration of FISH signals from fi ve 
regions of the sections from the primary ( left ) and (recurrence)  right . While four of the fi ve ana-
lyzed regions showed elevated counts for both  EGFR  and  CCND1  in the primary (4 – 5 times the 
number of counts for nuclei from non-tumour tissue), one region (region 3) was found in which 
 EGFR  copy number was only twice normal levels. Note, that due to truncation of nuclei by sec-
tioning, fewer than a diploid number of FISH signals are routinely observed in normal tissue. In 
the recurrence, amplifi cation of  CCND1  is observed in all regions with only modestly increased 
copy number of  EGFR  compared to normal tissue       
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contrast, a similar study using next generation sequencing and microdisscetion of 
tumour regions could provide genome-wide information on tumour heterogeneity, 
albeit with much greater computational effort. Nevertheless, there still appears to be 
an important role for cytogenetic techniques in the analysis of tumours. While the 
focus here has been on methods to study tumour genomes, techniques such as FISH 
are compatible with simultaneous analysis of expressed proteins by immunofl uores-
cence [ 35 ] and spatial information on intra-tumour genome alterations and cellular 
phenotypes can be informative with respect to tumour evolution, for example [ 31 ]. 

 The variety of cytogenetic and molecular technologies available for measure-
ment of tumour genome alterations provides researchers and clinicians with many 
choices. Assessment of the differing capabilities, advantages and weaknesses of the 
technologies should allow selection of the platform best suited to particular applica-
tions, including considerations of cost, throughput, sensitivity and resolution.      
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3.1         Overview: Mechanisms of Recurrent Oncogenic 
Translocations 

 Chromosomal translocations (“translocations”) were observed cytogenetically over 
50 years ago; since then, recurrent translocations have been identifi ed in many types 
of cancers, most frequently in lymphoid and myeloid neoplasms, but also in solid 
tumours, such as lung and prostate cancers [ 1 – 4 ]. Translocations can contribute to 
both initiation and progression of neoplastic transformation, most frequently by 
leading to abnormal activation of cellular oncogenes [ 3 ]. In this regard, many trans-
locations likely arise at very low frequency and are strongly selected during the 
tumourigenesis process leading to their appearance as clonal events in tumour cells. 
Cancer genome studies indicate that most translocations result from end-joining of 
two DNA double-stranded breaks (DSBs) that occur at two separate genomic loca-
tions. In this context, most joins of DSB ends from two distinct DSBs, whether on 
a separate chromosome to generate translocations or on the same chromosome to 
generate interstitial deletions or inversions, appear mechanistically related and can 
be considered as translocations [ 5 ]. 

 Translocations between two genes can result in expression of hybrid fusion pro-
teins, which generate aberrant activation of proto-oncogenes. A notable example is 
the  BCR - ABL1  translocation between human chromosomes 9 and 22, also known as 
the Philadelphia chromosome, that is found in chronic myelogenous leukaemia and 
early B cell leukaemias [ 6 – 8 ]. Many other such examples for other tumour types 
have been elucidated [ 9 ,  10 ]. Translocations between different genomic sequences 
also can activate proto-oncogenes by deregulating their expression, often by linking 
them to strong  cis -regulatory elements, a mechanism common in lymphoid malig-
nancies in which translocations link strong transcriptional enhancers or super- 
enhancers in antigen receptor loci to cellular oncogenes [ 4 ,  9 ,  11 ]. A classic example 
of this type of oncogenic translocation are translocations that fuse immunoglobulin 
(IG) heavy chain locus ( IGH ) and its 3′ regulatory region, a known super-enhancer, 
to the  MYC  oncogene in Burkitt lymphomas (BL), with a variety of others having 
been well-characterized [ 2 ,  4 ]. 

 Oncogene overexpression in tumours also can be achieved via gene amplifi ca-
tion, the fi rst form of genomic instability in cancer cells described at the molecular 
level [ 12 ]. One mechanism for oncogene amplifi cation in cancer models involves 
generation of dicentric chromosomal translocations with breakpoint fusions in the 
vicinity of oncogenes [ 13 – 16 ]. In cancer cells defi cient in the cellular G1 DSB 
checkpoint (e.g., TP53 or ataxia telangiectasia mutated (ATM) protein defi cient), 
breakage-fusion-bridge cycles [ 17 ] (BFB) of such dicentrics can rapidly lead to 
oncogene amplifi cation [ 18 ]. Although such BFB mechanisms of oncogene ampli-
fi cation are likely most common during solid tumour progression [ 15 ,  19 ,  20 ], they 
have also been observed in human B cell malignancies [ 21 ], including multiple 
myeloma [ 22 ]. In ATM-defi cient mouse T cell lymphoma models, dicentric chro-
mosomes that result from aberrant V(D)J recombination events at T cell receptor 
(TCR) δ loci ( TRD ) lead to BFB-generated amplifi cation of linked sequences and to 
new BFB-generated DSBs that participate in translocations that may delete tumour 
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suppressor genes [ 23 ] (see below). Inter- and intra-chromosomal translocations/
deletions have been implicated in deletions of tumour suppressors that contribute to 
various cancers [ 24 – 27 ].  

3.2     Mechanistic Factors Infl uence Generation of Recurrent 
Chromosomal Translocations 

 Beyond cellular selection for oncogenic translocations, general mechanistic factors 
of translocations can affect the propensity of two genomic sequences to translocate 
to each other recurrently, and can even impact oncogene choice in different malig-
nancies [ 28 ,  29 ]. Many recent studies of mechanistic factors involved in promoting 
translocations have been done in lymphoid cells, which will be a main focus of this 
review. 

 As translocations often involve the fusion of ends from two separate DSBs, the 
frequency of DSBs at the two participating sites to be joined will directly infl uence 
the rate of a particular translocation. In this context, such DSB frequency will refl ect 
both the frequency at which the participating DSBs are generated by various mecha-
nisms and also how long they persist before being properly repaired [ 5 ] (see below). 
In the latter context, DSB persistence refl ects the effi ciency at which DSBs are 
repaired. Mammalian cells possess multiple DSB sensing mechanisms that are 
linked to DSB repair pathways that effi ciently repair DSBs, often by end-joining 
them back together [ 30 – 32 ]. DSB sensing pathways, in addition to participating in 
repair, also activate checkpoints that either delay cell cycle progression of cells with 
unrepaired DSBs until they are joined or eliminate cells with persistent unjoined 
DSBs [ 30 ,  33 ] (see below). The two major pathways for DSB repair are homolo-
gous recombination (HR) [ 34 ], which is primarily involved in repair of post- 
replicative DSBs, and classical non-homologous DNA end-joining (C-NHEJ) 
which is functional throughout the cell cycle but is predominant in G1 when HR is 
not active [ 35 ] (discussed below). We will focus mainly on C-NHEJ due to the 
exclusive involvement of this repair pathway in joining programmed DSBs in lym-
phocytes and in suppressing their translocation [ 35 ]. 

 For two separate DSBs to be joined to form translocations, they must also be 
juxtaposed (“synapsed”) at the time they are broken [ 5 ]. Thus, in a population of 
cells, the synapsis frequency of two regions that contain DSBs will directly infl u-
ence their translocation frequency. Certain sequences are more frequently synapsed 
than others in the genome due to general principles of chromatin folding, as well as 
being involved in common processes, such as transcription [ 36 ,  37 ]. Beyond this, 
translocation of DSBs that are much less frequently synapsed in cells within a popu-
lation can still occur, due to cellular heterogeneity with respect to three-dimensional 
(3D) spatial genome organization [ 38 ]. At a local level, synapsis of breaks that are 
in relatively close proximity also may occur through Brownian or Langevin motion 
[ 38 – 40 ]. Finally, active movement of DSB ends has been reported in yeast [ 41 ,  42 ] 
and in mammalian cells [ 43 ,  44 ], and may also contribute to synapsis. 
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 In the past, inability to identify newly occurring translocations in normal cells, 
without the biases imposed by cellular or oncogenic selection, has limited analyses 
of mechanistic factors involved in the generation of translocations. Such limitations 
have been overcome by the recent development of high-throughput genome-wide 
translocation cloning techniques [ 45 ,  46 ]. In this regard, the use of rare-cutting, 
 site- specifi c restriction endonucleases, such as the yeast I- Sce I meganuclease or 
homothallic (HO) endonuclease, have provided critical tools for studying transloca-
tions by providing a method to generate initiating DSBs at one or more desired 
genomic locations [ 47 ]. The fi nding that I- Sce I generated DSBs at introduced target 
sites in the  IgH  locus in B lymphocytes could substitute for endogenous mecha-
nisms that generate  IgH  class switch recombination (CSR) provided the foundation 
for the development of genome-wide methods for studying translocation mecha-
nisms [ 48 ]. These high-throughput methods, referred to generically here as “trans-
location cloning” methods, have been used to identify endogenous DSBs 
genome-wide based on their translocation to fi xed I- Sce I induced “bait” break-sites 
in activated B lymphocytes or G1-arrested progenitor B cells lines as well as in non-
lymphoid cells [ 38 ,  39 ,  45 ,  46 ,  49 ]. 

 Advances in custom nuclease tools that target endogenous genomic sequences, 
including zinc fi nger nucleases (ZFNs) [ 50 ], transcription activator-like effector 
nucleases (TALENs) [ 51 ], and Cas9:gRNAs [ 52 ], have provided additional ectopic 
DSB-generating approaches to study generation of translocations from DSBs at 
specifi c sites in mammalian genomes without introducing a target DSB sequence 
[ 39 ,  53 ,  54 ]. Recently, Cas9:gRNAs and TALENs have been used to very success-
fully generate bait DSBs for translocation cloning at desired endogenous sites in 
human cells [ 55 ], allowing tests of basic principles of translocations, modelling of 
recurrent oncogenic translocations, and potentially the development of improved 
cancer diagnostics. This approach has also provided potential benefi ts to genome- 
engineering and gene therapy fi elds by providing a very robust method to identify 
genome-wide off-target and wide-spread, low-level DSB activity of custom nucle-
ases and to also detect collateral damage of such agents including recurrent translo-
cations and/or deletions [ 55 ]. 

 Below, we will further discuss the mechanistic factors outlined above and how 
they can contribute to recurrent translocations or recurrent classes of translocations 
based on insights obtained from the recently developed translocation cloning assays. 
We will focus this discussion largely on mechanisms revealed from studies of lym-
phoid cells and tumour models, but also indicate the more general relevance of the 
fi ndings of these studies.  

3.3     General Cellular DSBs Provide Translocation Substrates 

 Human dividing cells may undergo as many as 50 DSBs per cell cycle [ 56 ]. General 
DSBs can occur spontaneously or be induced by various endogenous or exogenous 
damaging factors. Some byproducts generated during cell metabolism, including 
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reactive oxygen species and endogenous alkylating agents can lead to DSBs [ 57 ]. 
DNA replication is another source of endogenous DSBs [ 58 ]. When encountering 
DNA lesions or other replication barriers, DNA replication forks stall, accumulate 
single-stranded DNA (ssDNA) and fi nally collapse, resulting in DSBs [ 59 – 61 ]. 
Fragile sites, a common replication barrier, provide break-sites for many gross 
chromosomal rearrangements found in early-stage tumours or precancerous cells 
[ 58 ]. Fragile sites appear to contribute to breakpoints of recurrent translocations in 
acute lymphoblastic, myeloid leukaemias, or BL (See Chap.   5     by Jiang et al., 
“Common Chromosomal Fragile Sites and Cancer”) [ 62 – 64 ]. Recent studies have 
also identifi ed another class of “early replicating fragile sites” in B lymphocytes 
that were enriched in areas of repetitive sequences and/or CpG nucleotides, some 
of which map near translocation breakpoints in B cell lymphomas [ 65 ]. 
Transcription also has been implicated in DSB generation [ 36 ,  45 ,  46 ,  66 ]. 
Transcription- associated DSBs may result from head-on collisions between DNA 
and RNA polymerases [ 67 ,  68 ], topological constraints arising from transcription 
induction [ 69 ], or formation of unstable DNA structures, such as R-loop and 
G-quadruplexes [ 70 – 72 ]. Transcription has also been implicated in the generation 
of DSBs that participate in translocations in activated B lymphocytes [ 45 ,  46 ] (see 
below). 

 In addition to endogenous factors, DSBs also can be generated by exposure to 
external agents, such as ionizing radiation (IR) and various types of chemothera-
peutics [ 73 ,  74 ]. 1 Gray (Gy) of γ-irradiation generates about 20 DSBs in mam-
malian cells [ 75 ]. Translocation cloning studies from IR-treated cells confi rmed 
that IR-derived non-specifi c DSBs can generate translocation substrates genome-
wide [ 38 ]. Topoisomerase II inhibitors, commonly used for anticancer treatment, 
prevent topoisomerase II from releasing topological constraints during DNA repli-
cation or transcription, thus promoting DSBs, implicated, for example, in the emer-
gence of therapy-related myeloid neoplasms with recurrent oncogenic translocations 
[ 76 ,  77 ].  

3.4     Programmed DNA DSBs/Rearrangements 
in Lymphocytes 

 DSBs are necessary intermediates of the programmed rearrangements that take 
place during the V(D)J recombination process that assembles diverse sets of antigen 
receptor gene segments in developing B and T lymphocytes and the CSR process 
that changes the expressed IGH constant region (C H ) exons in activated mature B 
lymphocytes [ 5 ]. These programmed DSB-based gene rearrangement processes, 
which might be considered programmed intra-chromosomal translocations, involve 
the coordinated introduction of two separate DSBs at targeted  IGH  locus sites fol-
lowed by their joining [ 35 ,  78 ]. Although the joining of these DSBs is generally 
regulated to ensure “proper” joining within  IGH , they also can be aberrantly joined 
to other genomic DSBs to generate oncogenic translocations [ 5 ,  79 ]. 
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 The B cell receptor (BCR) is composed of two pairs of identical IGH and IG 
light chains (IGL/IGK). The secreted forms of BCRs are known as antibodies. 
Similarly, TCRs are heterodimers of either αβ or γδ chains [ 80 ,  81 ]. The exons that 
encode the N-terminal antigen-binding variable region exons of IGH chains are 
somatically assembled in progenitor B lymphocytes from 100s of different variable 
(V), 13 diversity (D), and 4 joining (J) genes that lie within distinct segments of the 
several megabase (Mb) long variable region portion of the  IgH  locus [ 5 ] (Fig.  3.1 ). 
Organization of  IgL ,  IgK  and  TcR  loci is similar and the general aspects of cleavage 
and joining of  IgH  V, D, and J segments outlined below also applies to these loci. 
The lymphocyte-specifi c endonuclease, RAG endonuclease, comprised of the 
recombination activating gene 1 and 2 proteins (RAG1/RAG2) [ 82 ] initiates V(D)J 
recombination by introducing DSBs between appropriate pairs of V, D, or J coding 
segments and short conserved recombination signal sequences (RSSs) that fl ank 
them; notably, RAG does not cleave, at least effi ciently, at isolated RSSs [ 83 ]. RAG 
cleavage generates a pair of hairpin-sealed coding ends and a pair of blunt, broken 
RSS ends [ 81 ,  84 ].

   The D and J segments lie proximal to each other in  IgH  and are cut and joined fi rst 
in development. Subsequent, synapsis of V H  segments with the DJ H  complex is 
thought to be facilitated by physical contraction of the  IgH  locus [ 85 ,  86 ], which 
enhances synapsis by bringing the 100s of V H  segments scattered over Mb linear 
distances into close enough proximity to sample the DJ H  complex by a form of dif-
fusion referred to as Langevin motion [ 40 ]. The RAG complex also binds DJ H  
regions, facilitated by particular histone modifi cations associated with transcription 
[ 87 – 90 ] before V H  synapsis allowing formation of “recombination centres” that sta-
bilize synapsed V H  to DJ H  complexes once formed and which generate paired RSS 
cleavage [ 90 ]. Formation of D H  to J H  joins likely occurs similarly, but due to the close 
proximity of the D H  and J H  segments, may not require physical locus contraction. 
Following cleavage, RAG, with the aid of other repair factors (see below), holds cod-
ing and RSS ends in a post-cleavage synaptic complex [ 84 ], and channels their repair 
exclusively to the C-NHEJ pathway [ 5 ,  91 ], C-NHEJ directly fuses the blunt RSS 
ends and, along with other factors, further processes coding ends before joining them, 
thereby contributing to V(D)J exon coding diversity [ 5 ]. The RAG post- cleavage 
complex, and perhaps other factors, also contributes to directing the joining of cod-
ing ends to each other and RSS ends to each other, thereby prescribing a specifi c 
chromosomal orientation of V(D)J recombination which results in deletions or inver-
sions depending on the orientation of the participating V, D, and J segments [ 5 ,  92 ]. 

 The portion of the  IgH  locus downstream of the V, D, and J segments contains 
multiple sets of exons encoding for different C H s within an approximately 200 kb 
region [ 93 ,  94 ]. The Cμ exons, which lie closest to the V(D)J, are transcribed to 
yield a V(D)J Cμ transcript that encodes μ heavy chains, which activates assembly 
of IgL/IgK variable region exons and ultimately associate with IgL/IgK chains to 
form an IgM BCR resulting in “mature” B lymphocytes [ 95 ]. Antigen-dependent 
activation can induce mature B cells to undergo CSR to exchange Cμ exon for one 
of the sets of C H  exons that lie downstream (Fig.  3.1 ). CSR involves introduction of 
DSBs into a donor switch (S) region just upstream of Cμ and into an acceptor S 
region upstream of a targeted set of downstream C H  exons. Subsequently, the 
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upstream end of the DSB in Sμ is joined to the downstream end of the DSB in the 
target S region to delete Cμ and other intervening sequence and juxtapose the new 
set of C H  exons to the V(D)J exon [ 94 ]. Exchanging the C H  exon, changes the effec-
tor functions of the expressed antibody. Unlike V(D)J recombination, which is com-
pletely dependent on C-NHEJ, joining of DSBs within S regions to complete CSR 
can occur, at somewhat reduced levels, in the absence of C-NHEJ via alternative 
end-joining (A-EJ) pathways [ 35 ] (see below). 

  Fig. 3.1    Programmed DSBs and genomic rearrangements in developing and mature B cells. ( Top ) 
Diagram of the murine  IgH  locus on chromosome 12 (not to scale). The  IgH  locus contains of 
hundreds of V, 13 D, and 4 J gene segments arranged in clusters as indicated. ( Left ) In pro-B cells, 
RAG cleaves synapsed V, D, and J gene segments at appropriately paired RSSs ( grey triangles ) 
which are then joined by C-NHEJ factors to generate V(D)J exons (see text for details). In the  IgH  
locus, DJ H  joining occurs fi rst followed by V H  gene segment joining to the DJ H  segment. See text 
for more details. ( Right ) In response to antigen, mature B cells can undergo CSR to exchange their 
initially expressed  IgH  C H  exons from Cμ to one of a set of downstream (from 100 to 200 kb) exons 
encoding Cγ3, Cγ1, Cγ2b, Cγ2a, Cε, or Cα. Each set of C H  exons is preceded by a long (1–10 kb) 
repetitive Switch (S) sequence ( ovals ). Transcription through the donor Sμ and a target down-
stream S region promotes AID-initiated DSBs ( arrow heads ) which are then joined between donor 
and acceptor S regions to delete the intervening sequences and replace Cμ with the targeted down-
stream C H  (See text for more details). AID can also introduce somatic mutations into the assembled 
V(D)J to allow affi nity maturation of the BCR (See text for more details)       
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 CSR is initiated by the activation-induced cytidine deaminase (AID) encoded by 
the AICDA gene [ 96 ], which acts on ssDNA to deaminate cytidine residues within 
short (4 bp) target motifs of which the sequence AGCT is a canonical representative 
[ 97 ,  98 ]. S regions are very long (1–10 kb) and very rich in AID target motifs [ 99 ]. 
AID cytidine deamination also initiates an antigen dependent variable region diver-
sifi cation process termed somatic hypermutation (SHM) [ 100 ]. During CSR and 
SHM, AID-initiated C to U lesions are processed into DSBs and point mutations, 
respectively, via related processes that require activities of the normal base excision 
and mismatch repair pathways [ 97 ,  101 ]. Various mechanisms have been proposed 
to promote DSB versus mutational processing of AID, although these two outcomes 
are not totally separable [ 93 ,  100 – 102 ]. Cytidine deamination of target sequences 
by AID requires their transcription to both recruit AID and provide ssDNA sub-
strates [ 5 ]. Following transcription of the GC-rich S regions, AID access to the non-
template strand is promoted by the formation of stable R-loops [ 71 ,  72 ]. Additional 
details of mechanisms of AID targeting to  IgH  S regions and variable regions exons 
also have been elucidated [ 5 ,  103 – 105 ]. 

 Currently, S region synapsis has been proposed to potentially involve diffusion 
(Langevin motion) due to their relatively proximal location within a 200 kb domain, 
with high levels of AID-initiated DSBs helping to ensure breakage of S regions 
while synapsed [ 39 ] (see below). Aspects of  IgH  locus organization, and potentially 
the 53BP1 (TP53BP1) DSB response factor (see below), may also help to facilitate/
stabilize S region synapsis [ 103 ,  106 ]. Unlike RAG-initiated DSBs, S region DSBs 
can occur in unsynapsed S regions; however, these DSBs are usually joined inter-
nally in S regions to generate intra-S region deletions as opposed to translocation 
[ 93 ]. As AID, thus far, has no known downstream roles in S region synapsis, and 
indeed, substantial CSR can be generated by I- Sce I-initiated DSBs at target sites 
replacing S regions [ 39 ,  48 ], CSR may be analogous to a targeted form of an intra- 
chromosomal translocation [ 48 ]. CSR must occur in a deletional, versus inversional, 
orientation to generate productive CSR; however, while RAG cleavage and genera-
tion of a post-cleavage complex may contribute to orientation-specifi c joining dur-
ing V(D)J recombination, little has been reported about if and how orientation-specifi c 
joining occurs during CSR [ 5 ]. If joining is orientation specifi c during CSR, it must 
employ specialized mechanisms since, in translocation cloning assays, bait DSBs 
generally join equally to both ends of other DSBs across the genome in activated B 
lymphocytes [ 45 ].  

3.5     Involvement of RAG- and AID-Initiated DSBs 
in Translocations 

 The potential of RAG-initiated DSBs to contribute to translocations is counteracted 
at several levels. RAG cleavage is restricted by the “12/23 rule” to paired RSSs with 
appropriate complementarity, which limits generation of “off-target” RAG-cleavage 
at “cryptic” RSSs across the genome [ 84 ]. RAG expression also is limited to 
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G1-phase lymphoid cells [ 87 ], which contributes to restricting repair to C-NHEJ 
and also provides the G1 checkpoint to prevent replicative propagation of RAG 
initiated DSBs, for example via dicentric formation [ 13 ,  16 ,  49 ]. Moreover, forma-
tion of the RAG post-cleavage synaptic complex limits direct joining of coding and 
RSS ends and limits availability to translocate to other DSBs. Finally, the ATM 
DSB response complex [ 107 ] cooperates with RAG2 [ 108 ,  109 ] to stabilize of 
RAG-initiated post cleavage DSB complexes and to prevent their separation and 
translocation (see below). In the latter context, translocation cloning from 
G1-arrested ATM-defi cient pro-B cell lines that induce RAG, clearly showed I- Sce I 
or RAG-induced bait DSBs can translocate to other DSBs genome-wide, but endog-
enous hotspots were all provided by RAG-initiated DSBs at various  Ig  and  TcR  loci 
(due to the high frequency of target DSBs in these loci) and, in IR-treated cells, to 
DSBs genome-wide with highly preferential joining to DSBs  in cis  on the same 
chromosome due to 3D proximity infl uences [ 38 ] (Fig.  3.2 ). In this context, onco-
genic translocations between V(D)J recombination-associated DSBs and other 
DSBs have been demonstrated to occur in the context of TP53/C-NHEJ defi cient 
mouse pro-B cell lymphoma models [ 13 ,  16 ].

   Translocations involving RAG-initiated DSBs at  TCR  loci, with translocations 
from  TRD  segments being most prominent, and DSBs near various oncogenes, 
including  TAL1  and  TAL2 ,  LMO1  and  LMO2 , and  MYC , are common in human 
T-cell acute lymphoblastic leukaemia (T-ALL) [ 27 ]. Among human B cell tumours, 
translocations involving  IG  variable region gene segments are rare in B-ALL, 
accounting for only about 3 % of cases [ 110 ], but are found in mature B cell neo-
plasms, such as the recurrent  IGH / MYC  translocation in endemic BL [ 79 ] or 
 IGH / BCL2  translocation in follicular lymphomas [ 2 ]. Mouse model studies suggest 
some such translocations may persist through development [ 111 ] (see below) or 
result from RAG activity during secondary recombination events in peripheral B 
cells referred to as receptor editing [ 29 ,  112 ]. RAG can also contribute to oncogenic 
translocations by generating DSBs at RSS-like sequences across the genome, 
termed cryptic RSSs (cRSSs); the frequency of cRSSs in the human genome has 
been estimated at about 1 per 500 bp [ 113 ,  114 ]. A recent survey of a large series of 
translocation junctions between  TCR  loci and various oncogenes in human T-ALL 
revealed that about 25 % of such rearrangements involved cRSSs at the TCR trans-
location partner loci [ 27 ]. In addition, some interstitial deletions that contribute to 
human T-ALL oncogenesis appear to involve RAG-initiated DSBs at cRSSs in both 
TCR and/or non-TCR partners [ 27 ,  115 ]. Finally, recent studies in ATM-defi cient 
mouse B cell lymphomas also suggested that oncogenic translocations originated 
from RAG cutting at  IgH  loci and putative cRSSs downstream of  Myc  [ 111 ]. 

 AID-generated DSBs in  IGH  S regions during CSR have been implicated in the 
generation of recurrent oncogenic translocations in human mature B cell lympho-
mas involving  IGH  and AID off-targets, including the  IGH / BCL6  translocation in 
diffuse large B-cell lymphoma [ 116 ] and  IGH / MYC  translocations in sporadic BL 
[ 79 ]. AID-initiated DSBs in V(D)J exons during SHM also have been implicated in 
certain oncogenic translocations in human B cell lymphomas [ 117 ]. Translocation 
cloning studies in activated mouse B cells clearly demonstrated that, beyond the 
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  Fig. 3.2    Circos plots of G1-arrested pro-B translocation cloning libraries. ( a ) custom circos plots 
(See ref. [ 55 ]) of genome-wide translocation cloning libraries from two different G1-arrested pro-B 
cell lines with singly integrated I- Sce I substrate bait DSB sequence on either chromosome 18 ( left ) 
or chromosome 2 ( right ). Both RAG and I- Sce I were induced to generate endogenous DSBs in the 
G1-arrested cells prior to genome-wide library generation from the I- Sce I bait DSB. Black bars 
indicate I- Sce I translocation junction frequency to genome-wide DSBs over 5 Mb bins on a custom 
log scale plot. Inner  red lines  link the bait DSB site to recurrently joined antigen receptor loci (e.g., 
show translocation hotspots). In these cells, all translocation hotspots from either chromosome 18 or 
chromosome 2 baits were RAG-initiated DSBs at the various endogenous antigen receptor loci. No 
other translocation junction regions qualifi ed as hotspots. ( b ) IR treatment of the same pro-B lines 
to introduce frequent DSBs genome-wide (e.g., normalize DSB frequency genome-wide) decreased 
enrichment of antigen receptor locus translocation junctions and led the endogenous  cis  chromo-
some containing the bait sequence to become a translocation hotspot region (due to increased infl u-
ence of 3D proximity when DSBs are not limiting) In these plots, all libraries are size-normalized to 
allow direct comparison (See ref. [ 55 ]). Chromosomes are displayed centromere to telomere in a 
clock-wise orientation (Data are adapted from [ 38 ]. See text, ref. [ 5 ,  38 ] for further details)       
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 IgH  locus S region targets, AID activity also promotes lower level DSBs at dozens 
of other genes across the genome, referred to as AID off-targets [ 45 ,  46 ]. These 
studies also demonstrated that both  IgH  and off-target DSBs translocated robustly 
to bait I- Sce I-generated DSBs in the  Myc  locus [ 45 ,  46 ,  49 ,  118 ]. 

  IGH  S regions and IG V(D)J exons likely have evolved mechanisms to recruit 
AID activity during CSR and SHM, such as high density AID target motifs and 
transcription dependent ability to generated secondary structures such as R loops 
for S regions [ 93 ,  119 ]. However, how AID is directed to off-target sites in activated 
B cells is still under investigation. In this context, AID is also directed to a series of 
off-target sites in germinal centre B cells that may contribute to SHMs and occa-
sional DSBs that contribute to germinal centre B cell lymphomas [ 10 ,  120 ,  121 ]. 
Translocation cloning studies in CSR-activated B cells demonstrated high correla-
tions between AID-dependent translocation hotspots and active transcription start 
sites, with translocations often clustering just downstream of active TSSs [ 45 ,  46 ]. 
However, as the vast majority of transcribed genes in activated B cells are not AID 
off-targets, additional factors beyond transcription per se must be involved in such 
AID “off-targeting” [ 5 ]. Recent studies have demonstrated that such factors include 
“super-enhancers” and convergent transcription [ 122 ].  

3.6     Role of DNA End-Joining in DSB Repair 
and Translocations 

 The C-NHEJ machinery comprises four evolutionarily conserved “core” factors, 
Ku70 (XRCC6), Ku80 (XRCC5), XRCC4 and DNA ligase 4 (LIG4), which are 
essential for joining all types of DSBs via C-NHEJ [ 35 ]. Two additional C-NHEJ 
factors include DNA-dependent protein kinase catalytic subunit (PRKDC/DNA- 
PKcs) and the Artemis endonuclease (DCLRE1C), which together are important for 
joining DSBs in need of further processing, such as opening hairpin V(D)J coding 
ends [ 123 ]. The XRCC6/XRCC5 (Ku) heterodimer provides the C-NHEJ DSB rec-
ognition component, which binds DSBs to protect them from resection [ 124 ] and 
recruits downstream factors including PRKDC (to form the DNA-PK holoenzyme). 
Ku also recruits XRCC4 and LIG4, which form the ligase complex for C-NHEJ 
[ 35 ]. All of these factors are required for generation of V(D)J recombination coding 
joins; with the core factors being absolutely required for both coding and RSS joins 
[ 35 ,  125 ]. The XLF (NHEJ1) (“XRCC4 like factor”) also has been implicated in 
C-NHEJ based on the IR sensitivity and apparent DSB repair defects in human 
patients with  NHEJ1  mutations [ 126 ,  127 ]. XLF, which interacts with the XRCC4-
LIG4 complex [ 128 – 130 ], has been suggested to play a role in ligation of DSBs 
with incompatible or blunt ends [ 131 ] (see below). Defi ciency of any core C-NHEJ 
factors dramatically increases genome instability, including translocations, in vari-
ous cell types; whereas defi ciency for the other C-NHEJ factors increases genomic 
instability but usually not as dramatically [ 35 ,  125 ]. In mice, defi ciency for core 
C-NHEJ factors and DCLRE1C and PRKDC leads to severe combined 
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immunodefi ciency (“SCID”) due to inability join V(D)J recombination-associated 
breaks required for assembly of antigen receptor genes [ 5 ]. LIG4 hypomorphic 
mutations and XLF defi ciencies also lead to variable immunodefi ciency due to 
V(D)J recombination defects in human patients [ 132 ,  133 ]. 

 Mice defi cient for XRCC4 and LIG4 die in late embryonic development in asso-
ciation with severe apoptosis of newly developed neurons, along with abrogated 
V(D)J recombination [ 134 ,  135 ]. Less severe neuronal apoptosis occurs in 
Ku-defi cient mice [ 136 ]. When XRCC4 or LIG4-defi ciency are combined with 
TP53-defi ciency, which removes the TP53-dependent G1 DSB checkpoint, neuro-
nal apoptosis and embryonic lethality (but not V(D)J recombination) are rescued 
[ 137 ,  138 ]. Notably, TP53-defi cient mice that are also defi cient for any core C-NHEJ 
factor or for PRKDC or DCLRE1C die from progenitor B cell lymphomas that gen-
erate RAG-dependent dicentric translocations between the  IgH  locus and the  Myc  
(or  N-myc ) loci leading to amplifi cation of these oncogenes [ 9 ,  139 ]. The generation 
of such dicentric translocations and BFB cycles results from propagation of the 
RAG-generated  IgH  locus breaks through the cell cycle in the absence of the G1 
DSB checkpoint enforced by TP53 [ 16 ]. Where examined, such C-NHEJ and TP53 
double-defi cient mice also develop medulloblastomas in situ and, indeed, condi-
tional inactivation of XRCC4 in developing neurons of TP53 defi cient mice leads to 
inevitable medulloblastomas with highly recurrent translocations and gene amplifi -
cations which include  N-myc  or  Myc  amplifi cations [ 140 ,  141 ]. Why C-NHEJ is 
required for neural development and protection from medulloblastomas with recur-
rent translocations is not yet known. Notably, XLF plus TP53 double defi cient mice 
do not generally succumb to B lineage lymphomas, refl ecting lack of absolute 
requirement for XLF in V(D)J recombination in an otherwise normal background 
(see below); but they do develop medulloblastomas, refl ecting the requirement for 
XLF in general DSB repair by C-NHEJ [ 142 ]. 

 The frequency of translocations that form in various types of core C-NHEJ defi -
cient cells [ 141 ,  143 – 145 ] and the recurrent translocations that occur in core 
C-NHEJ-defi cient tumours revealed that chromosomal translocations can be cata-
lyzed by A-EJ pathways [ 16 ,  35 ]. In this regard, C-NHEJ-defi cient mammalian 
cells join DSBs in plasmid-based assays by A-EJ pathway [ 146 ,  147 ]. Likewise, 
while V(D)J recombination absolutely requires C-NHEJ, CSR can occur at up to 
50 % normal levels in the absence of core C-NHEJ factors [ 148 ,  149 ], or even the 
absence of both Ku70 plus LIG4—which eliminates both DSB recognition and 
joining components of C-NHEJ [ 148 ]. The latter studies defi nitively prove the exis-
tence of relatively robust A-EJ pathways in mammalian cells that are completely 
distinct from C-NHEJ. A number of known DNA repair factors have been impli-
cated in A-EJ pathways (reviewed by [ 35 ]). 

 CSR junctions in the different types of C-NHEJ defi cient cells were essentially 
totally (e.g., XRCC4 or LiG4-defi ciency), or substantially (e.g., Ku-defi ciency), 
mediated by short micro-homologies (MHs) [ 148 ,  149 ]. Similarly, oncogenic 
 translocation junctions found in nine independent XRCC4- or LIG4- plus TP53-
defi cient pro-B lymphomas were MH-mediated [ 16 ]. In this regard, short MHs are 
found in many translocations genome-wide in activated mouse B cells [ 45 ], human 
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cancer genomes [ 150 ], and tumour translocation junctions [ 151 ]. However, A-EJ 
can also generate substantial levels of blunt junctions in various contexts, perhaps 
dependent on the DSB ends presented for joining [ 152 ,  153 ]. Moreover, C-NHEJ 
frequently uses short MHs [ 154 ,  155 ]. Therefore, A-EJ, which could represent sev-
eral different pathways [ 35 ], cannot be categorized unequivocally as MH-mediated. 
It should also be noted that, while A-EJ may, indeed, be a translocation prone path-
way [ 156 ], its predominant contributions to translocations in the absence of C-NHEJ 
also may be contributed to increased levels of unrepaired substrate DSB ends for 
translocations [ 32 ]. Finally, C-NHEJ may contribute to translocations in C-NHEJ 
profi cient cells (e.g., [ 157 ]); although the relative contribution of A-EJ remains to 
be determined.  

3.7     The ATM DNA Damage Response Pathway and Its 
Multiple Roles in Suppressing Translocations 

 Ataxia telangiectasia (AT), a syndrome characterized by neurodegeneration, immu-
nodefi ciency, sensitivity to ionizing irradiation, and cancer susceptibility is associ-
ated with mutations in the  ATM  gene [ 158 ]. In response to DSBs, ATM, a serine/
threonine kinase, activates a downstream DNA damage response (DDR) pathway 
that includes series of chromatin bound factors that regulate cell cycle progression 
at the G1 checkpoint and contribute directly to DSB repair by C-NHEJ [ 5 ,  31 ]. A 
key ATM substrate is the TP53 tumour suppressor, a transcription factor that directly 
activates the G1/S cell cycle checkpoint to arrest cells for DSB repair or that triggers 
apoptosis to eliminate cells with persistent DSBs [ 159 ]. ATM DDR substrates 
include the H2AX (H2AFX) histone variant, MDC1, and 53BP1, which assemble 
into large macromolecular complexes, called “foci”, that can spread in chromatin 
over several hundred kb or more on either side of DSBs [ 160 ,  161 ]. The DDR also 
employs additional downstream factors that facilitate repair pathway choice and 
provide additional chromatin modifi cations that promote DSB repair (reviewed by 
[ 34 ,  162 – 165 ]). 

 The ATM DDR has been implicated in contributing directly to C-NHEJ of DSBs, 
potentially by tethering DSB ends and, thereby, contributing to appropriate re- 
joining by C-NHEJ [ 166 ,  167 ]. In this regard, ATM defi ciency has long been known 
to lead to genomic instability and recurrent translocations, particularly in lymphoid 
cells and tumours [ 168 ,  169 ]. Such translocations are likely facilitated by the dual 
effects of ATM defi ciency on C-NHEJ (e.g. during V(D)J recombination) and 
 abrogation of G1 DSB checkpoint [ 78 ], analogous to combined C-NHEJ and TP53 
defi ciency. Recent translocation cloning studies have confi rmed the increased levels 
of genome-wide translocations from DSBs in the  Myc  gene in ATM-defi cient acti-
vated mouse B cells relative to wild-type B cells [ 49 ] (Fig.  3.3 ).

   Like ATM defi ciency, H2AX defi ciency in various cell types leads to marked 
increases in genomic instability, increased chromosomal translocations [ 170 ,  171 ] 
and, in the absence of TP53, progenitor and mature B cell lymphomas with complex 
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 Myc  translocations (involving  IgH ) and amplifi cations [ 172 – 174 ]. ATM or H2AX 
defi ciency also moderately impairs CSR (decreasing levels to about 50 % or less of 
normal [ 5 ,  160 ]) accompanied by accumulation of substantial levels of AID- 
dependent  IgH  locus chromosome breaks and translocations [ 171 ,  174 ]. Notably, 
however, 53BP1 defi ciency, while not dramatically increasing genomic instability 
in most tested cell types other than CSR-activated B cells, nearly abrogates CSR 
[ 175 ,  176 ]. Yet, 53BP1 defi ciency leads to similar level of AID-dependent  IgH  
breaks and translocations as observed in the context of ATM- or H2AX defi ciency, 
which together with other fi ndings suggest a specialized role for 53BP1 in CSR that 
may involve S region synapsis, end-protection, or other yet to be identifi ed func-
tions [ 103 ,  125 ]. 

 Defi ciency for ATM also has moderate effects on V(D)J recombination that have 
been attributed to destabilization of the post-cleavage synaptic complex, allowing 
some RSS or coding ends to escape and participate in translocations [ 78 ]. 
Correspondingly, high-throughput translocation libraries from ATM-defi cient pro-B 
cell lines revealed the major translocation hotspots from various bait DSBs in dif-
ferent chromosomal locations to be the various  Ig  and  TcR  loci which are RAG- 
targets in these cells [ 38 ] (Fig.  3.2 ). Despite the impact on CSR, C-NHEJ and 

  Fig. 3.3    Circos plots of stimulated primary B cell high throughput genome-wide translocation 
sequencing libraries. Translocation libraries generated with a bait I- Sce I break-site in intron 1 of 
 Myc  gene on chromosome 15 from CSR-activated primary B cells that either do not express AID 
( left  panel) or do express AID ( right  panel).  Blue  and  red lines  link the  Myc  I- Sce I bait DSBs to 
cryptic I- Sce I-generated translocation hotspots genome-wide and  red lines  link bait DSBs to AID-
dependent hotspots genome-wide. Chromosomes are displayed centromere-to- telomere in a clock-
wise orientation (Data are adapted from [ 49 ]. See text and ref. [ 49 ] or further details)       
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genomic stability in activated B cells, defi ciencies for downstream ATM substrates 
H2AX and 53BP1 have little or no obvious effect on V(D)J recombination [ 170 , 
 176 ,  177 ]. The relatively modest impact of defi ciencies of ATM DDR factors on 
V(D)J recombination results from functional redundancy between these factors 
with the small XLF factor [ 178 ]. In this regard, despite the C-NHEJ role implied by 
the phenotype of XLF-defi cient human patients and their cells, XLF defi ciency in 
mice does not markedly impact V(D)J recombination in developing lymphocytes, 
despite leading to more general genomic instability and IR sensitivity [ 142 ]. 
However, combined defi ciency for XLF and ATM, H2AX or 53BP1 leads to an 
essentially complete block in V(D)J recombination, along with more general DSB 
repair and CSR defects that indicate a nearly complete loss of C-NHEJ [ 178 – 180 ] 
(reviewed by [ 125 ]). Thus, in the absence of XLF, ATM and downstream DDR fac-
tors are required for C-NHEJ and vice versa, raising the possibility that variations in 
the expression of XLF in different tissues or individuals could contribute to differ-
ential manifestations of ATM defi ciency. The nature of this functional redundancy 
is still being studied [ 125 ]. 

 In humans, germline or somatic mutations in  ATM  have been associated with 
development of both B and T cell lymphomas [ 181 ,  182 ]. However, ATM defi ciency 
in mice predisposes only to thymic lymphomas, but not B cell lymphomas [ 168 ]. 
ATM-defi cient T cell lymphomas nearly universally have complex translocations 
involving the  Trd  ( Tcrd ) locus on chromosome 14 [ 23 ]. Notably,  TRD  translocations 
are the most common oncogenic translocation in human T-ALLs [ 27 ]. In mouse T 
cell lymphomas, the translocations involve formation of dicentric chromosomes 
downstream of RAG-induced  Trd  DSBs and subsequent amplifi cation of chromo-
some 14 sequences along with potential  Trd  translocation-mediated deletion of a 
tumour suppressor on chromosome 12 [ 23 ]. Notably, TP53-defi cient mice that har-
bour a homozygous germline mutation that leads to a C-terminal truncation in the 
RAG2 protein develop T cell lymphomas with essentially identical  Trd -based trans-
locations as observed in ATM defi cient T cell lymphomas [ 109 ]. In this case, the 
RAG2 truncation is speculated to destabilize the post-cleavage V(D)J recombina-
tion complex similar to ATM defi ciency [ 109 ]. 

 Recently, several mouse models have been generated that develop peripheral 
mature B cell lymphomas in the context of ATM-defi ciency [ 111 ]. These peripheral 
B cell lymphomas routinely harbour amplifi ed  Myc  genes that result from RAG- 
initiated dicentric translocations between the  IgH  J H  locus and sequences down-
stream of  Myc  [ 111 ] (see above). How RAG-initiated DSBs, which occur in 
progenitor B cells, could contribute to translocations and amplifi cations in mature B 
cells was an intriguing question. In this regard, prior studies suggested that RAG- 
generated breaks on chromosome 12 could be generated frequently due to the V(D)
J joining defect associated with ATM defi ciency and that the resulting telomere- 
deleted portions of chromosome 12 ( IgH  is near the telomere) could persist through 
development into mature B cells due to the G1 checkpoint defect associated with 
ATM defi ciency [ 183 ]. Translocation cloning studies further revealed that such 
RAG-initiated DSBs in progenitor B cells are developmentally propagated into 
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mature B cells in the form of dicentric chromosomes. These dicentrics then undergo 
BFB cycles in ATM-defi cient mature B cells to generate new DSBs in a large region 
of chromosome 12 downstream of the  IgH  locus that robustly translocate to DSBs 
near the  Myc  gene and undergo BFB amplifi cation of  Myc  [ 49 ]. In the latter context, 
these ATM-defi cient mouse mature B cell lymphomas share similar mechanisms of 
 Myc  amplifi cation to mouse pro-B cell lymphomas defi cient for both C-NHEJ and 
TP53 [ 13 ,  16 ].  

3.8     Three-Dimensional Genome Organization 
and Translocations 

 Our current understanding of genome organization is derived from early cytoge-
netic studies [ 184 ] and more recent chromosome conformation capture (3C)-based 
methods [ 38 ,  185 ,  186 ]. In interphase nuclei, chromosomes are non-randomly orga-
nized and each chromosome fi lls a nuclear space or territory. At the 1–10 Mb scale, 
active and inactive regions exist in separate compartments and conform to a fractal 
globule capable of dynamic local compaction across the length of the chromosome 
[ 37 ]. Smaller topologically associated domains (TADs) of approximately 1 Mb 
(“1 Mb domains”) exist within these compartments and comprise the majority of 
specifi c chromosomal contacts [ 185 ,  187 ,  188 ]. 

 Translocations require DSBs at two independent sites and also require the two 
sites to be synapsed at the time they are broken. Various studies in yeast indicate 
increased chromatin mobility of sequences containing DSBs [ 42 ,  189 ]. Likewise, 
chromosomes with eroded telomeres, equivalent to DSBs, display 53BP1-
dependent movement [ 43 ] and recent live cell tracking in mammalian systems 
which simultaneously follow interchromosomal I- Sce I DSBs from many cells 
displayed non-directional saltatory motion with increased pairing of inter- 
chromosomal DSBs over time [ 44 ]. Thus, increased movements of DSBs may 
contribute to their synapsis. In the absence of enforced movements, the frequency 
of a translocation can, in simplistic terms, be considered proportional to the fre-
quency of un-joined DSBs at site 1 times the frequency of DSBs at site 2 times 
the frequency at which these DSBs are synapsed: (DSB freq1 ) × (DSB freq2 ) × 
(Synapsis freq ) [ 5 ]. These principles apply to spatially proximal and distal sites, 
and both in the context of developmentally programmed events such as V(D)J 
recombination and CSR or through spontaneous illicit joining to genome-wide 
DSBs. 

 Translocation cloning studies have clearly demonstrated that highly frequent 
DSBs can drive recurrent translocations irrespective of their relative average posi-
tion in the genome [ 38 ,  39 ,  45 ,  46 ,  49 ,  118 ]. This phenomenon derives from the 
fi nding that spatial heterogeneity in 3D genome organization allows most genomic 
sites to be proximal in some cells in a population [ 38 ]. Thus, highly-frequent DSBs 
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can multiplicatively dominate the translocation frequency equation by greatly 
increasing the chance that two more rarely synapsed sites will be broken in cells in 
which they are synapsed [ 5 ,  38 ], allowing translocations across compartments that, 
on average, would be considered distal. In this regard, translocation cloning studies 
on G1-arrested ATM-defi cient pro-B cell lines revealed that DSBs from eight inde-
pendent I- Sce I DSB bait sites on various chromosomes translocated recurrently to 
fi ve different antigen receptor loci on different chromosomes (40 pairs of loci); 
thus, recurrent detection of dominant antigen receptor locus DSBs translocated to 
dominant I- Sce I DSBs independent of chromosomal location due to 3D genome 
heterogeneity in the cell population (Fig.  3.2a ) [ 38 ]. This explanation can also 
explain the dominance of AID hotspot DSBs in defi ning the translocation landscape 
of CSR activated B cells independent of chromosomal location (Fig.  3.3 ) [ 45 ,  46 , 
 49 ]. 

 In cases where particular DSBs are not dominant, synapsis frequency can play 
a much more dominant role in driving translocations. In experimental conditions, 
DSBs across the genome of ATM-defi cient pro-B cell lines were normalized by 
treating cells with 5Gy of IR to induce, on average, 100 DSBs per cell. In such 
cases, antigen receptor locus DSBs were no longer so dominant and factors that 
increase synapsis frequency of two sequences became more infl uential (Fig.  3.2b ) 
[ 38 ]. In accord with Hi-C mapping studies, such factors include placement in 
active versus inactive chromatin, associating with similarly-sized chromosomes, 
(more prominently) residing on the same chromosome  in cis  (demonstrated by 
SNP mapping), and (most prominently) lying within Mb domains  in cis  on a chro-
mosome [ 5 ,  38 ]. A most striking feature of the greatly increased probability of 
sequences on the same chromosome lying proximal to each other was the fi nding 
that IR treatment of G1-arrested pro-B cells led the length of the  cis -chromosome 
harbouring a bait DSB to become a major hotspot region for translocation of bait 
DSBs (Fig.  3.2b ) [ 38 ]. 

 Within a  cis -chromosome, DSBs within Mb domains of a bait DSB have the 
highest frequency of translocation to the bait DSB [ 5 ,  38 ]. This phenomenon is 
thought to be due, at least in part, to sequences within such domains having a 
greater probability of being synapsed via Brownian (Langevin) motion [ 5 ,  38 ,  39 ]. 
In this regard, I- Sce I and/or Cas9:gRNA DSBs separated by 100 kb translocated to 
each other within the  IgH  locus and within the  Myc  locus in B cells, T cells or 
fi broblasts at frequencies high enough to support substantial  IgH  CSR [ 39 ]. These 
fi ndings suggest CSR may have evolved to employ the high frequency synapsis of 
sequences in Mb domains, as opposed to or in addition to more specialized synap-
sis mechanisms, with the high frequency of AID-initiated DSBs to helping to drive 
physiological levels of CSR [ 5 ,  39 ]. Such mechanisms have also been implicated in 
synapsis of V, D, and J segments during V(D)J recombination [ 40 ] and may con-
tribute to recurrent interstitial deletions found in T-ALLs and other cancers (e.g., 
[ 27 ,  190 ]).     
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4.1         Introduction 

 All cancers evolve by a Darwinian process of genetic diversifi cation and sub-clonal 
selection within tissue ecosystems [ 1 ]. Mutations in cancer, as in evolution in gen-
eral, arise stochastically or randomly with respect to the functions they encode, but 
a subset of maybe a few hundred in total are recurrent [ 2 ]. These ‘driver’ mutations 
are not autonomous acting ‘selfi sh’ genes but are positively selected on the basis of 
the fi tness they contribute to the cell’s phenotype in relation to the prevailing selec-
tion pressures. This is most clearly evident with drug resistance mutations but is 
true in general. 

 With the advent of multi-cellularity some 600 Myr ago, there was an intrinsic 
risk of single cell escapees, particularly in the totipotent or stem compartments of 
more complex, longer lived animals [ 3 ]. Multiple restraints including the early evo-
lutionary innovation of ‘suppressor’ genes were therefore imposed [ 4 ]. It follows 
that for a fully-fl edged malignancy to emerge, it needs to accumulate a set of muta-
tions that collectively empower the cell and its descendent progeny to breach the 
multiple restraints, be they in negative feedback signalling or architectural. Every 
conceivable type of DNA mutation that occurs in nature is found in cancer cells 
from single nucleotide changes to gene copy number alterations and the more dra-
matic or gymnastic chromosomal translocations. The result, if it is to have selective 
currency in tumour evolution, is a change in the quality (or specifi city) or quantity 
of a protein product. Chromosome translocations can do both. 

 Inter-chromosomal translocations were the fi rst consistent or recurrent struc-
tural, genetic abnormalities discovered in human cancer [ 5 ] and the subsequent 
deciphering of the direct functional consequences of these chimaeric recombinants, 
and their modelling in mice, provided compelling evidence that they play a pivotal 
role in cellular transformation and tumour evolution [ 6 ,  7 ]. The protein products of 
translocations vary widely in their generic functions including transcriptional, cell 
cycle or apoptosis regulators suggesting that they contribute to many of the hall-
mark phenotypic features of cancer [ 8 ]. What is less clear is the timing of chromo-
some translocations and their place in the sequence of genetic events that initiates 
and drives clonal evolution. In this chapter, we use the t(12;21) translocation and its 
 ETV6 - RUNX1  fusion product in leukaemia as a well-worked example whose status 
as an early and likely founder event in cancer clonal evolution is established.  

4.2     Common Translocation in Acute Lymphoblastic 
Leukaemia 

 Multiple chromosomal translocations occur in subtypes of childhood and adult ALL 
[ 9 ,  10 ] (see also chapter by T Look) but three are common. The chromosome trans-
location t(12;21)(p13.2;q22.3) is the most frequent translocation in childhood leu-
kaemia and paediatric cancer overall, but for many years was missed by 
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cytogeneticists because of the cryptic nature of the q22.3 alteration [ 11 ]. By molec-
ular cloning, the t(12;21) was found to generate an in frame  ETV6 - RUNX1  (also 
known as  TEL - AML1 ) chimaeric fusion [ 12 ,  13 ]. The translocation is restricted to B 
cell precursor (CD19 +  CD10 + ) ALL with a prevalence of ~25 %. Cases with  ETV6- 
RUNX1   have a typical incidence peak (as with hyperdiploid cases) at 3–5 years and 
are rare in adult ALL [ 14 ]. In early clinical studies, ALL cases with  ETV6 - RUNX1  
had an overall good prognosis but a signifi cant fraction of cases were observed to 
relapse late (>2 years from diagnosis) [ 15 ]. More recent clinical studies with modi-
fi ed chemotherapeutic doses and schedules report a long term remission rate and 
possible cure approaching 100 % for this common sub-type [ 16 ]. 

 Chimaeric fusions of the  KMT2A / MLL1  gene at 11q23.3 with various partners 
but predominantly  AFF4 / AF4  at 4q21.3 have a high frequency (~75 %) in infant 
pro-B (CD19 +  CD10 − ) ALL in infants (0–18 months) [ 10 ]. These cases are consid-
ered high risk but there have been recent improvements in their clinical outcome. 
The t(9;22)(q34.1;q11.2)  BCR - ABL1  translocation is present in around 5 % of child-
hood B cell precursor ALL and in a larger fraction of adult ALL [ 10 ]. These cases 
have a poor prognosis but this has also improved with more aggressive treatments, 
the introduction of imatinib and other ABL1 kinase inhibitors and bone marrow 
transplantation [ 17 ]. 

 There is evidence that all three of these translocations are probably initiating or 
founder genetic events in ALL and for most cases of paediatric ALL, the  ETV6- 
RUNX1   ,  KMT2A - AFF4  and at least some  BCR - ABL1  originate pre-natally  in utero .  

4.3     Generation of the t(12;21) and  ETV6 - RUNX1  Fusion 

 As with other chromosome translocations [ 18 ,  19 ], t(12;21) is generated by double- 
stranded DNA breaks (DSB) followed by ‘illegitimate’ recombination. The mecha-
nism of DSB formation is unknown and does not, in contrast to many other B cell 
lineage translocations, involve CpG islands or heptamer-nonamer sequences impli-
cating off-target effects of the AICDA/AID and RAG IGH recombination machin-
ery [ 18 ,  19 ]. Amplifi cation of  ETV6 - RUNX1  genomic fusions by long range inverse 
PCR, sequencing and mapping of breakpoints revealed that breaks are clustered 
within the 10 kb of the intron of  ETV6  between exons 5 and 6 and over the ~100 kb 
of the fi rst intron of  RUNX1 , but are randomly distributed within these clustered 
regions [ 20 ] (Fig.  4.1 ).

   The random or idiosyncratic nature of  ETV6 - RUNX1  breakpoints (within the 
cluster region) results in each patient having a unique  ETV6 - RUNX1  genomic fusion 
sequence. This provides a stable, specifi c and sensitive marker for clonal tracking 
both for minimal residual disease following or during drug treatment and for back-
tracking the pre-clinical origins of disease. Micro-homologies at the breakpoint 
fusion regions suggest that non-homologous end-joining is the probable mechanism 
of recombination [ 20 ]. The reciprocal  ETV6 - RUNX1  fusion is present in most cases 
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and it has been assumed that the translocation is balanced or reciprocal. But recent 
genomic sequencing studies has found that at least in a small fraction of cases (~5 
%) may have generated  ETV6 - RUNX1  fusion as a consequence of a complex cas-
cade of chromosome breaks and rearrangements [ 23 ,  24 ] (Fig.  4.2 ) similar to that 
described for the  ERG  fusions in prostate cancer [ 25 ].

4.4         In Utero  Origins of t(12;21) and Other Common 
Translocations 

 Multiple lines of evidence have established that in most cases of childhood ALL 
with  ETV6 - RUNX1 , the translocation arises pre-natally,  in utero  [ 21 ] (Fig.  4.3 ).

   Identical twins with concordant ALL with t(12;21) share the same  ETV6 - RUNX1  
genomic fusion sequence (Fig.  4.1 ) [ 22 ,  26 ]. The latter is non-constitutive and its 
sharing in monozygotic, monochorionic twins refl ects an  in utero  origin in one twin 
followed by dissemination of clonal progeny to the second twin via intra-placental 
anastomoses [ 22 ] (Fig.  4.4 ).

   The comparative genomics of twins with concordant ALL reveals that whilst 
 ETV6 - RUNX1  is shared or identical, all other recurrent and presumed ‘driver’ 
genetic changes including copy number alterations (CNA) and single nucleotide 
variants (SNV) are distinctive [ 23 ,  27 ] (Fig.  4.4 ). 

 These data suggest  ETV6 - RUNX1  fusion may be suffi cient by itself to initiate 
ALL and that CNA and SNV contribute to the molecular pathogenesis and clonal 
evolution in ALL as necessary but secondary, post-natal events. 

 Similarly, infant monozygotic twins that are concordant for  KMT2A / MLL  +  ALL 
share identical fusion genomic rearrangements [ 22 ,  30 ]. One pair of twins with 

8k 

ETV6 

1k

 5  6 

RUNX1 
 1  2  3 

twin pairs non-twins

  Fig. 4.1    Clonotypic genomic breakpoints in ETV6 and RUNX1 in singletons and monozygotic 
twins with ALL (Data reviewed in [ 21 ,  22 ])       
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concordant  BCR - ABL1  +  ALL shared the same genomic fusion sequence but with 
distinctive secondary genetic changes [ 31 ]. Interestingly the twin where  BCR - ABL1  
fusion was complemented by hyperdiploidy has survived ~8 years and remained in 
remission whilst the co-twin with the same  BCR - ABL1  fusion but an  IKZF1  deletion 
died in relapse after ~18 months (after receiving the same treatment) [ 31 ]. This 
observation suggests that secondary genetic changes in ALL can have a major 
impact on malignancy of disease and treatment response. 

 The concordance rate of ALL in monozygotic twins is close to 100 % in infant 
ALL but ~15 % in older children [ 22 ]. The very high rate in infants suggests that the 
 KMT2A / MLL  fusion may be suffi cient for (rapid) leukaemogenesis and this is 
endorsed by recent genomic sequencing [ 32 ]. For childhood ALL with  ETV6- RUNX1    +  
ALL, the lower concordance rate is compatible with the notion that additional genetic 
changes are required for overt, clinical leukaemia. This is endorsed by the fi nding that 
in cases of  dis cordant twins, the healthy co-twin carries a putative pre-leukaemic 
clone with the common  ETV6 - RUNX1  fusion [ 27 ,  28 ] or  BCR - ABL1  fusion [ 31 ] but 
without the secondary changes present in the co-twin with ALL (Fig.  4.4 ). 

 Direct evidence for a pre-natal origin of t(12;21) in non-twinned or singleton 
patients comes from the detection of patient-specifi c  ETV6 - RUNX1  [ 33 ] or  KMT2A- 
AFF4   [ 34 ] genomic sequences in archived neonatal blood spots (or Guthrie cards) 
of patients (Fig.  4.3 ). Similar neonatal blood spot evidence has been provided for 
 RUNX1 - RUNX1T1  ( AML1 - ETO ) fusions in childhood acute myeloid leukaemia 
(AML) [ 35 ]. Not all blood spots register positive however [ 21 ]. This could either 
mean that in some cases the common fusion genes in childhood ALL and AML arise 
post-natally or that the pre-leukaemic clone is present at a very low, undetectable 
frequency in the blood at birth (<1 in 30,000 cells). Screening of a large cohort of 

  Fig. 4.3    Backtracking the pre-natal origins of childhood ALL (Data reviewed in ref. [ 21 ,  22 ])       
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unselected, frozen cord blood samples also provided evidence for a pre-natal origin 
of  ETV6 - RUNX1  fusions [ 36 ] (Fig.  4.3 ). Approximately 1 % of cord bloods in a 
series of ~600 collected and stored as viable cells for clinical (transplantation) were 

1st mutation

f1 f2

Tw1 Tw2

ALL ALL

birth

single
placenta: chimaerism

Shared pre-ALL
clone

2nd mutations independent clonal evolution

ETV6-RUNX1 (5)
Hyperdiploidy (3)
BCR-ABL1 (1)

44 CNA all distinct
17 SNV all distinct

founder lesion

shared

A.

Initiating mutation

f1 f2

Tw1 Tw2

ALL

birth

single 
placenta

Shared pre-ALL
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+
secondary 

mutations / CNA

covert pre-ALL
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BCR-ABL1
Hyperdiploidy

~x10-4

absent

B.
founder lesion

  Fig. 4.4    Genomics of ALL in monozygotic twins. ( a ) 9 pairs of twins  con cordant for ALL (Data 
in refs. [ 22 ,  23 ,  27 ]). ( b ) 3 pairs of twins  dis cordant for ALL (Data in refs. [ 22 ,  28 ,  29 ,  31 ]). FISH 
image on  right  shows putative pre-leukaemic cell with yellow fusion ( ETV6 - RUNX1 ) signal. The 
normal  ETV6  allele ( green ,  arrowed ) is retained. Small remants of rearranged  RUNX1  is present 
( red ,  arrowed ) along with non-rearranged  RUNX1  allele (larger  red spot ). Equivalent pre-leukae-
mic cells also detected in healthy co-twins of patients with  BCR - ABL1  ALL and hyperdiploid ALL       
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found to have expanded populations of B cell precursors with t(12;21) detected by 
multi-colour fl uorescence,  in situ  hybridisation and by RT-PCR and Q-PCR (for 
mRNA) [ 36 ] (Fig.  4.5 ).

   The cells are present at ~10 −4  of circulating B cells suggesting that  ETV6 - RUNX1  
is a relatively weak oncogene endowing only minimal clonal or fi tness advantage 
(see further below). One percent of cord bloods is some 100× the incidence rate of 
 ETV6 - RUNX1  +  ALL suggesting that the pre-leukaemic clones with this fusion are 
generated at a relatively high rate in normal foetal development, but have a low 
penetrance of disease either because they do not persist or because of a low proba-
bility (~1 %) of acquiring the necessary secondary events. 

 The maximum ages of children presenting with  ETV6 - RUNX1  +  ALL that have 
fusion gene-positive neonatal blood spots (– 9 years) or who share a common  in 
utero  origin with a co-twin (– 14 years) testifi es to the protracted, covert latency of 
 ETV6 - RUNX1  pre-malignant clones initiated before birth [ 37 ]. Pre-malignant 
clones with  ETV6 - RUNX1  may persist at diagnosis, survive chemotherapy and give 
rise to very late relapses [ 38 ].  

4.5      ETV6 - RUNX1  Fusion as an Initiating Event or Founder 
Mutation in ALL 

 Chromosome translocations are often assumed to be early or initiating events in the 
molecular pathogenesis of leukaemia and other cancers, but evidence endorsing this 
view is limited. In the case of the t(12;21),  ETV6 - RUNX1  translocation and fusion 
there is good evidence that it is indeed the primary or initiating event in ALL that 
carry this marker. These data are summarised in Table  4.1 .
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  Fig. 4.5    t(12;21) ETV6-RUNX1 +  cells in normal cord blood (Data taken from ref. [ 36 ])       
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   In addition to the twin studies referred to above, clonal phylogeny data support 
the contention that  ETV6 - RUNX1  fusion is a founder lesion. Interrogation of the 
composite genetics of hundreds of single cells from individual patients by multi- 
colour FISH [ 39 ] or Q-PCR [ 45 ] can be used to construct clonal evolutionary trees 
or phylogenies. These reveal that  ETV6 - RUNX1  is in every leukaemic cell, includ-
ing those that reside at the base or trunk of the evolutionary tree. Similar studies in 
renal cancer using multi-regional sequencing to infer clonal phylogeny place VHL 
mutations as the likely common founder event for that cancer [ 46 ]. It is likely, 
though not formally proven, that  KMT2A / MLL  fusions in infant ALL and  BCR- 
ABL1   in ALL are also initiating genetic events. They are retained in relapse and, in 
the case of  BCR - ABL1  +  ALL, are present in the trunk or base of the clonal phyloge-
netic tree (M-J Carnicer and MG, unpublished observations). 

 Functional evidence that  ETV6 - RUNX1  (Table  4.1 ) or other fusion genes can 
initiate leukaemogenesis in model systems accords with a founder role in the clini-
cal disease but by itself is not unambiguous evidence.  NOTCH1  mutations are 
highly prevalent in T-ALL [ 47 ] but in some patients, they appear to be sub-clonal 
[ 48 ]. In model systems,  Notch1  mutation can initiate T-ALL [ 49 ] or be secondarily 
acquired during the progression of leukaemia initiated by other mutations [ 50 ].  

4.6     Transforming and Maintenance Functions of ETV6- 
RUNX1 Protein 

 Both ETV6 and RUNX1 are transcription factors that play a critical role in normal 
haematopoiesis. It is likely, therefore, that the chimaeric ETV6-RUNX1 protein 
initiates ALL and maintains the longevity of initiated clones via an altered pattern 
of transcriptional regulation. Widely expressed in human tissues, ETV6 is a mem-
ber of the  ETS  (E-26 transforming) family of transcription factors that contain a 
C-terminal sequence-specifi c DNA binding domain which can also mediate interac-
tion with other proteins. Binding of ETV6 to DNA is normally strongly repressed 
by an auto inhibitory mechanism that requires a conformational change in a 
C-terminal inhibitory domain to stimulate DNA binding [ 51 ]. Homo- and 

    Table 4.1    t(12;21), ETV6-RUNX1 fusion as the initiating or founder genetic event in childhood 
ALL   

 1.  The fusion is the only recurrent ‘driver’ genetic event shared (but non-constitutive) in 
monozygotic twins with concordant ALL [ 23 ,  27 ] 

 2.  All individual leukaemic cells analysed by multi-colour FISH or single cell Q-PCR have 
the fusion gene [ 38 ,  39 ]. In contrast, other genetic abnormalities are sub-clonally 
segregated in the branching phylogenetic tree of clonal evolution in each patient 

 3.  The translocation and fusion gene is retained in all cases that relapse [ 38 ] 
 4.   ETV6-RUNX1  can transform mouse [ 40 – 44 ] and human stem cells [ 28 ] into a pre-

leukaemic state which, in the presence of additional genetic abnormalities or genotoxic 
insults (in murine models), evolves to overt ALL 
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hetero- dimerization of ETV6, through the highly conserved N-terminal ‘pointed’ 
(PTD) or helix-loop-helix domain, also serves to facilitate the DNA binding process 
[ 52 ]. A central repression domain is involved in transcriptional repression of ETV6 
target sequences through the recruitment of co-repressor complexes including 
NCOR1, SIN3A and HDAC’s [ 53 ,  54 ]. Chimeric knockout mice show that  ETV6  is 
required for normal bone marrow haematopoiesis but not for that in foetal liver [ 55 ]. 

 RUNX1 is a member of the RUNT homology domain (RHD) family of tran-
scription factors and is also widely expressed throughout haematopoiesis where it 
acts as a critical master switch [ 56 ].  RUNX1  knockout models uncover its role in the 
formation of the defi nitive stem cell and in defi nitive bone marrow haematopoiesis 
[ 57 ,  58 ]. Aside from the DNA binding RHD domain, RUNX1 contains a transacti-
vation domain, three inhibitory domains, a proline/serine/threonine-rich domain 
and a nuclear matrix targeting signal region [ 59 ,  60 ]. RUNX1 can itself bind weakly 
to DNA but its affi nity for binding is increased by means of a non-DNA-binding 
hetero-dimerization partner, CBFB [ 61 ,  62 ]. In addition, dimerization of CBFB to 
RUNX1 protects RUNX1 from rapid proteasome degradation [ 63 ]. Recruitment of 
other regulatory transcription factors such as CEBPA, SPI1/PU.1 and PAX5, via 
adjacent DNA binding sites in RUNX1 target genes, also leads to enhanced RUNX1 
DNA binding [ 63 – 65 ]. A variety of post-translational modifi cations can regulate 
RUNX1 activity [ 66 ] and alter lineage-specifi c gene expression through protein- 
protein interactions with co-activators (such as EP300 and CREBBP) or co- 
repressors (such as SIN3A and TLE1) [ 67 ]. These interactions reveal a context 
dependent role for RUNX1 as either an activator or repressor of transcription. 

 In ALL, the translocation t(12;21) results in an in-frame fusion between the fi rst 
fi ve exons of ETV6 and almost the entire coding region of RUNX1; bringing 
together the PTD and repression domains of ETV6 and the DNA binding, repressor 
and transactivation domains of RUNX 1 [ 12 ,  13 ] (Fig.  4.6 ).

  Fig. 4.6    Functional domains in ETV6-RUNX1 fusion. A schematic representation of the full- 
length ETV6, RUNX1 and ETV6-RUNX1 proteins. The fusion gene retains the oligomerisation 
( PTD ) and repression domains of ETV6 and the DNA binding ( RHD ), repressor and transactiva-
tion domains of RUNX1. Regions reported to interact with various activator and co-repressor 
proteins mentioned in the text are also shown along with a Carboxy-terminal VWRPY motif that 
can bind Groucho-related corepressors       
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   Both the RUNT domain and CBFB have been shown to be necessary for ETV6- 
RUNX1 activity [ 62 ,  68 ] and the retained PTD domain is required to allow dimer-
ization with either ETV6-RUNX1 itself or with the normal ETV6 protein [ 40 ]. 
Similarly, RUNX1 activity can be regulated by homo-dimerization that may play a 
role in chromatin remodelling [ 69 ]. Accordingly, ETV6-RUNX1 can exert its effect 
on multiple signalling pathways. 

 Impaired B cell differentiation from the pro-B to the pre-B cell stage has been 
observed in a number of studies performed using retroviral transduction of  ETV6- 
RUNX1   into bone marrow stem cells followed by transplantation into syngeneic 
mice [ 40 ,  41 ,  70 ]. In contrast, retroviral transduction of  ETV6 - RUNX1  into foetal 
liver cells affords the persistent self-renewal of pro-B cells both  in vitro  and  in vivo  
[ 42 ,  71 ]. Levels of expression of the fusion gene were shown to be critical to out-
come; low level expression of ETV6-RUNX1 promoted self-renewal of pro-B cells, 
whereas high level expression promoted self-renewal of myeloid cells [ 71 ]. Similarly, 
a perturbation of haematopoietic stem cell (HSC) numbers and an impairment of B 
cell differentiation have been identifi ed in adult mice using either an ETV6-RUNX1 
transgenic [ 72 ] or knock-in approach [ 43 ]. Schindler and colleagues show the dis-
ruption in HSC’s to be present in adult haematopoiesis but not in foetal liver and 
therefore suggest that the pre-leukaemic clone in humans is disposed to emerge  in 
utero , while its emergence in adults would be impaired [ 43 ]. Lentiviral delivery of 
 ETV6 - RUNX1  into human CD34 +  cord blood cells, either grown on MS5 feeder lay-
ers or allowed to reconstitute the bone marrow of irradiated NOD-SCID mice, gives 
rise to an expanded compartment of pro-B cells not seen in normal human peripheral 
blood or bone marrow [ 28 ,  72 ]. These cells possess altered self- renewal properties 
and carry the ‘pre-leukaemic’ phenotype CD34 + CD38 −/low  CD19 +  [ 28 ]. 

 Transient transfection studies confi rm that ETV6-RUNX1 can inhibit RUNX1- 
dependent transcription at a number of RUNX1 target genes (e.g., CSF1R/MCSFR, 
TRB) and suggest that the ETV6 repression domains acquired in the fusion convert 
RUNX1 from an activator to a repressor [ 53 ,  73 ]. 

 The signal pathways that are pivotal in transformation and maintenance of pre- 
leukaemic clones are not entirely resolved but candidates have been identifi ed. The 
fusion protein has been shown to interfere with apoptosis, affecting anti-apoptotic 
genes such as survivin, [ 74 ] and has been proposed to act as a dominant negative 
transcription factor that can reduce expression of tumour suppressor genes while 
increasing expression of anti-apoptotic genes [ 75 ], although this does not seem to 
be the case in murine HSC’s [ 43 ]. MicroRNAs (miRNAs) regulate the post- 
transcriptional expression level of a variety of genes by binding to complementary 
sequences located mainly in 3′-untranslated regions of target messenger RNA [ 76 ]. 
miRNA-494 has been identifi ed as a direct miRNA target of  ETV6 - RUNX1  and, 
along with miRNA-320a, was found to be up-regulated upon ETV6-RUNX1 silenc-
ing [ 77 ]. These miRNAs are expressed at low levels in  ETV6 - RUNX1  +  leukaemias 
and are observed to block expression of survivin, suggesting that miRNA suppres-
sion by ETV6-RUNX1 may also play a role in pre-leukaemic cell survival. In con-
trast, miR-125b has been associated with  ETV6 - RUNX1  +  ALL in patients, where its 
overexpression confers a survival advantage [ 78 ]. 
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 TGFB1 is a negative regulator of human early B cell progenitors [ 79 ] and also 
has a well-recognised role in cancer progression [ 80 ]. Data from three model sys-
tems provides evidence that ETV6-RUNX1 is able to compromise the TGFB1 sig-
nalling pathway and contribute both to the maintenance of covert pre-leukaemic 
clones and their competitive positive selection in an infl ammatory context [ 72 ]. 

 The erythropoietin receptor gene ( EPOR ) appears to be consistently highly 
expressed, ectopically, in  ETV6 - RUNX1  +  ALL [ 81 – 83 ]. Recent evidence suggests 
that ETV6-RUNX1 can directly regulate expression of  EPOR  [ 84 ] and promote 
expression of a functional cell surface receptor that is capable of binding its ligand; 
erythropoietin (EPO). Activation of JAK-STAT signalling via the EPOR:EPO axis 
and promotion of cell survival has also been confi rmed in both murine and human 
models of ETV6-RUNX1 pre-leukaemia [ 84 ]. Whether the survival of  ETV6- 
RUNX1    +  pre-leukaemic clones in patients is sustained by EPO is at present unknown. 

 These data provide some insight into how  ETV6 - RUNX1  promotes the survival 
of pre-leukaemic clones but do not explain the partial differentiation arrest in the B 
cell precursor level. One possibility is that the major attrition of normal B precursor 
cells that have non-functional  IGH  rearrangements is blocked. 

 The question remains as to whether the ETV6-RUNX1 protein remains indispens-
able for clonal maintenance once the secondary mutations are accrued and clinically 
overt ALL emerges. Two separate studies that used RNAi to knockdown expression 
of the fusion gene in leukaemia cell lines have provided confl icting results. Zaliova 
and colleagues [ 85 ] used siRNA specifi c to the fusion gene and reported no differ-
ences in cell cycle arrest, apoptosis or attenuation of clonogenic potential. In contrast, 
Fuka [ 86 ] and co-workers used shRNA to show that suppression of ETV6-RUNX1 
expression abrogates proliferation and cell survival and inhibits signalling via the 
PIK3CA/PI3K pathway. The impaired repopulation capacity of silenced ETV6-
RUNX1 cell lines in xeno-transplants provided further evidence that ETV6-RUNX1 
may indeed be indispensable for leukaemia maintenance [ 86 ].  

4.7     Secondary Mutations that Complement  ETV6 - RUNX1  
Fusion 

 The observations on concordance rates of  ETV6 - RUNX1  +  ALL in monozygotic 
twins and the presence of ‘stalled’ evolution of pre-leukaemic clones in healthy co- 
twins of patients with ALL [ 28 ] and in unselected cord bloods all indicate that the 
t(12;21) translocation is insuffi cient for overt or malignant ALL, as does experi-
mental modelling in mice [ 40 – 44 ]. The necessary additional genetic events have 
now been described. The structural rearrangements and coding region sequence 
changes that complement  ETV6 - RUNX1  and drive clonal evolution have been iden-
tifi ed by paired end and exomic sequencing in a series of 57 cases [ 24 ]. The total 
mutation load is relatively small as in most cases of different leukaemic subtypes 
and most paediatric cancers – compared with epithelial carcinomas [ 2 ]. Two 
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mutational signatures were identifi ed. The most recurrent secondary genetic events 
are CNA, most of which are deletions. Almost 50 % of these have complete or par-
tial nonamer-heptamer RAG recognition motifs. In contrast, in several thousand 
CNA in breast, pancreatic and prostate cancers, none had RAG recognition 
sequences at or near (<20 bp) the breakpoints. These data provide compelling evi-
dence that critical secondary events that complement  ETV6 - RUNX1  fusion in ALL 
are instigated by off-target RAG activity. Single nucleotide variants are less recur-
rent in  ETV6- RUNX1    +  ALL, with the exception of  WHSC1 / NSD2  [ 87 ], but there are, 
on average, ~14 per case, several or most of which could be ‘passenger’ mutations 
[ 24 ]. The predominant mutational signatures for these SNV were transitions or 
transversions at cytosines [ 24 ] indicative of a role of APOBEC enzymes in cytosine 
deamination as in other cancers [ 88 ]. In contrast to high risk subtypes of childhood 
ALL [ 89 ],  ETV6 - RUNX1  +  ALL have very few mutations impinging on kinase path-
ways, which may help explain the very good prognosis [ 24 ].  

4.8     The Contextual Role of  ETV6 - RUNX1  Fusion 
in the Clonal Evolution of ALL 

 The genetic and functional data now available on  ETV6 - RUNX1  +  ALL suggest a 
model for the role the chromosome translocation and fusion gene encoded protein 
play in the step-wise clonal evolution of ALL. This is summarised in Fig.  4.7 . The 
exact cell type of origin of the t(12;21) is uncertain. Modelling studies with murine 
and human cells suggests that it could be a lympho-myeloid stem cell [ 28 ,  40 – 44 ].

   If this is the case, then the fusion may bias differentiation into the B lineage. The 
major functional impact appears to be to generate a long-lived pre-leukaemic clone 
that proliferates slowly, in partial differentiation arrest in the B precursor compart-
ment and with minimal clonal advantage in the absence of additional genetic altera-
tions. The retention or slow passage of cells in the normally very transient and 
pro-apoptotic B precursor compartment where RAG/AICDA mediated  IG  rear-
rangements are ongoing may render them vulnerable to RAG/AICDA/APOBEC 
mediated structural changes in other genes [ 90 ]. Epidemiological evidence suggests 
that infections may act, indirectly, as a promotional factor in this process [ 91 ], pos-
sibly via the selective expansion of pre-leukaemic clones elicited by TGFB1 [ 72 ]. It 
is striking that the most highly recurrent secondary genetic changes in  ETV6 - 
RUNX1      +  ALL are predominantly deletions in genes that encode B cell differentia-
tion promoting transcription factors or the cell cycle negative regulator CDKN2A/
p16 [ 24 ,  92 ]. As a consequence of these secondary genetic events, leukaemic cells 
are then trapped in the precursor compartment, proliferating with the exit routes of 
apoptosis or differentiation no longer available.

  Now, here, you see, it takes all the running you can do, to keep in the same place. (The Red 
Queen to Alice in  Through the Looking Glass  by Lewis Carroll) 
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4.9        Other Translocations as Initiating Lesions in Leukaemia 
and Cancer 

 The available data are compatible with the notion that several of the major chromo-
somal translocations in acute leukaemia of childhood are probably initiating or 
founding genetic lesions. This includes  ETV6 - RUNX1 ,  KMT2A / MLL  fusions (in 
infants),  BCR - ABL1  and  RUNX1 - RUNX1T1  (in AML). In adult leukaemia,  PML- 
RARA   fusion in acute promyelocytic leukaemia (APML) is another strong candidate 
founder lesion [ 93 ], as is  BCR - ABL1  in CML [ 94 ]. The fact that therapeutic target-
ing of these latter two lesions is a very effective treatment strategy [ 93 ,  95 ] (albeit 
with recurrence due to resistance mutations in some cases) may be at least in part 
due to the fact that all leukaemic cells express the target. 

 The range of biochemical or signalling functions exercised by these translocation 
generated gene fusions indicate that there is unlikely to be a universal mechanism of 
cellular transformation and cancer/leukaemia initiation. Furthermore, it is clear that 
genetic alterations other than chromosome translocations can in all likelihood initi-
ate acute leukaemia including chromosomal trisomies in ALL [ 96 ,  97 ],  DMN3TA  in 
AML [ 98 ] and a variety of mutations in myelodysplastic syndromes [ 99 ]. 

 Outside of the leukaemias, other highly recurrent fusion genes [ 100 ] are good 
candidates as founder lesions, including  EWSR1 - FLI1  fusions in Ewing’s sarcomas 
[ 101 ],  TTYH1 - C19MC  in a subset of embryonal neuroectodermal tumours [ 102 ], 
 IGH  translocations in multiple myeloma and its precursor lesion  MGUS  [ 103 ] and 
 TMPRSS2 - ERG  fusions in prostate cancer [ 104 ,  105 ]. Detailed single cell genetics 
and phylogenetic tree assembly might consolidate their status and highlight their 
potential for both monitoring residual disease and as therapeutic targets.     
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  Fig. 4.7    Step-wise clonal evolution in ETV6-RUNX1 +  ALL       
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  Abstract     Chromosomal fragile sites are specifi c loci that show gaps, breaks, or 
rearrangements in metaphase chromosomes when cells are cultured under condi-
tions that partially inhibit DNA synthesis, inducing replication stress. The common 
fragile sites (CFS) are numerous in the human genome, and are essentially observed 
in all individuals. Although the molecular basis for chromosome fragility of CFSs 
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remains incompletely understood, there is now general agreement that CFS 
sequences have a distinct replication programme that combines late replication with 
failure to activate origins in the core regions of the CFSs during replication stress, 
resulting in the failure to complete replication. The CFSs exhibit several features 
characteristic of highly unstable or recombinogenic regions of the genome, and 
CFSs have been shown to mediate genetic instability in cancers, including during 
the early stages of tumourigenesis. In this chapter, we review the molecular features 
of CFSs, as well as the relationship of CFSs to genomic alterations in cancer cells.  

  Keywords     Chromosomal fragile sites   •   Common fragile sites   •   DNA replication   • 
  Genetic instability   •   Mechanism of instability  

5.1         Historical Aspects and Characteristics of Fragile Sites 

 Chromosomal fragile sites are specifi c loci that show gaps, breaks, or rearrange-
ments in metaphase chromosomes when cells are cultured under particular condi-
tions that partially inhibit DNA synthesis [ 1 ,  2 ]. Fragile sites are grouped into two 
major classes based upon their frequency in the population, as well as the culture 
conditions required for their expression. The “rare fragile sites” number at least 30, 
and are found in less than 5 % of the population, in many instances, in only one or 
a few families. A number of rare fragile sites, including the FRAXA, FRAXE, 
FRAXF, FRA16A, FRA16B, and FRA11B, have been cloned or mapped at the 
molecular level (reviewed in [ 1 ]). With the exception of the FRA16B, the mutation 
leading to the expression of fragility is the expansion and methylation of a CGG 
trinucleotide repeat, and chromosome breakage occurs within this small segment of 
DNA. FRA16B also involves the expansion of a repeat – 33 bp AT-rich minisatel-
lite. Expansion of these repeats can give rise to genetic disease by modifying the 
expression of genes in which they are located, as in the case of the FRAXA and 
FRAXF, or by mediating chromosomal deletions, as seen in some cases of Jacobsen 
Syndrome [ 1 ]. 

 In contrast, numerous “common fragile sites” (CFSs) have been recognized – 87 
CFSs are listed in the NCBI database (  http://www.ncbi.nlm.nih.gov/gene/?term=%28
common+fragile+site %29+AND+%22Homo+sapiens%22[porgn%3A__txid9606]    ). 
However, the precise number depends on the inducing conditions, cell type, and ana-
lytical methods; a recent study reported 230 CFSs, although most of these sites were 
expressed very infrequently [ 3 ]. As described below, the greater the impairment of 
replication, the more CFSs observed, until the cessation of replication. The expression 
of CFSs varies in different cell types, but the CFSs are essentially observed in all 
individuals [ 4 ,  5 ]. At least 45 common fragile sites have now been mapped at the 
sequence level, including the most frequently expressed sites:  FRA3B  , FRA6F, 
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 FRA7G  , FRA7F,  FRA16D  , FRAXB (reviewed in [ 6 ]). Molecular analysis has pro-
vided evidence that the CFSs differ from the rare fragile sites in several ways. First, 
the CFSs span large genomic regions, ranging from 160 kb to greater than 10 Mb, and 
genomic breakage and instability occurs over a large region (reviewed in [ 2 ,  6 ,  7 ]). 
Second, despite extensive analysis of several CFSs, no specifi c sequence elements or 
repeat motifs, such as the trinucleotide repeats characteristic of rare fragile sites, have 
been identifi ed to be required for their expression (reviewed in [ 2 ,  7 ]). Common frag-
ile sites are conserved, and have also been observed in many other mammalian spe-
cies, such as mouse, hamster, primates, dogs, cattle, and deer mouse. Furthermore, at 
least eight mouse CFSs have human CFS orthologs: Fra14A2 (FRA3B), Fra8E 
(FRA16D), Fra6C1 (FRA4F), Fra12C1 (FRA7K), Fra2D ( FRA2G  ), Fra6A3.1 
(FRA7G), Fra6C1 ( FRA7H  ), and Fra4C2 (FRA9E), and regions orthologous to the 
human FRA3B/ FHIT  and FRA16D/ WWOX  are conserved in  Mus musculus  [ 8 ]. In 
yeast, chromosome breaks at specifi c sites called “replication slow zones” have been 
proposed to be analogous to CFSs [ 9 ]. Thus, fragile sites appear to be maintained 
across species, although their function is unknown. 

 The common fragile sites exhibit several features characteristic of highly 
unstable or recombinogenic regions of the genome. In addition to forming breaks 
and gaps on metaphase chromosomes, they are preferred sites for sister chromatid 
exchanges (SCEs), chromosomal deletions and rearrangements, the integration of 
transfected plasmid DNA or viruses, e.g., HPV, and the initiation of breakage-
fusion- bridge (BFB) cycles, leading to gene amplifi cation [ 2 ,  6 ,  7 ]. CFSs have 
also been shown to be preferred sites for structural variation in stem cells [ 10 ], 
and copy number variants in the human germline [ 11 ]. Recent studies have shed 
light on the role of CFSs in genetic instability in cancer cells. For example, Bignell 
et al. demonstrated that a substantial proportion of homozygous and hemizygous 
deletions in cancer cells cluster in CFSs [ 12 ]. The compendium of CFSs princi-
pally consists of large regions containing genes >300 kb in length, and over half 
of the recurrent molecular deletions in cancer cells originate in CFSs that are 
associated with large genes. 

 At present, the molecular basis for chromosome fragility of CFSs remains 
incompletely understood (Fig.  5.1 ). Local genomic features, including G-negative 
chromosomal bands distal to centromeres, enrichment for  ALU  repeats, high DNA 
fl exibility, CpG island density, transcription start site density, H3K4me1 coverage, 
and mononucleotide microsatellite coverage are signifi cant predictors [ 6 ,  7 ,  13 ]. We 
fi rst demonstrated that CFSs replicate late in S-phase, and sometimes remain incom-
pletely replicated in metaphase cells, [ 14 ] and there is now general agreement that 
CFSs remain incompletely replicated at the onset of mitosis following replication 
stress, making them prone to breakage. Moreover, CFS instability is dependent on 
ATR signalling and is associated with other DNA damage response factors [ 2 ]. For 
the past decade, several nonexclusive models have existed for CFS instability. The 
fi rst model posits that CFSs contain sequences that are diffi cult to replicate, leading 
to stalled replication forks and, ultimately, replication fork collapse. The second 
model suggests that CFSs contain a paucity of replication origins, resulting in 
incomplete replication under replication stress. Recent studies of eight of the major 
CFSs have resulted in a convergence of both models revealing that a distinct 
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  Fig. 5.1     Model for the induction of common fragile sites . The model predicts that CFSs have a 
distinct replication programme that combines late replication with failure to activate origins in the 
core regions of the CFSs following replication stress, ultimately leading to long stretches of 
ssDNA. ( a )  Left panel . Common fragile sites could represent slow replicating regions as a result of 
an unusual chromatin structure, the presence of bulky DNA-protein complexes hindering replica-
tion fork progression, or persistence of post-replicative structures in the presence of APH. In this 
event, origins may initiate replication in early- to mid-S phase, but replication continues into late 
S phase.  Right panel . CFSs have been shown to have an unusual distribution of primary and sec-
ondary origins – a lower density of primary origins at fragile sites may prevent completion of 
replication in the presence of APH within the S phase. A lower density of secondary origins, or 
lack of initiation at the secondary origins, may prevent rescue of replication by these ineffi cient 
origins when the primary origin is stalled ( Green bar ) or slowed in the presence of APH leading to 
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 replication programme combining late replication with failure to activate origins in 
the core regions of the CFSs following replication stress is responsible for the fail-
ure to complete replication. Because replication programmes differ in various cell 
types, different repertoires of expressed CFSs are found in human cells [ 6 ]. In this 
chapter, we review the features of DNA replication of common fragile sites, and the 
role of replication in the genetic instability characteristic of these sequences, as well 
as the relationship of CFSs to genomic alterations in cancer cells.

5.2        Mechanisms of Fragile Site Expression 

5.2.1     Brief Overview of DNA Replication 

 DNA replication in eukaryotes initiates at specifi c sites called origins of replication 
[ 15 ]. In  Saccharomyces cerevisiae , origins of replication, known as Autonomously 
Replicating Sequence (ARS) share an A/T rich, 11 bp ARS consensus sequence that 
is recognized by the origin recognition complex (ORC) proteins. In contrast, the 
identifi cation of metazoan origins of replication has proven to be much more diffi -
cult. Over the past two decades, a number of approaches have been undertaken to 
defi ne metazoan origins, including low-throughput methods, e.g., two-dimensional 
gel electrophoresis techniques or nascent strand abundance assays and, more 
recently, genome-scale approaches that are combined with microarray or sequenc-
ing technologies (reviewed in [ 16 ,  17 ]). There is a notable low level of reproduc-
ibility between laboratories and across methods, especially in the case of the 
genome-wide techniques, suggesting that both cell intrinsic, i.e., only a subset of the 
active origins of any particular cell population have been mapped, and cell extrinsic, 
i.e., the subset of origins identifi ed is method-dependent, factors are involved 
(reviewed in [ 16 ,  17 ]). Nevertheless, these methods have demonstrated that, despite 
the evolutionary conservation of the replication machinery, metazoan origins do not 
have the sequence specifi city observed in  S. cerevisiae  – rather, they may be defi ned 
by DNA structure, such as G-quadruplex-forming DNA motifs [ 18 ]. 

Fig. 5.1 (continued) unreplicated regions within fragile sites. ( b )  Left panel . The ssDNA binding 
protein, RPA, coats the resultant unreplicated ssDNA and recruits the DNA damage response 
checkpoint proteins, including ATR, which activate S-phase or G 2 /M checkpoints.  Right panel . 
Repair of these regions mediated by RAD51 and PRKDC (DNA-PKcs) and other proteins pro-
motes replication fork progression. Some CFS sequences may escape checkpoint activation or are 
left unrepaired, resulting in an unreplicated region in G 2 /M.  c  MUS81-EME1 is recruited to such 
sites in prophase or early metaphase, and cleaves any remaining replication forks at CFSs ( red 
circles  represent FANCD2 foci at CFSs) to permit the sister chromatids to be disjoined in ana-
phase, giving rise to the characteristic cytological appearance of chromosome breaks/gaps at meta-
phase. Thereafter, the unreplicated DNA is repaired in the subsequent S phase. Repair of DNA 
breaks can result in molecular deletions or structural chromosomal rearrangements involving 
CFSs, which have been identifi ed in cancers (Figure modifi ed from references, [ 2 ,  38 ,  77 ])       
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 The molecular mechanism of replication initiation is a highly conserved and 
tightly regulated process in all eukaryotes (reviewed in [ 19 ]). The fi rst step involves 
licensing of origins in the late M or early G 1  phase by the assembly of pre- replicative 
complexes (pre-RCs) at non-active origins as well as at the active origins, which 
includes ORC1-6, CDT1, CDC6, and minichromosome maintenance (MCM) 2-7 
complex. Using genome-wide origin mapping approaches, metazoan genomes were 
found to have a very large number of origins, up to one every 11 kb, only a subset 
of which are activated in any given cell within a population [ 16 ,  18 ]. 

 The second step corresponds to the loading of CDC45, which is triggered by two 
kinases, cyclin-CDK and CDC7-DBF4. The cyclin-CDK complex leads to progres-
sion of cells into S phase, and CDC7-DBF4 leads to activation of origin-fi ring by 
phosphorylation of the MCM proteins. Origin activation is followed by initiation of 
DNA replication by loading of the single-stranded DNA (ssDNA) binding protein, 
Replication Protein A [ 20 ], and the primase-DNA polymerase complex. The bidi-
rectional replication fork is now active and can move into the elongation phase. In 
higher eukaryotes, the origins are not synchronously activated at the onset of the S 
phase; rather, they follow a precise and reproducible sequence of initiation through-
out S phase (reviewed in [ 21 ]). Although not completely understood, this temporal 
replication programme has been linked to multiple biological factors: GC content, 
LINE (Long Interspersed Nuclear Elements) density, gene density, transcriptional 
activity, chromatin structure and, more recently, with large-scale chromatin folding 
(reviewed in [ 21 ]). For instance, transcriptionally active, GC-rich euchromatin 
tends to replicate before the condensed, silent, and GC-poor heterochromatin. As 
described later, the integrity of DNA replication is monitored during S phase by 
checkpoint proteins [ 22 ]. If replication is stalled or the DNA template damaged, the 
checkpoint proteins arrest the cell in S phase, and prevent entry into G 2  until the fork 
is restored or the damage repaired.  

5.2.2     Replication Dynamics of the Common Fragile Sites 

5.2.2.1     Characteristics of the Inducers of Fragile Site Expression 

 The majority of the CFSs are induced by aphidicolin (APH) and, less frequently, 
bromo-2′deoxyuridine (BrdU), 5-azacytidine (5-Aza-C), 5-fl uorouracil and camp-
tothecin (reviewed in [ 2 ]), chemicals that interfere with DNA replication. Moreover, 
fragile site expression requires induction during the preceding S phase [ 14 ]. APH is 
an antibiotic, which inhibits DNA polymerases α, δ, and ε by competing with the 
incorporation of dCTP and, to a lesser extent, dTTP. High doses of APH (from 15 to 
300 μM) block DNA elongation very rapidly and trigger an intra-S checkpoint, 
blocking cell cycle progression in early S phase and preventing initiation at late 
replicating domains [ 23 ]. At the lower doses of APH used for CFS induction (0.2–
0.8 μM), cells still progress through S phase, but do so much more slowly than in an 
unperturbed S phase [ 24 ]. BrdU is incorporated into DNA in place of thymidine; at 
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high concentrations of BrdU, S-phase progression is blocked [ 25 ]. 5-Aza-C, an 
inhibitor of DNA methyltransferases, inhibits chromatin condensation within G 
bands and heterochromatin (late-replicating) and, perhaps as a direct consequence, 
advances the replication timing of late-replicating chromosomal regions [ 26 ]. 

 As mentioned above, the nature of the fragile site-inducing agents suggested that 
fragile site expression was likely to involve DNA synthesis. DNA repair mecha-
nisms may also play a role, since caffeine, an inhibitor of the G 2  checkpoint, 
increases the number of cells expressing CFSs. These observations, together with 
the high frequency of SCEs [ 27 ] and chromosome rearrangements at CFSs, led 
investigators to propose a number of years ago that fragile sites were associated 
with unreplicated DNA or DNA strand breaks.  

5.2.2.2     Replication Dynamics of  FRA3B   and  FRA16D   

 The  FRA3B  , at 3p14.2, lies within the Fragile Histidine Triad ( FHIT ) gene, and is 
the most highly expressed CFS in lymphoblastoid cells when DNA replication is 
perturbed by APH [ 4 ,  28 ]. The  FHIT  gene spans 1.6 Mb, but encodes only a 1.1 kb 
transcript. Large intragenic deletions within the FRA3B sequences, have been iden-
tifi ed in a variety of tumour cells [ 4 ,  28 ]. By analyzing the replication timing of 
FRA3B in peripheral blood lymphocytes and human Epstein-Barr virus (EBV)-
transformed lymphoblastoid cell lines, we and others showed that FRA3B alleles 
replicate in late S phase in untreated cells [ 14 ,  24 ,  29 ]. Exposure to APH resulted in 
a small, but signifi cant, delay in the timing of replication of the FRA3B alleles, and 
some cells entered mitosis without completing the replication of these sequences 
[ 14 ]. 

 To elucidate the link between DNA replication and CFS expression, our labora-
tory mapped active origins in the  FHIT / FRA3B   locus in non-malignant lympho-
blastoid cells, using two independent methods, a nascent strand DNA assay 
combined with microarray analysis developed in our laboratory [ 30 ] and chromatin 
immunoprecipitation targeting ORC and MCM proteins [ 24 ] and mapped 100 ± 22 
origins within the 1.6 Mb region. Several of the origins that mapped within the 
FRA3B core were also identifi ed in an independent analysis of another lymphoblas-
toid cell line using the bubble-trapping method combined with deep sequencing 
analysis [ 31 ]. We found that FRA3B had signifi cantly fewer, smaller, and more 
widely-dispersed origins as compared to its fl anking non-CFS sequences (Lucas 
et al. unpublished results). Using a DNA combing and FISH method, the Debatisse 
laboratory did not detect initiation events within the FRA3B core, suggesting that 
the FRA3B region is replicated by long-travelling forks coming from origins located 
outside of the FRA3B [ 32 ]. Nonetheless, the approach used did not exclude the 
presence of “low effi ciency” origins within the FRA3B in comparison to surround-
ing non-fragile regions. Indeed, we observed signifi cantly less newly-replicated 
DNA in untreated cells at origins located within FRA3B, as compared to those 
located in fl anking, non-fragile regions, suggesting that CFS origins are less effi -
cient and/or have a faster fork speed (Lucas et al. unpublished results) [ 24 ]. 
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Furthermore, Letessier et al. demonstrated a direct correlation between DNA repli-
cation and expression of breakage at FRA3B in cells with differential levels of 
breakage. That is, low origin density and late completion of DNA replication in 
untreated cells were linked to high levels of CFS expression in APH-treated cells, 
whereas higher origin density and earlier replication were linked to low levels of 
breakage [ 32 ]. 

 Taken together, these results suggest that, in lymphoblastoid cells under basal 
growth conditions, the  FRA3B   is characterized by a low density of weak origins in 
comparison to its fl anking non-CFS sequences (Fig.  5.1 ) [ 24 ,  32 ,  33 ]. In the pres-
ence of APH, dormant origins fail to fi re in the FRA3B region (Lucas et al. unpub-
lished results), [ 32 ] strongly suggesting that FRA3B does not respond properly to 
replication stress [ 24 ,  32 ]. 

 The  FRA16D  , at 16q23, is the second most highly-expressed CFS in human 
lymphoblastoid cells [ 4 ]. The boundaries of the genetically unstable sequences 
comprising the FRA16D span ~2.5 Mb, and include the  WWOX  gene, which spans 
~1 Mb (reviewed in [ 34 ]). Large intragenic deletions within  WWOX  have been iden-
tifi ed in a variety of tumours, including breast, esophageal, lung, ovarian, colon, and 
prostate carcinomas [ 34 ,  35 ]. Furthermore, it has been suggested that WWOX may 
function as a suppressor of tumour growth. Several laboratories have demonstrated 
that the FRA16D sequences replicate late in S phase and that, the entire FRA16D is 
contained within one or more late-replicating domains [ 24 ,  32 ,  34 ,  35 ].  

5.2.2.3     Replication Dynamics of Other Common Fragile Sites 

 The  FRA7H  , at 7q32.3, spans a 161 kb region of intergenic DNA, that is 58 % 
AT-rich, and predicted to contain four regions of high fl exibility [ 36 ]. Using FISH 
analysis of asynchronous human lymphoma cells, Hellman et al. showed that the 
FRA7H alleles initiate replication in the mid-S phase in an asynchronous manner 
with one allele replicating earlier than the other, without allelic specifi city [ 37 ]. 
Furthermore, the FRA7H exhibited a bipolar gradient of replication, where replica-
tion initiates and occurs earlier at the centre of the 160 kb region than the adjacent 
regions on either side. APH delays replication at FRA7H and enhances the replica-
tion timing difference within the 160 kb region. Overall, these results suggest that 
the FRA7H region has intrinsic features that may delay replication. 

 The  FRA7G  , at 7q31.2, corresponds to an AT-rich (61 % AT-rich), 800 kb region 
that encompasses several genes ( TES ,  CAV1 ,  CAV2 , and  MET ), and shows loss of 
heterozygosity (LOH) in several human malignancies [ 38 ].   TES  ( TESTIN )   may rep-
resent a candidate tumour suppressor gene, and  MET  is amplifi ed in many tumours. 
Hellman et al. showed that breaks at FRA7G in a gastric carcinoma cell line led to 
amplifi cation of the  MET  gene by a BFB mechanism, providing further evidence for 
a role for CFSs in the amplifi cation of oncogenes [ 39 ]. Although the absolute repli-
cation timing of FRA7G within S phase is unknown, Hellman et al., demonstrated 
that the FRA7G has a biallelic replication pattern, with one allele replicating late 
and the other one earlier, and that the replication fork(s) progress unusually slowly 
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within the fragile site [ 39 ]. At present, the effect of APH on the replication  dynamics 
of FRA7G is unknown. 

 In two other CFSs,  FRA1H   and  FRA2G  , replication initiates during early to mid 
S-phase, but there is an intrinsic delay in replication progression and, by late S 
phase, approximately half of the CFS sequences remain unreplicated [ 40 ]. Using 
DNA combing techniques and FISH, Ozeri-Galai et al. determined that the 
FRA16C – which shares the same AT-rich genomic region as the FRA16B rare 
fragile site – is characterized by slow fork progression, and fork stalling at AT-rich 
sequences under basal conditions. Under replication stress, the frequency of fork 
stalling is exacerbated, and there is a failure to activate additional origins [ 41 ]. 
Finally, FRA6E – which contains the large 1.3 Mb  PARK2  gene – contains long 
AT-rich repeats across which replication is slowed [ 42 ]. Thus, CFS expression com-
bines late and slow replication, increased replication fork arrest, and an apparent 
paucity of active origins leading to replication stress and instability.  

5.2.2.4     Possible Mechanism(s) Linking DNA Replication and Fragile Site 
Expression 

   Slow Replication Domains and Replication Transition Zones 

 As described earlier for the  FRA3B  , CFSs may represent sequences that replicate 
very slowly under normal growth conditions, potentially due to a low density of less 
effi cient origins, and that are unable to recover from a further delay in DNA synthe-
sis following replication stress. The link between origin density/effi ciency, slow 
completion of replication, and DNA breaks at CFSs was confi rmed by comparing 
the replication dynamics and the frequency of breaks for several CFSs that show 
differential expression in two cell types – fi broblasts and lymphoblasts [ 32 ,  34 ]. 
Furthermore, CFS regions seem to represent transition zones between early and late 
replicating domains [ 43 ]. Interestingly, genome-wide mapping of the replication 
dynamics of the long arms of human chromosomes 11 and 21 by PCR amplifi cation 
of fl ow sorted BrdU-labelled cells has shown that genes implicated in cancer and 
other diseases are signifi cantly over-represented in the transition regions between 
early and late replication domains [ 44 ].  

   Stalled Replication Forks 

 APH inhibits replication fork elongation, leading to stalled forks. In this event, a 
convergent replication fork extending from a distant origin may complete replica-
tion, resulting in a delay in the process. Another potential consequence is the uncou-
pling of the DNA unwinding by the replicative helicase from the replication 
machinery, as observed in  Xenopus  egg extracts treated with APH during both the 
initiation and elongation steps, leading to the accumulation of ssDNA regions, and 
triggering the formation of abnormal structures [ 45 ]. Another consequence of the 
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replication machinery dissociation is that replication may not be able to resume, 
since some components (MCM2-7) can only be loaded onto the chromatin in the G 1  
phase. Interestingly, these effects are only observed in cells with a mutation in the S 
phase checkpoint proteins Mec1p ( ATM  /ATR ortholog) or Rad53p (CHEK2), or 
RecQ helicase Sgs1p (BLM homolog). 

 In addition, CFSs could be more prone to form secondary DNA structures that 
are diffi cult to replicate, such as hairpins, or could lead to even more aberrant struc-
tures, when located near a stalled fork. Indeed, DNA sequence analysis of the 
 FRA3B  ,  FRA7G  ,  FRA7H  , and  FRA16D   revealed that the CFSs contain multiple 
regions that have the potential to form unusual DNA structures, including high fl ex-
ibility, low stability, and non-B-forming sequences [ 36 ]. Similarly, as suggested by 
Cha and Kleckner, some regions of the genome could be preferential sites for the 
formation of DNA-protein complexes, which could hinder the passage of the repli-
cation fork [ 9 ]. 

 Stalled replication forks or the presence of unreplicated DNA, may be converted 
to DSBs, and prolonged replication inhibition results in the accumulation of DSBs. 
Non-homologous end joining (NHEJ) and single strand annealing are employed by 
cells to process DSBs in the early cellular response [ 46 ]. These two pathways would 
not be expected to result in a visible fragile site lesion in the ensuing mitosis, but 
rather in deletion of fragile site sequences in one or both of the daughter cells. As 
DSBs accumulate, RAD51-mediated homologous recombination ( HR  ) becomes the 
predominant mechanism of repair [ 47 ], a process that can result in formation of 
SCEs, as has been observed at CFSs. DSBs may also be repaired by ligation with 
homologous sequences from another chromosome, resulting in gross rearrange-
ments, such as an unbalanced translocation, or they may be sites for ligation of 
exogenous DNA, e.g., viral sequences, as discussed later in Sect.  5.3 .  

   Replication Defects at Fragile Sites and Checkpoints 

 In eukaryotic cells, the duplication of the genome during S phase and its transmis-
sion during G 2 -M phase is monitored at multiple levels (reviewed in [ 19 ,  48 ]). 
Normal checkpoint mechanisms ensure that DNA replication occurs once, and only 
once, per cell cycle, and that mitosis does not begin until DNA replication is com-
plete. The ssDNA present at stalled replication forks leads to recruitment of the 
ATR (Ataxia Telangiectasia Mutated- and Rad3-related) kinase, which, in turn, acti-
vates a variety of proteins, including the CHEK1 protein kinase. Phosphorylation by 
CHEK1 leads to sequestration of the CDC25C phosphatase in the cytoplasm, 
thereby abrogating activation of the mitotic CDK1 by dephosphorylation, and lead-
ing to cell cycle arrest in the S phase. Response to DSBs is mediated similarly by 
another checkpoint kinase,  ATM   (Ataxia Telangiectasia Mutated), leading to activa-
tion of CHEK2, and resulting in cell cycle arrest and DNA damage repair. However, 
a threshold level of unreplicated DNA may be required to activate the checkpoint(s), 
and very low levels of DNA replication very late in the cell cycle may not be suffi -
cient to delay mitotic entry. Sequences with impaired replication progression, or 

Y. Jiang et al.



83

that replicate very late, would have a shorter period of time for DNA repair before 
the onset of mitosis. Unreplicated regions of DNA could affect localized chromatin 
structure, and manifest the recombinogenic properties of CFSs. In cultured cells 
challenged with APH or other CFS inducers, a fraction of cells escape the ATR 
replication checkpoint via a poorly understood mechanism, despite sustaining rep-
lication defects (stalled forks, aberrant replication structures, unreplicated DNA 
regions, etc.) at fragile site sequences. Moreover, fragile site induction is exacer-
bated in human cells in the absence of ATR or downstream targets, such as BRCA1, 
the Fanconi anaemia proteins, SMC1A/B, and CHEK1, indicating that the fragile 
site sequences are monitored by checkpoints, but sometimes escape [ 2 ,  9 ].  

   Transcription and Replication at CFSs 

 In bacteria and yeast, collisions of transcription complexes with moving replication 
forks cause genetic instability. To avoid this phenomenon, replication and transcrip-
tion are spatially and temporally coordinated in eukaryotic cells. Helmrich et al. 
analyzed fi ve CFSs associated with large genes, and found that the time required to 
transcribe genes >800 kb spans more than a single cell cycle, and that the long genes 
replicate late, regardless of their transcriptional activity. Regions of concomitant 
transcription and replication in late S phase lead to collisions of transcriptional 
machinery with replication forks, creating R-loops (RNA:DNA hybrids) resulting 
in breakage at CFSs, such as the  FRA3B   embedded within the >1.6 Mb  FHIT  gene, 
and the  FRA16D   within the 1.1 Mb  WWOX  gene [ 49 ]. In contrast, the results of 
other reports are not consistent with these fi ndings. Le Tallec et al., observed plas-
ticity in the location of the breaks within CFSs in different cell types, suggesting 
that transcription units per se do not set the borders of CFSs [ 34 ], and Jiang et al. 
found that the level of expression of the FRA3B was unrelated to the expression of 
 FHIT  in several lymphoid cell lines [ 50 ]. Moreover, this mechanism is unlikely to 
explain the fragility of all CFSs, since a large fraction of CFSs are not associated 
with large genes. Additional studies will be needed to clarify this relationship.  

   Chromatin Structure at CFSs 

 Epigenetically defi ned chromatin structure plays a critical role in the regulation of 
DNA replication and gene transcription. For example, open chromatin, characterized 
by the enrichment of active histone H3 acetylation marks, can facilitate origin fi ring 
during replication and lead to early replication during S phase [ 51 ]. Given that CFSs 
are late-replicating and manifest replication stress, Jiang et al. investigated whether 
chromatin conformation at CFSs plays a role in impaired DNA replication [ 50 ]. By 
using chromatin immunoprecipitation coupled with microarray analysis (ChIP-
CHIP), the investigators mapped histone H3K9/14 acetylation (H3K9/14Ac) levels 
at the six most commonly expressed CFSs in EBV-transformed lymphoblastoid 
cells, and noted that the chromatin at CFSs was characterized by hypoacetylation as 
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compared to the surrounding, non-fragile DNA sequences. In addition, chromatin at 
the  FRA3B   was more resistant to micrococcal nuclease treatment, suggesting that 
CFS chromatin assumed a more condensed conformation. In this regard, treatment of 
the cells with the histone deacetylase inhibitor, Trichostatin A (TSA), reduced break-
age at these CFSs, which was accompanied by an increase of H3K9/14Ac at these 
sites. Thus, this study linked chromatin conformation to genomic instability at CFSs, 
and established hypoacetylation as a characteristic epigenetic pattern of CFSs that 
may contribute to their defective response to replication stress.    

5.2.3     Other Classes of Fragile Sites (Early-Replicating 
 AID  -Independent) 

 Recently, a different class of fragile sites was identifi ed using genome-wide 
approaches [ 52 ]. Barlow et al. mapped early activating replication origins by Repli- 
Seq and RPA-associated ssDNA at stalled replication forks by ChIP-seq in synchro-
nized early S phase B lymphocytes treated with hydroxyurea (HU), an inhibitor of 
ribonucleotide reductase that induces replication stress by the depletion of deoxy-
nucleotide pools. Surprisingly, they observed a substantial overlap between the two 
sets of loci (nearly 80 %). Moreover, the majority of the RPA-bound sites were also 
marked with the DNA damage marker γ-H2AX and fork-repairing complex compo-
nents, BRCA1 and SMC5, further confi rming that these RPA-bound loci at early 
replication origins were sites of stalled and collapsed replication forks. In contrast, 
they did not detect similar DNA damage sites at known CFSs. To distinguish these 
sites of replication failure from canonical CFS that replicate in late-S phase, the 
authors designated these regions as Early Replicating Fragile Sites (ERFSs). The 
authors further demonstrated that DNA damage at ERFSs is ATR-dependent, but 
not activation-induced cytidine deaminase ( AID  )-dependent, suggesting that simi-
lar defects of DNA repair mechanisms may be involved in both ERFS and CFS 
expression. Moreover, oncogenic stress, such as   MYC    overexpression, triggers fra-
gility at both ERFSs and CFSs and, like CFSs, ERFSs are often embedded within 
genomic regions that are deleted or amplifi ed in cancers. Despite many similarities 
between ERFSs and CFSs, these two classes of fragile sites differ in several ways. 
First, ERFSs are associated with early fi ring replication origins, whereas CFSs typi-
cally replicate late. Second, ERFS sequences are enriched for CpG dinucleotides, 
whereas CFS sequences are AT-rich. Third, ERFS loci contain a high density of 
activated origins, whereas those CFSs that have been mapped at high resolution 
have a low density of activated origins [ 24 ,  30 ,  32 ]. Fourth, ERFSs are often associ-
ated with promoters of highly transcribed genes that are characterized by open chro-
matin conformation; CFSs are embedded in introns of large genes with more 
condensed chromatin conformation [ 50 ]. Further studies are needed to elucidate the 
different mechanisms through which genomic instability arises from these two 
classes of fragile sites.   
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5.3      Relationship of Fragile Sites to Cancer 

 More than 30 years ago, fragile sites were implicated in the recurring chromosomal 
abnormalities in cancer. In 1984, Le Beau and  Rowley   reported an association 
between the chromosomal location of fragile site and the breakpoints of the recur-
ring chromosomal abnormalities, including translocations, inversions, deletions, 
and amplifi cation in leukaemias and lymphomas [ 53 ]. Many of these abnormalities 
target oncogenes, such as  MYB ,  MOS ,   MYC   , and  HRAS , suggesting that fragile sites 
may act as predisposing factors for chromosomal rearrangements, particularly those 
involving genes known to induce malignant transformation. During the past few 
decades, new evidence has revealed that CFSs play a much broader role in inducing 
genetic instability in cancers. Chromosomal abnormalities involving CFSs have 
been shown to inactivate tumour suppressor genes, enhance oncogene expression, 
and facilitate the integration of viral sequences, which may result in further geno-
toxic stress and lead to selection of clones that eventually develop into a malignant 
disease. Herein, we discuss the potential mechanisms that lead to CFS expression in 
cancers, and their molecular consequences. 

5.3.1     Mechanisms Leading to Common Fragile Site 
Expression in Cancer 

5.3.1.1     Oncogene-Induced DNA Replication Stress 

 CFSs are induced experimentally in vitro by low doses of APH, a DNA polymerase 
inhibitor. Recently, Arlt et al. demonstrated that treatment with low doses of HU 
leads to the formation of de novo copy number variants (CNVs) in cultured fi bro-
blasts, and that these CNVs resembled the characteristics of CFSs induced by APH 
[ 11 ]. As described earlier, HU induces replication stress through a different mecha-
nism than APH, via the depletion of deoxyribonucleotide pools, thereby impeding 
replication fork progression [ 54 ]. Results from this study suggest that regardless of 
the source, replication stress is a causal factor of deleterious CNVs, especially 
within CFSs. 

 In cancers, oncogene activation can lead to DNA replication stress, increased 
CFS expression, and the subsequent induction of genomic aberrations in several 
ways (reviewed in Hills and Diffl ey [ 55 ]). First, deregulation of the  TP53   and RB1/
E2F pathways and overexpression of   MYC    or HPV  E7  leads to a reduction in licens-
ing of replication origins. Given that some CFSs are either inherently origin- 
defi cient or fail to activate secondary origins following replication fork stalling [ 24 , 
 30 ,  41 ], reduced origin licensing could further enhance these defi ciencies and lead 
to increased fork collapse and accumulation of unreplicated ssDNA within CFSs. 
Second, once replication initiates, overexpression of oncogenes, such as  CCNE , 
HPV  E6  and  E7 ,  MYC , and  RAS  family genes can increase origin fi ring. This is 
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particular harmful to CFSs that are embedded within large genes, and could be more 
susceptible to replication interference by the transcriptional machinery, leading to 
collisions between replication forks and transcription complexes and, eventually, 
the formation of DSBs. Increased origin fi ring within these CFSs may increase the 
chance that such collisions occur within CFSs. Third, many prereplicative com-
plexes (pre-RC) components, such as CDT1 and CDC6 can act as oncogenes, and 
are often upregulated in response to  RAS  gene and  CCNE  overexpression. These 
activated pre-RC components lead to origin re-licensing, and the subsequent deple-
tion of deoxyribonucleotide pools, a form of replication stress that is similar to HU 
treatment, which is known to induce CFSs. Taken together, it is possible that the 
increased genomic alterations of CFS loci seen in cancer cells are due, in part, to the 
replication stress induced by overexpression of oncogenes.  

5.3.1.2    Mutations in Checkpoint and DNA Repair Pathways 

 DNA replication checkpoints and DNA repair pathways play important roles in the 
surveillance of the DNA damage associated with CFS expression. Unreplicated 
ssDNA and DSBs induced from collapsed stalled replication forks at CFSs are rec-
ognized by checkpoint proteins, and DNA damage sensing enzymes, such as ATR 
and  ATM  , which in turn activates repair pathways, including NHEJ. CFS expression 
is elevated when components of these pathways are mutated or downregulated, 
including ATR, ATM, CHEK1, BRCA1, FANCD2, PRKDC (DNA-PK), WRN, and 
BLM (reviewed in [ 7 ]), that are frequently mutated in cancer. For example, a survey 
of mutations and copy number alterations of  ATR  in cBioPortal, an online database 
for Cancer Genomics (  http://www.cbioportal.org/public-portal/    ), reveals that  ATR  is 
targeted by missense and nonsense mutations, and frame-shift indels in a number of 
cancers, including bladder, breast, colorectal, head and neck, lung, ovarian, pan-
creas, melanoma, stomach, thyroid, and uterine cancers [ 56 ,  57 ]. Moreover, the 
aggregate frequency of mutations within select genes encoding components of the 
DNA damage checkpoint and repair pathways ( ATR ,  ATM ,  BRCA1 ,  CHEK1 , 
 FANCD2 ,  RAD51 ,  PRKDC ,  WRN ,  BLM ) ranges from 10 to 40 % in cancer, with the 
higher frequency in solid tumours. Therefore, defects of DNA damage checkpoints 
and DNA repair due to frequent mutations in cancer may facilitate the expression of 
CFSs and lead to the pronounced genomic instability seen in cancer cells.  

5.3.1.3    Aberrant Epigenetic States 

 In addition to the genetic features of CFS, a potential link between the epigenetic 
chromatin structure and CFS expression has been established recently. Jiang et al. 
demonstrated that several of the most frequent CFSs, including  FRA3B   and 
 FRA16D  , are characterized by a more condensed chromatin conformation than 
their surrounding, non-fragile regions, due to the lack of active histone acetylation 
marks [ 50 ]. Treatment with TSA and/or 5-Aza-C reduced chromosomal breakage at 
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CFSs. Recently, mutations targeting epigenetic regulators have been identifi ed in 
many types of cancers. For example, the majority of non-Hodgkin lymphomas carry 
mutations within the genes encoding KMT2D (an H3K4 methyltransferase), 
CREBBP and EP300 (histone and non-histone acetyltransferases), and EZH2 
(H3K27 methyltransferase) (reviewed in [ 58 ]). In myeloid malignancies, enzymes 
that regulate DNA methylation (DNMT3A), and hydroxymethylation (IDH1, IDH2, 
TET2) are frequently mutated as well [ 59 ]. Similar phenomena are also observed in 
solid tumours (reviewed in [ 60 ]). Although most studies have focused on elucidat-
ing the consequence(s) of these epigenetic modifi er mutations in the regulation of 
gene promoters, it is reasonable to predict that these mutations may target broader 
genomic regions, including CFS sequences, to establish an aberrant epigenetic land-
scape in cancers. For example, mutations in  CREBBP or EP300  may further exac-
erbate hypoacetylation of CFSs, resulting in increased breakage. Further studies on 
the epigenetic mechanisms of CFS expression, particularly in cancers, are needed to 
shed light on the role of epigenetic marks and genomic instability involving CFSs.   

5.3.2     Role of Fragile Sites in Chromosomal Alterations 
in Cancer 

5.3.2.1    Inactivation of Tumour Suppressor Genes by Deletion 

 CFS expression has long been associated with genomic instability in cancers, 
including the gain or loss of genetic material spanning CFS loci, and translocations 
involving CFSs [ 61 ]. These genetic alterations can lead to inactivation of tumour 
suppressor genes or ectopic overexpression of oncogenes. For example, the  FRA3B   
is embedded within a large tumour suppressor gene,  FHIT , that is frequently deleted 
in lung and breast cancer, as well as other carcinomas [ 62 ]. Although  Fhit  –/–  KO 
mice exhibited only a marginal increase of tumourigenesis in response to various 
carcinogens, crossing these mice with other disease models, such as  Vhl  –/–  KO or 
 Nit1  –/–  KO animals, rendered full penetrance of tumour development (reviewed in 
[ 63 ]), suggesting a cooperative role for FHIT during tumourigenesis. Recently, 
Saldivar et al. showed that loss of  Fhit  expression in precancerous lesions initiates 
genomic instability that may eventually facilitate malignant transformation, linking 
alterations at CFSs to the origin of cancer genomic instability [ 64 ]. Other examples 
of tumour suppressor gene loss involving CFSs, include  WWOX  within the  FRA16D  , 
 PARK2  within the FRA6E, and  CAV1  and  TES  within the FRA7K [ 63 ].  

5.3.2.2    Overexpression of Oncogenes by Amplifi cation 

 In addition to the loss of genetic material involving CFSs, genomic amplifi cation of 
the  MET  oncogene with boundaries within  FRA7G   sequences was observed in a 
gastric carcinoma cell line [ 39 ] and primary esophageal adenocarcinoma [ 65 ]. 
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Amplifi cation of the  MET  locus leads to overexpression of  MET , resulting in a poor 
prognosis. By applying dual-colour FISH, Hellman et al. mapped the centromeric 
boundary of the amplifi ed region within the FRA7G, and demonstrated that ampli-
fi cation of the  MET  locus via FRA7G breakage was organized in an inverted repeat 
fashion, as predicted by the BFB model [ 39 ]. They proposed that an initial break 
occurred at the telomeric end, and led to end-fusion of the sister chromatids; there-
after, ongoing replication stress might induce persistent FRA7G expression result-
ing in successive amplifi cation and cycles of BFB [ 39 ]. In addition to FRA7G, 
FRA7I has also been implicated in duplication of the  PIP  gene via BFB cycles in 
human breast cancer [ 66 ]. However, an oncogenic role for  PIP  has yet to be 
established.  

5.3.2.3    Deregulation of Genes via Chromosomal Translocations 

 In addition to the aberrations described above, CFSs have also been linked to the 
formation of chromosomal translocations in cancer. It is notable that  FRA3B  , the 
most commonly expressed CFS, was cloned by mapping the genomic sequences 
involved in the t(3;8)(p14.2;q24.1) noted in a family with hereditary renal cell car-
cinoma [ 67 ,  68 ]. This translocation disrupts  FHIT , resulting in its inactivation. A 
similar phenomena was also observed for  FRA16D  , which was found to be involved 
in the recurring  t(14;16)  (q32.3;q23) in multiple myeloma (MM) [ 69 ]. This translo-
cation not only results in a truncated allele of the tumour suppressor gene,  WWOX , 
but also places the  MAF  oncogene near the   IGH    locus, resulting in enhanced  MAF  
expression [ 69 ]. Exactly how genomic instability at CFSs mediates the formation of 
translocations is not fully understood. The t(14;16) may be mediated by the RAG1, 
RAG2, and  AID   (activation-induced cytidine deaminase) proteins, which normally 
participate in rearranging the B-cell immunoglobulin genes and T-cell receptor 
genes to increase the diversifi cation of antibodies [ 70 ]. Indeed, by using a novel 
Translocation Capture Sequencing method, Klein et al. mapped chromosomal rear-
rangements in B lymphocytes and demonstrated that AID was responsible for many 
translocations involving   MYC    and  IGH  in B-cell lymphomas [ 71 ]. Determining 
whether CFSs, such as FRA16D, contain DNA sequences or chromatin structures 
that can be recognized by RAGs and AID requires further investigation. It has also 
been proposed that BFB cycles and NHEJ can induce chromosomal fusions [ 70 ]. 
Finally, DSBs resulting from collapsed replication forks within CFSs may be 
another potential source of translocations.  

5.3.2.4    Integration of Viral DNA Sequences 

 Due to the high frequency of DSBs at CFS, they were predicted to be the preferred 
sites for the integration of foreign DNA. Indeed, Rassool et al. utilized this feature 
to clone the  FRA3B   by transfecting exogenous marker DNA into cells in which 
FRA3B expression was induced by APH, and observed preferential integration of 
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the marker DNA at the FRA3B locus [ 72 ]. In cancers, CFSs have been found to be 
the integration sites for viral DNA sequences. For example, human papillomavirus 
(HPV), the most important cancer-related virus, is preferentially integrated into 
CFSs in cervical cancer cells [ 73 ,  74 ]. Recent studies demonstrated that expression 
of the HPV16  E6 / E7  genes leads to replication stress by signifi cantly decreasing the 
cellular nucleotide pools, raising the possibility that CFSs may be prone to increased 
expression in HPV infected cells, facilitating successive (and preferential) integra-
tion of viral sequences [ 75 ,  76 ].  

5.3.2.5    New Potential Cancer-Specifi c Fragile Sites 

 The recent expanded efforts to map copy number alterations (CNAs) in a large 
cohort of tumours and the development of sophisticated bioinformatics analyses has 
led to new insights into the genomic alterations involving CFSs in cancer. Bignell 
et al. profi led the genotype status and CNAs in 746 publicly available cancer cell 
lines across multiple tissue types by using Affymetrix SNP6.0 arrays [ 12 ]. They 
detected large homozygous deletion (HD) clusters preferentially targeting recessive 
cancer genes (tumour suppressor genes) and CFS loci. In addition, they observed 
different structural signatures of HD clusters targeting recessive cancer genes and 
CFSs. That is, there was a threefold increase in homozygous deletions at known 
recessive cancer genes than hemizygous deletions, whereas there were 66 % more 
hemizygous deletions occurring at known CFSs than homozygous deletions. This 
suggests that there is a higher rate of DNA breakage within CFSs affecting one 
allele, some of which subsequently acquired other deletions in the remaining allele. 
Moreover, using this structural signature, the authors showed that the majority of 
the unclassifi ed HD clusters had structural features of CFS loci, suggesting that 
there are potentially more CFSs that have not been identifi ed or mapped precisely. 
In this regard, CFSs have largely been examined in lymphocytes. A recent study 
combining Repli-Seq with cytogenetic analysis found the distribution of CFSs in 
fi broblasts is quite different from that of lymphocytes [ 34 ]. This study further 
showed that over 50 % of recurrent cancer deletions originate from CFSs associated 
with large genes in different tissue types. Therefore, it is reasonable to predict that 
these unclassifi ed HD clusters span CFSs that are specifi c to certain tissues, and 
have yet to be mapped.    

5.4     Future Directions and Unanswered Questions 

 The application of new technologies has led to substantial advances in our under-
standing of the genomic characteristics of CFSs, and DNA replication patterns in 
these regions of the genome. Elucidating the molecular basis of CFSs and their 
inherent instability is important in that they provide a unique opportunity to exam-
ine the molecular events that follow certain types of replication stress, and how such 
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replication stress leads to genetic instability within the replication-sensitive CFS 
sequences, ultimately leading to deletions, translocations, and other genomic aber-
rations in cancer. In addition, their instability in the earliest stages of tumour devel-
opment provides an opportunity to examine their link to cell cycle checkpoints and 
DNA repair pathways. However, a number of questions remain, and we outline a 
few of these here. For example, what is the full spectrum of replication patterns at 
CFSs, and its relationship to DNA repair and cell cycle checkpoints? Does interfer-
ence between transcription and replication play a mechanistic role in the expression 
of some CFSs? In vivo, what cellular processes/pathways lead to replication stress 
and genomic instability in premalignant cells and in cancer cells? Are there addi-
tional genomic aberrations in cancer cells that are mediated by genomic instability 
at CFSs? Are there mechanistic parallels between genomic instability at ERFSs and 
CFSs? Do CFSs have a biological function, or conserved function? 

 With respect to the last point, whether CFSs have a biological role has been the 
subject of considerable speculation. The evolutionary conservation of CFSs in 
widespread phyla argues for a conserved function. Nonetheless, such conservation 
is counterintuitive, given the likelihood that genetically unstable sequences might 
be detrimental to survival and, thus, selected against during evolution. Durkin and 
Glover proposed that the inherent fragility of these regions might in and of itself 
serve a valuable biological function [ 2 ]. They posited that CFSs may be among the 
last sequences to replicate, thereby serving to signal to the cell that replication is 
complete. Cell cycle checkpoints would monitor these sites, blocking entry into 
mitosis until their replication was complete. Intriguing data from the Hickson labo-
ratory challenge this view, and suggest that breakage at CFSs actually promotes 
genomic stability [ 77 ]. These investigators observed that the DNA structure-specifi c 
nuclease MUS81-EME1 localizes to CFS loci in early mitotic cells. In contrast to 
the prevailing view that CFSs result from chromatin breaks during chromosome 
condensation, they found that cleavage of replication forks at CFSs (presumably 
unreplicated DNA) is an active MUS81-EME1 process, that promotes faithful sister 
chromatid disjunction at anaphase – replication would then be completed in the 
daughter cells in the subsequent S phase, thereby preserving the integrity of the 
genome. Further studies are needed to evaluate this intriguing model, as well as to 
unravel the complexity of CFS instability, and it’s relevance to the development and 
progression of cancer.     
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  Abstract     The applications of information on copy number changes in cancer have 
been twofold. Recognizing that regions of copy number gain signalled the location 
of oncogenes and that, similarly, copy number loss signalled the location of tumour 
suppressor genes, has resulted in screening of the minimally defi ned regions for 
candidate genes involved in tumourigenesis. Once candidates emerged, other evi-
dence of their role in tumours was sought, by functional assays for example, and a 
huge literature built up describing these gene classes. Even without knowledge of 
how the genes acted in the development of tumours, the second application has been 
to correlate the chromosomal abnormalities with various clinical parameters, again 
resulting in many thousands of publications, although to date the translation of labo-
ratory observations into clinical practice is still not widespread.  
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6.1         Introduction 

 Early studies of tumour karyotypes used direct observation of chromosomes and 
many examples of abnormalities were observed. Two technical advances moved the 
fi eld forward: fi rstly, the development of culture media to grow cancer cells in vitro 
and, secondly, the discovery that colchicine arrests cells in metaphase making their 
chromosomes visible using microscopy. When possible, cells growing in short-term 
cultures were passaged until they became established as immortalized cell-lines and 
these remain a valuable tool for molecular cell biology. When staining techniques 
were developed and each individual chromosome could be distinguished [ 1 ], 
tumour-specifi c chromosomal abnormalities could be enumerated. This enabled the 
construction of large catalogues such as the  Catalog of Chromosome Aberrations in 
Cancer  [ 2 ] now online but originally a hard-back book. Most of the catalog was 
devoted to haematological malignancies due to the relative ease of obtaining chro-
mosome spreads from bone marrow or peripheral blood specimens. Solid tumours 
were often represented by samples from metastatic lesions or effusions and, thus, 
only typical of late stage disease. 

 The development of molecular genetics, made possible by DNA cloning, com-
pletely changed the approach to the study of copy number in tumours (see Chap.   2    ). 
It was no longer necessary to be able to observe chromosomes directly: instead, by 
measuring the relative proportions of DNA from different regions of the genome, 
chromosomal gain and loss could be inferred. This meant that it was possible to 
analyze relatively large numbers of primary tumour samples from patients although 
the extensive use of cell lines continued. Rather than whole chromosomes or chro-
mosome arms, the better resolution of newer techniques allowed the emphasis to 
shift to focal regions since this provided the opportunity to identify which genes 
were involved. In the 1980s and 1990s, the focus was on understanding the biologi-
cal consequences of gene loss and gain because it became clear that gene copy 
number gain was a mechanism of activating oncogenes and that gene copy number 
loss was a method of inactivating tumour suppressor genes. By the end of the twen-
tieth century, conventional chemotherapy was recognized as failing to deliver the 
hoped for improvements in survival in the major common malignances: understand-
ing the way in which these genes, collectively cancer genes, initiate and maintain 
the disease was seen as a new approach to identifying drug targets.  

6.2     Relationship Between Oncogenes and Chromosomal 
Amplifi cations 

 The chromosomal abnormalities, homogeneously staining regions and double min-
utes, have been found exclusively in mammalian tumour cells, particularly in cell 
lines. Using Southern blotting and fl uorescence in situ hybridization (FISH) (see 
Chap.   2    ), correlative evidence in mouse adrenal tumours suggested that these struc-
tures might be the location of amplifi ed genes [ 3 ]. The same techniques were used 
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to make the link between a region of gene amplifi cation and the location of a known 
oncogene. Since oncogenes, fi rst found in avian retroviruses were known to have a 
cellular counterpart [ 4 ], a cell line, COLO320, with structural evidence of gene 
amplifi cation, was screened for over-expression of 12 viral oncogenes: only the 
homolog of viral  myc  was overexpressed [ 5 ]. Neither the mechanisms of amplifi ca-
tion of the homolog called cMYC nor the biological consequences of its over- 
expression were known at that time. However this study, by producing probes by 
molecular cloning for both fi lter and in situ hybridization, established a valuable 
approach to associate oncogenes with regions of gene amplifi cation. To be success-
ful, this trio of complementary methodologies worked best on cell-lines and, there-
fore, was most frequently applied to those tumours for which a large number of 
cell-lines had been derived. Lung tumours are a good example. In the 1980s, John 
Minna and Adi Gazdar had considerable success in developing the conditions 
required to establish lung tumours in culture and showed that members of the  MYC   
family  MYC ,  MYCL , and   MYCN    were frequency amplifi ed and expressed [ 6 ]. Since 
not all tumour samples can be converted to cell lines, there was concern that the 
successful group represented the most aggressive diseases but parallel analyses of 
cell lines and their cognate primary tumours largely dispelled this concern [ 7 ]. 

 Not all amplifi ed regions have the benefi t of encompassing a homolog of a viral 
oncogene to guide identifi cation of the pivotal gene, but those amplicons that occur 
with high frequency have been the subject of intense scrutiny. A good example of 
this is the amplifi ed regions on 3q. This is very common in all squamous cell carci-
nomas sometimes occurring as an extra copy of the chromosome arm, as in cervical 
tumours [ 8 ], but also involving minimal regions such as the focal amplifi cations 
seen at 3q26 in squamous cell lung cancers [ 9 ]. Even then, the region encompasses 
a large number of genes: several methods have been used to determine the key 
gene(s) within the amplicon. Often this starts with an educated guess evolving from 
a knowledge of the characteristics of genes within the amplifi ed region: in the 3q 
amplicon  TP63 ,  P3CA  and   SOX2    have all been favoured [ 10 ]. In a few oesophageal 
tumours, copy number analysis has pinpointed  SOX2  as the only amplifi ed gene in 
the amplicon. Functional analysis confi rmed its role in tumour proliferation when 
co-transfection with  FOXE1  or  FGFR2  transformed an immortalized (but non- 
tumourigenic) bronchial epithelial cell-line [ 11 ]. In another study  SOX2  and another 
3q26 gene,  PPKC1  were shown to cooperate to activate hedgehog signalling in a 
cell model of squamous cell lung cancer [ 12 ]. Taking a computational approach to 
identify co-operating genes within the amplicon identifi ed a further three genes: 
 SENP2 ,  DCUN1D1  and  DVL3  [ 13 ]. Confusingly, increased expression has been 
associated with increased survival in some lung cancer patients [ 14 ] and decreased 
survival in patients with cervical cancer [ 15 ]. 

 The narrative of this research, designed to identify the pivotal genes in this very 
important amplicon, illustrates a current problem. Although the gene order on 
chromosomes, their copy number and transcription levels are now well docu-
mented by high through-put sequencing and the use of expression microarrays, 
functional assays to confi rm the key gene(s) in an amplicon have not kept pace 
with structural analysis.  
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6.3     Chromosomal Deletions and Tumour Suppressor Genes 

 Investigators using classical cytogenetic techniques were able to identify deletions 
but it was the application of a genetic and molecular genetic approach to a child-
hood tumour, retinoblastoma [ 16 ] that captured their importance for the develop-
ment of cancer and identifi ed a new class of genes, later called tumour suppressor 
genes, characterized by the requirement for inactivation of both alleles to elicit a 
tumourigenic effect – the ‘two hit mechanism’ [ 17 ]. Just as viral oncogenes were of 
value to pinpoint oncogenes involved in human tumours, for tumour suppressor 
genes (TSGs), inherited cancer syndromes provided a useful route to identify their 
chromosomal location [ 18 ]. Genetic linkage studies were used fi rst to defi ne the 
chromosomal locus followed by molecular genetic approaches, such as loss of het-
erozygosity analysis, LOH (see Chap.   2    ) to defi ne the region further and identify 
genes that could be examined for mutations by sequence analysis. 

 A number of TSGs have been identifi ed using this approach such as  APC  [ 19 ], 
 BRCA1  [ 20 ] and  BRCA2  [ 21 ]. In some situations, the role of the deletions is to 
delineate candidate genes; in others, fi nding that a gene already associated with 
cancer within a deletion can be a validation of its authenticity. This is true for  TP53   
which was fi rst isolated as a host protein binding to a tumour viral protein (SV40 
large T), but gained its tumour suppressor gene status when it was shown to reside 
in a frequently deleted region on chromosome 17 in colon tumours [ 22 ]. In the same 
study, the gene was shown to be mutated by sequence analysis. Subsequently,  TP53  
has been found to be involved in at least 50 % of human cancers [ 23 ], and is the 
subject of tens of thousands of research articles, yet despite being frequently 
mutated, it has not yet found its way into routine clinical practice either as a disease 
marker or a drug target [ 24 ]. 

 The success in using deletions to pinpoint TSGs was next applied to cancers 
with no obvious inherited predisposition, since cytogenetic analysis of chromo-
somes spreads showed evidence of frequent deletions in solid tumours [ 1 ]. This 
was followed by LOH analysis of samples from much larger patient series hoping 
to defi ne a minimally deleted region to reduce the number of genes that required 
scrutiny for the presence of mutations. This was a daunting task [ 24 ] especially 
before the human genome was sequenced and the number and order of genes on 
chromosomes was known. However, both alleles are inactivated by a homozygous 
deletion within the region of interest in some tumours, thereby limiting the num-
ber of genes to be examined, as the deletion has to be compatible with cell viabil-
ity. Such deletions were used successfully in the identifi cation of a number of 
TSG,  p16 / CDKN2A  [ 25 ] and  PTEN  [ 26 ] being notable examples. But not all 
homozygous deletions harbour  bona fi de  TSG [ 27 ]. Studies on chromosome 3 
exemplify this. Deletions of or within the short arm of chromosome 3 are very 
common in a range of malignant tumours, especially those of the squamous sub-
type, and occur very early in the development of these tumours and are even occa-
sionally detected in apparently normal epithelium cells (see Chap.   5    ). Many 
studies have scrutinized the genes residing in homozygous deletions in 3p without 
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identifying genes showing frequent mutation [ 28 ]. One possible explanation is 
that although deletion is responsible for the loss of one allele the remaining allele 
is inactivated by an epigenetic mechanism such as methylation [ 29 ]. Although 
candidate TSGs on 3p were identifi ed, such as  RASSF1  and  FHIT , and partly vali-
dated, their inactivation in mouse models did not produce robust evidence of their 
independent tumour suppressor function. Furthermore it is becoming clear that, 
without the benefi t of homozygous deletions, LOH is a clumsy tool for positional 
cloning strategies [ 24 ]. Nonetheless a more recent evaluation by the originator of 
the “two hit hypothesis”, Alfred Knudson, concedes that TSGs may have a role in 
tumourigenesis through their partial inactivation, and the concept of haploin suf-
fi ciency has now been validated for a number of TSGs [ 30 ]. A recent example of 
what this might mean is a study in renal cell carcinoma which showed that genes 
involved in LOH adjacent to the   VHL    gene, a TSG with a known role in this can-
cer, were down-regulated, resulting in a network metabolism signature unique to 
this cancer [ 31 ]. Thus, the “one gene at a time” approach that worked so well in 
the early phase of TSG discovery may be too simplistic and cooperation between 
genes may be involved in somatically arising tumours [ 32 ].  

6.4     Identifi cation of Functionally Important Cancer Genes 

 The identifi cation of consistent copy number changes, amplifi cations and deletions, 
can provide strong circumstantial evidence for the involvement of the delineated 
genes in tumourigenesis. If genes within the candidate regions are frequently 
mutated in a tumour-specifi c manner, this greatly increases the conviction that the 
gene is directly involved in tumour development. Even in this situation, and cer-
tainly when candidates have no recurring mutations, functional assays as mentioned 
above, are needed to confi rm the gene’s status, and also to understand the way in 
which a mutant protein has a tumourigenic effect. Assays for oncogenes have 
depended on introducing the suspected genes as a cDNA into untransformed cells 
and scoring for a tumour-related phenotype, usually involving increased prolifera-
tion [ 33 ]. Conversely, tumour-suppressing potential is assessed by introducing the 
suspected gene into tumour cell lines and observing a decrease in tumour-related 
features, such as migration or colony formation [ 34 ]. Assays involving tumour for-
mation in nude mice have also been used [ 35 ] although, more recently, genetically 
engineered mice have been the system of choice to recapitulate gene expression in 
human tumours more closely as described in Chap.   20     in this book. However, tradi-
tionally this has been a time-consuming and expensive method. More recently, 
using the increased data now available for both genomes and transcriptomes, com-
putational methods to identify pathways or networks and expose driver genes have 
become prevalent [ 36 ,  37 ]. Additionally, biological screens, such as RNAi, are 
being developed to replace the single gene approach [ 38 ]. A recent review of all 
these methods is provided by Eifert and Powers [ 39 ].  
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6.5     Copy Number Changes Associated with Disease Outcome 

 Naturally with so many chromosomal regions and interesting genes associated with 
cancer, the question that is frequently asked is ‘do the genomic and genetic abnor-
malities have any clinical signifi cance?’ For these translational studies, a knowledge 
of the gene function is not required; in fact the correlation of a genetic abnormality 
and a clinically-related phenotype can be another way in which evidence is accumu-
lated to support the importance of a particular gene. Clinical utility ranges across 
diagnosis, prognosis and prediction of treatment response, including effi cacy and 
toxicity. 

 An early success was the association of the   MYCN    gene and neuroblastoma. 
Following on from the discovery that the   MYC    gene is localized to an amplifi ed 
region in lung tumours [ 40 ], other tumour types with known amplifi cations were 
tested with probes to  MYC . In this way, a gene homologous to  MYC  was found to be 
amplifi ed in neuroblastoma and called  MYCN  [ 41 ]. It was of particular interest 
because the degree to which  MYCN  was amplifi ed was closely associated with the 
disease stage, demonstrating its value as a prognostic marker [ 42 ]. 

 The greatest success in translating laboratory discoveries into the clinic has been 
obtained for breast cancer. An early observation was that the   ERBB2    gene, more 
usually now called   HER2 / neu    or just  HER2 , was amplifi ed and over-expressed in 
breast cancer, and that this indicated a poor prognosis [ 43 ]. The development of an 
antibody to the HER2 protein, a receptor on the cell surface, that was shown to be 
effective in the treatment of HER2 “positive” breast cancer [ 44 ,  45 ] meant that it 
was essential to develop robust laboratory tests to identify patients who would ben-
efi t from HER2-targeted therapies [ 46 ]. These tests rely on FISH to detect gene 
amplifi cation or immunohistochemistry to detect increased levels of the HER2 pro-
tein. As such, these tests are only semi-quantitative and subjective and rely on expe-
rienced professionals for their interpretation. There is clearly a place for a test based 
on direct assessment of the patients’ tumour DNA and high through-put sequencing 
should provide that, although issues of normal cell contamination and inter-tumour 
heterogeneity will have their own drawbacks. 

 Although many thousands of studies of both genes and chromosomal regions 
have been linked to cancer phenotypes [ 47 ,  48 ] described in a database [ 49 ], only a 
very small number have been developed for use in the clinic, such as  HER2  and 
 EGFR . There are a number of reasons for this. With regard to prognosis, recurrence 
and survival, often the information does not directly impact on clinical management 
because the number of treatment options is limited and there are other confounding 
factors involved in their selection. A further complication that is currently receiving 
attention, is the effect of intra-tumour heterogeneity on the distribution of markers 
and targets [ 50 ]. This heterogeneity could result in biopsies failing to refl ect the 
molecular composition of the whole tumour with obvious consequences for clinical 
management. It has also been appreciated that the conceptual and statistical frame-
work applied to clinical trials needs to be developed for biomarker studies [ 51 ]. This 
will be particularly important for those biomarkers developed for the prediction of 
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treatment response, including toxicity, as the biomarker would have immediate 
clinical application [ 52 ].  

6.6     Genome-Wide Assessment of Copy Number Changes 

 When gene expression data are used to inform clinical outcomes, rather than single 
genes, groups of genes are assessed in a single test [ 53 ]. This approach may prove 
useful for copy number data. Although genome-wide copy number evaluation using 
comparative genomic hybridization (CGH) has been used extensively to provide 
copy number read-out across the genome, analysis has not usually been of whole 
genomes, but rather to pinpoint regions of particular interest (see Chap.   2    ). However, 
it is possible to use DNA copy number data obtained using microarrays to defi ne 
patterns of gain and loss within the genome that have distinct relationships with 
outcomes. Hicks et al. [ 54 ] showed that when the whole genomes of breast cancers 
were defi ned by “the number and proximity of genomic alterations” they could be 
segregated into groups with different overall survival. Consideration of the whole 
genome may be less vulnerable to inter-tumour heterogeneity since many parame-
ters are being assessed simultaneously. Single gene tests have the problem that they 
might implicate a candidate driver which in reality is only amplifi ed or deleted in a 
fraction of the tumour mass. They have the additional problem that the driver for 
any particular tumour might not be the gene being tested. With whole genome mea-
surements, the real drivers will be more likely to be present at an early stage in the 
disease, so are detected more frequently. If whole genomes are used to identify 
candidate genes, then computational methods need to be employed to fi lter all the 
potential drivers. These whole genome signatures are usually less reliant on the 
copy number in any one gene, instead measuring the cumulative effects of multiple 
regions of the genome, or the entire genome. Although microarray analysis has been 
the most common method for whole genome copy number measurement in recent 
years, the advent of next-generation sequencing has seen this monopoly eroded. 
Campbell et al. fi rst described copy number measurement using next-generation 
sequencing in 2008 [ 55 ]. Since then, it has been shown to be possible to use very 
low coverage data to produce a similar read-out to the microarray method using 
diagnostic material at low cost [ 56 ] making it suitable for clinical use.     

   References 

     1.    Caspersson T, Zech L, Johansson C (1970) Differential binding of alkylating fl uorochromes in 
human chromosomes. Exp Cell Res 60:315–319  

    2.   Mitelman (ed) (1983) Catalog of chromosome aberrations in cancer. Wiley-Liss  
    3.    George D, Powers V (1982) Amplifi ed DNA sequences in Y1 mouse adrenal tumor cells: 

association with double minutes and localization to a homogeneously staining chromosomal 
region. Proc Natl Acad Sci U S A 79:1597–1601  

6 Copy Number Changes in Carcinomas: Applications

http://dx.doi.org/10.1007/978-3-319-19983-2_2


102

    4.    Bishop J (1983) Cellular oncogenes and retroviruses. Annu Rev Biochem 52:301–354  
    5.    Alitalo K, Schwab M, Lin C, Varmus H, Bishop J (1983) Homogeneously staining chromo-

somal regions contain amplifi ed copies of an abundantly expressed cellular oncogene (c-myc) 
in malignant neuroendocrine cells from a human colon carcinoma. Proc Natl Acad Sci U S A 
80:1707–1711  

    6.    Johnson B, Brennan J, Ihde D, Gazdar A (1992) myc family DNA amplifi cation in tumors and 
tumor cell lines from patients with small-cell lung cancer. J Natl Cancer Inst Monogr 
13:39–43  

    7.    Johnson B, Makuch R, Simmons A, Gazdar A, Burch D et al (1988) myc family DNA ampli-
fi cation in small cell lung cancer patients’ tumors and corresponding cell lines. Cancer Res 
48:5163–5166  

    8.    Ma Y, Wei S, Lin Y, Lung J, Chang T et al (2000) PIK3CA as an oncogene in cervical cancer. 
Oncogene 19:2739–2744  

    9.    Qian J, Massion P (2008) Role of chromosome 3q amplifi cation in lung cancer. J Thorac Oncol 
3:212–215  

    10.    McCaughan F, Pole J, Bankier A, Konfortov B, Carroll B et al (2010) Progressive 3q amplifi -
cation consistently targets SOX2 in preinvasive squamous lung cancer. Am J Respir Crit Care 
Med 182:83–91  

    11.    Bass A, Watanabe H, Mermel C, Yu S, Perner S et al (2009) SOX2 is an amplifi ed lineage- 
survival oncogene in lung and esophageal squamous cell carcinomas. Nat Genet 
41:1238–1242  

    12.    Justilien V, Walsh M, Ali S, Thompson E, Murray N et al (2014) The PRKCI and SOX2 onco-
genes are coamplifi ed and cooperate to activate Hedgehog signaling in lung squamous cell 
carcinoma. Cancer Cell 10:139–151  

    13.    Wang J, Qian J, Hoeksema M, Zou Y, Espinosa A et al (2013) Integrative genomics analysis 
identifi es candidate drivers at 3q26-29 amplicon in squamous cell carcinoma of the lung. Clin 
Cancer Res 19:5580–5590  

    14.    Toschi L, Finocchiaro G, Nguyen T, Skokan M, Giordano L et al (2014) Increased SOX2 gene 
copy number is associated with FGFR1 and PIK3CA gene gain in non-small cell lung cancer 
and predicts improved survival in early stage disease. PLoS ONE 9:e95303  

    15.    Shen L, Huang X, Xie X, Su J, Yuan J et al (2014) High expression of SOX2 and OCT4 indi-
cates radiation resistance and an independent negative prognosis in cervical squamous cell 
carcinoma. J Histochem Cytochem 62:499–509  

    16.    Hansen M, Cavenee W (1988) Retinoblastoma and the progression of tumor genetics. Trends 
Genet 4:125–128  

    17.    Knudson AG Jr (1971) Mutation and cancer: statistical study of retinoblastoma. Proc Natl 
Acad Sci U S A 68:820–823  

    18.    White R (1992) Inherited cancer genes. Curr Opin Genet Dev 2:53–57  
    19.    Levy D, Smith K, Beazer-Barclay Y, Hamilton S, Vogelstein et al (1994) Inactivation of both 

APC alleles in human and mouse tumors. Cancer Res 54:5953–5958  
    20.    Smith S, Easton D, Evans D, Ponder B (1992) Allele losses in the region 17q12-21 in familial 

breast and ovarian cancer involve the wild-type chromosome. Nat Genet 2:128–131  
    21.    Gudmundsson J, Johannesdottir G, Bergthorsson J, Arason A, Ingvarsson S et al (1995) 

Different tumor types from BRCA2 carriers show wild-type chromosome deletions on 13q12- 
q13. Cancer Res 55:4830–3832  

    22.    Baker S, Fearon E, Nigro J, Hamilton S, Preisinger A et al (1989) Chromosome 17 deletions 
and p53 gene mutations in colorectal carcinomas. Science 244:217–221  

    23.    Hollstein M, Sidransky D, Vogelstein B, Harris C (1991) p53 mutations in human cancers. 
Science 253:49–53  

      24.    Devilee P, Cleton-Jansen A, Cornelisse C (2001) Ever since Knudson. Trends Genet 
17:569–573  

    25.    Kamb A, Gruis N, Weaver-Feldhaus J, Liu Q, Harshman K et al (1994) A cell cycle regulator 
potentially involved in genesis of many tumor types. Science 264:436–440  

H. Wood and P. Rabbitts



103

    26.    Li J, Yen C, Liaw D, Podsypanina K, Bose S, Wang SI et al (1997) PTEN, a putative protein 
tyrosine phosphatase gene mutated in human brain, breast, and prostate cancer. Science 
275:1943–1947  

    27.    Cox C, Bignell G, Greenman C, Stabenau A, Warren W et al (2005) A survey of homozygous 
deletions in human cancer genomes. Proc Natl Acad Sci U S A 102:4542–4547  

    28.    Kok K, Naylor S, Buys C (1997) Deletions of the short arm of chromosome 3 in solid tumors 
and the search for suppressor genes. Adv Cancer Res 71:27–92  

    29.    Burbee D, Forgacs E, Zöchbauer-Müller S, Shivakumar L, Fong K et al (2011) Epigenetic 
inactivation of RASSF1A in lung and breast cancers and malignant phenotype suppression. J 
Natl Cancer Inst 93:691–699  

    30.    Berger A, Knudson A, Pandolfi  P (2011) A continuum model for tumor suppression. Nature 
476:163–169  

    31.    Gatto F, Nookaew I, Nielsen J (2014) Chromosome 3p loss of heterozygosity is associated 
with a unique metabolic network in clear cell renal carcinoma. Proc Natl Acad Sci U S A 
111:E866–E875  

    32.    Watanabe H, Ma Q, Peng S, Adelmant G, Swain D et al (2014) SOX2 and p63 colocalize at 
genetic loci in squamous cell carcinomas. J Clin Invest 124:1636–1645  

    33.   Booden MA, Ulka AS, Der CJ (2006) Cellular assays of oncogene transformation. In: Cellis 
JE (ed) Cell biology a laboratory handbook, published by Elsevier, pp 345–352  

    34.    Brummelkamp T, Bernards R, Agami R (2002) A system for stable expression of short interfer-
ing RNAs in mammalian cells. Science 296:550–553  

    35.   Engel AM, Schou G (2006) Assays of tumorigencity in nude mice. In: Cellis JE (ed) Cell biol-
ogy a laboratory handbook, published by Elsevier, pp 353–357  

    36.    Akavia U, Litvin O, Kim J, Sanchez-Garcia F, Kotliar D et al (2010) An integrated approach 
to uncover drivers of cancer. Cell 143:1005–1017  

    37.    Santarius T, Shipley J, Brewer D, Stratton MR, Cooper C (2010) A census of amplifi ed and 
overexpressed human cancer genes. Nat Rev Cancer 10:59–64  

    38.    Sawey E, Chanrion M, Cai C, Wu G, Zhang J et al (2011) Identifi cation of a therapeutic strat-
egy targeting amplifi ed FGF19 in liver cancer by Oncogenomic screening. Cancer Cell 
19:347–358  

    39.    Eifert C, Powers R (2012) From cancer genomes to oncogenic drivers, tumour dependencies 
and therapeutic targets. Nat Rev Cancer 12:572–578  

    40.    Soucek L, Evan G (2010) The ups and downs of Myc biology. Curr Opin Genet Dev 
20:91–95  

    41.    Schwab M, Alitalo K, Klempnauer KH, Varmus HE, Bishop J et al (1983) Amplifi ed DNA 
with limited homology to myc cellular oncogene is shared by human neuroblastoma cell lines 
and a neuroblastoma tumour. Nature 305:245–248  

    42.    Brodeur G, Seeger R, Schwab M, Varmus H, Bishop J (1984) Amplifi cation of N-myc in 
untreated human neuroblastomas correlates with advanced disease stage. Science 
224:1121–1124  

    43.    Slamon D, Clark G, Wong S, Levin W, Ullrich A et al (1987) Human breast cancer: correlation 
of relapse and survival with amplifi cation of the HER-2/neu oncogene. Science 235:177–182  

    44.    Cobleigh M, Vogel C, Tripathy D, Robert N, Scholl S et al (1999) Multinational study of the 
effi cacy and safety of humanized anti-HER2 monoclonal antibody in women who have HER2- 
overexpressing metastatic breast cancer that has progressed after chemotherapy for metastatic 
disease. J Clin Oncol 17:2639–2648  

    45.    Verma S, Miles D, Gianni L, Krop IE, Welslau M et al (2012) Trastuzumab emtansine for 
HER2-positive advanced breast cancer. N Engl J Med 367:1783–1791  

    46.    Rakha E, Ellis O (2014) Breast cancer: updated guideline recommendations for HER2 testing. 
Nat Rev Clin Oncol 11:8–9  

    47.    Myllykangas S, Himberg J, Böhling T, Nagy B, Hollmén J et al (2006) DNA copy number 
amplifi cation profi ling of human neoplasms. Oncogene 25:7324–7332  

6 Copy Number Changes in Carcinomas: Applications



104

    48.    Myllykangas S, Böhling T, Knuutila S (2007) Specifi city, selection and signifi cance of gene 
amplifi cations in cancer. Semin Cancer Biol 17:42–55  

    49.    Scheinin I, Myllykangas S, Borze I, Böhling T, Knuutila S et al (2008) CanGEM: mining gene 
copy number changes in cancer. Nucleic Acids Res 36:D830–D835  

    50.    Crockford A, Jamal-Hanjani M, Hicks J, Swanton C (2014) Implications of intratumour het-
erogeneity for treatment stratifi cation. Pathology 232:264–273  

    51.    Poste G (2012) Biospecimens, biomarkers, and burgeoning data: the imperative for more rig-
orous research standards. Trends Mol Med 18:717–722  

    52.    Mehta S, Shelling A, Muthukaruppan A, Lasham A, Blenkiron C et al (2010) Predictive and 
prognostic molecular markers for cancer medicine. Ther Adv Med Oncol 2:2125–2148  

    53.    Chen HY, Yu SL, Chen CH, Chang GC, Chen CY et al (2007) A fi ve-gene signature and clini-
cal outcome in non-small-cell lung cancer. N Engl J Med 356:11–20  

    54.    Hicks J, Krasnitz A, Lakshmi B, Navin NE, Riggs M et al (2006) Novel patterns of genome 
rearrangement and their association with survival in breast cancer. Genome Res 
16:1465–1479  

    55.    Campbell P, Stephens P, Pleasance E, O’Meara S, Li H et al (2008) Identifi cation of somati-
cally acquired rearrangements in cancer using genome-wide massively parallel paired-end 
sequencing. Nat Genet 40:722–729  

    56.    Wood H, Belvedere O, Conway C, Daly C, Chalkley R et al (2010) Using next generation 
sequencing for high resolution multiplex analysis of copy number variation from nanogram 
quantities of DNA from formalin fi xed paraffi n embedded specimens. Nucl Acid Res 38:e151    

H. Wood and P. Rabbitts



Part III
Leukaemia/Lymphoma



107© Springer International Publishing Switzerland 2015 
J.D. Rowley et al. (eds.), Chromosomal Translocations and Genome 
Rearrangements in Cancer, DOI 10.1007/978-3-319-19983-2_7

    Chapter 7   
 Chronic Myeloid Leukaemia       

       Debora     A.     Casolari     and     Junia     V.     Melo    

    Contents 

7.1   Introduction    108 
7.2   CML Characteristics and Disease Phases    108 
7.3   Molecular Pathogenesis    109 

7.3.1   The  BCR-ABL1  Gene    109 
7.3.2   The BCR-ABL1 Protein    111 
7.3.3   Signalling and Disease    113 

7.3.3.1   Proliferation and Survival    113 
7.3.3.2   Progression to Blast Crisis    115 

7.4   Targeted Therapy    117 
7.4.1   First Generation TKI: Imatinib    117 

7.4.1.1   Resistance to IM    118 
7.4.2   Second and Third Generation TKIs    120 

7.4.2.1   Dasatinib    120 
7.4.2.2   Nilotinib    120 
7.4.2.3   Bosutinib    121 
7.4.2.4   Ponatinib    121 
7.4.2.5   Rebastinib    121 

7.5   LSC as a Therapeutic Target in CML    121 
7.6   Conclusion    126 
  References    126 

   Abstract     Chronic myeloid leukaemia (CML) was the fi rst leukaemia associated 
with a unique genetic abnormality, the Philadelphia chromosome. This results from 
a reciprocal translocation between chromosomes 9 and 22, which generates the 
 BCR - ABL1  fusion gene encoding a constitutively active tyrosine kinase. The com-
plex intracellular signalling initiated by BCR-ABL1 is responsible for disease 
development, and targeted tyrosine kinase inhibitors have been the most successful 
therapeutic advance in CML. In this chapter, we review the implications of 
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 BCR- ABL1 signalling in CML, how this knowledge revolutionized CML treat-
ment, and discuss approaches to further improving therapeutic response by the tar-
geting of leukaemic stem cells.  

  Keywords     Chronic myeloid leukaemia   •   BCR-ABL1   •   Tyrosine kinase inhibitor   • 
  Blast crisis   •   Leukaemic stem cell  

7.1         Introduction 

 Chronic myeloid leukaemia (CML) was probably the fi rst form of leukaemia to be 
independently recognized in 1845 by John H. Bennett, in Scotland, and Rudolf 
Virchow, in Germany [ 1 ]. The discovery of the Philadelphia (Ph) chromosome, in 
1960 [ 2 ] was the fi rst consistent chromosomal abnormality associated with a spe-
cifi c type of leukaemia, and was not only a breakthrough in cancer biology but also 
the fi rst important clue to CML pathogenesis. In 1973, Rowley identifi ed the Ph 
chromosome as a shortened chromosome 22 (22q-), result of a reciprocal t(9;22)
(q34.1;q11.2) translocation [ 3 ]. In the next decade, the Ph chromosome was shown 
to carry a unique fusion gene,  BCR - ABL1  [ 4 ], the deregulated BCR-ABL1 tyrosine 
kinase activity was defi ned as the pathogenetic principle of CML [ 5 ], and the fi rst 
animal models were developed [ 6 ]. Ultimately, this knowledge provided the basis 
for the design of a targeted therapy for CML with the development of ABL1 specifi c 
tyrosine kinase inhibitors (TKIs), which selectively inhibit the growth of  BCR- 
ABL1   positive cells  in vitro  and  in vivo  [ 7 – 9 ].  

7.2     CML Characteristics and Disease Phases 

 CML is a clonal myeloproliferative disease originating in a single haematopoietic 
stem cell (HSC). It represents 15–20 % of the leukaemias in adults and has a rela-
tively low incidence (1–1.5 new cases per 100,000 people per year). However, its 
prevalence is on the rise due to the signifi cant improvement in its treatment over the 
past 15 years [ 10 ]. In the Western countries, the median age of patients at diagnosis 
is 55–65 years old, whereas it is signifi cantly lower, averaging 38–41 years, in Asia, 
Africa, Southern/Eastern Europe and Latin America [ 11 ]. The disease affects both 
sexes, with a slight male preponderance (male:female ratio of 1.3:1). 

 The only known predisposing factor to CML is high-dose ionizing radiation, as 
best demonstrated by studies of survivors of the Hiroshima and Nagasaki atomic 
bomb explosions [ 12 ]. Apart from a borderline increased risk of CML in fi rst-degree 
relatives of patients with myeloproliferative disorders [ 13 ], there is no evidence of 
an inherited disposition or association with chemical exposure. 
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 In its natural history, CML is a tri-phasic disease, predominantly presenting in a 
chronic phase (CP) averaging around 3–7 years. In most cases of CP CML, the 
neoplastic expansion involves a leukaemic clone that differentiates into mature 
granulocytes which function normally, despite being derived from malignant pro-
genitors. The ‘indolent’ phenotype of CP means that some patients are asymptom-
atic, and the diagnosis is frequently an incidental fi nding; however, the majority 
typically present with mild symptoms of fatigue, weight loss and sweats [ 14 ,  15 ]. 
CP progresses to either the transitional accelerated phase (AP) or transforms directly 
into blast crisis (BC). When present, the AP precedes BC by 2–15 months [ 16 ]. 
Transformation to BC is characterized by the presence, in the peripheral blood or 
bone marrow (BM), of 20 % or more blasts, which can be of myeloid (approxi-
mately 70 % of cases) or lymphoid (30 %) origin [ 17 ]. BC is clinically indistin-
guishable from acute leukaemia and can present leukocytosis, cytopenia, 
hepatosplenomegaly, enlarged lymph nodes, and marked refractoriness to treatment 
which results in a dismal clinical outcome, with a historical median survival of no 
more than 3–6 months [ 18 ]. Even with the advent of TKIs, response of BC to this 
type of therapy is minimal, and median survival is still only 9 months [ 19 ,  20 ]. 

 Until the emergency of TKIs, the only curative treatment for CML was HSC 
transplantation, but this was restricted to a minority of patients, due to age restric-
tions and the need for a histocompatible donor. The prognosis has now substantially 
improved for most CML patients who respond well to TKIs, a proportion of whom 
are able to survive indefi nitely without evidence of disease.  

7.3     Molecular Pathogenesis 

7.3.1     The BCR-ABL1 Gene 

 The t(9;22)(q34.1;q11.2) reciprocal translocation gives rise to two pathognomonic 
fusion genes,  BCR - ABL1  on the der(22) (Ph) chromosome, and  ABL1 - BCR , on the 
der(9) (Fig.  7.1 ). Although the latter is transcribed, there is no evidence that it has 
functional relevance to the disease [ 21 ]. Thus, it is the translation of the  BCR - ABL1  
gene into an abnormal fusion protein that is responsible for the leukaemic process.

   The breakpoints within  ABL1  at 9q34.1 can occur anywhere over a large (>300 
kb) area at its 5′ end, either upstream of exon 1b, downstream of exon 1a or, more 
frequently, between the two [ 22 ]. Regardless of the exact location of the breakpoint, 
splicing of the transcript yields an mRNA molecule where  BCR  is fused to  ABL1  
exon a2 (Fig.  7.2 ).

   In contrast to  ABL1 , breakpoints within  BCR  localize to one of three breakpoint 
cluster regions (bcr). In most CML cases and in about one third of Ph + acute lym-
phoblastic leukaemias (ALL), the break occurs within  BCR  exons 12–16 (previ-
ously exons b1–b5), defi ned as the major bcr (M-bcr) [ 22 ]. Due to alternative 
splicing, the mRNA usually contains the  BCR - ABL1  junctions e13a2 or e14a2 
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  Fig. 7.1    Schematic 
representation of the t(9;22)
(q34.1;q11.2) chromosomal 
translocation, the cytogenetic 
hallmark of chronic myeloid 
leukaemia. Breaks within the 
ABL1 and BCR genes on 
chromosomes 9 and 22, 
respectively, followed by 
recombination of the broken 
DNA ends, give origin to two 
derivative chromosomes, the 
der(22) or Philadelphia (Ph) 
and the der(9). The BCR- 
ABL1 gene, which is the 
pathogenetic product of this 
translocation, is housed in the 
Ph chromosome       
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(originally b2a2 or b3a2) and is translated into a 210 kDa protein (P210 BCR-ABL ). The 
majority of Ph + ALL and very rare cases of CML, characterized by prominent 
monocytosis [ 23 ,  24 ], have breakpoints further upstream between exons e2′ and e2, 
termed the minor bcr (m- bcr ). The resulting e1a2 mRNA is translated into a 190 
kDa protein (P190 BCR-ABL ). A third bcr (μ- bcr ) is located downstream of exon 19, 
giving rise to a 230 kDa fusion protein (P230 BCR-ABL ), which is sometimes associ-
ated with an uncommon neutrophilic variant of CML [ 25 ,  26 ]. Although all three 
major BCR-ABL1 fusion proteins induce a CML-like disease in mice, they differ in 
their ability to induce lymphoid leukaemia [ 27 ]. 

 The mechanism by which the Ph chromosome is fi rst formed and the time 
required for overt disease to appear are unknown.  BCR - ABL1  fusion transcripts can 
be induced in haematopoietic cells by exposure to ionizing radiation  in vitro  [ 28 ]; 
such induced translocations may not be random events but may depend on the cel-
lular background and the particular genes involved. Translocations between  BCR  
and  ABL1  may be favoured by their relative proximity during the interphase of 
cycling haematopoietic cells [ 29 ]. Furthermore, a 76 kb ‘duplicon’ near  ABL1  and 
 BCR  has been implicated in the translocation, but this mechanism is purely specula-
tive [ 30 ]. 

 The  BCR - ABL1  gene is expressed in all CML patients, but the reciprocal  ABL1- 
BCR   gene on the der(9) occurs in only 70 % of cases [ 21 ]. Approximately 20 % of 
CML patients have deletions on the der(9) and have signifi cantly shorter survival 
than those lacking the deletions [ 31 ,  32 ]. Notably, absence of the  ABL1 - BCR  gene, 
which is always included in the deleted region, does not by itself have the same 
ominous prognostic implication [ 33 ]. Similarly, no prognostic relevance of the 
der(9) deletions was observed on patients treated with TKIs [ 34 ,  35 ]. 

 The idea that CML may result from a multi-step process was fi rst broached over 
30 years ago [ 36 ] but there is little evidence of additional abnormalities that precede 
the t(9;22) translocation. Even so, the presence of  BCR - ABL1  in any haematopoietic 
cell is not in itself suffi cient to cause leukaemia, since  BCR - ABL1  is detectable at 
low frequency in the blood of many normal individuals [ 37 ,  38 ]. Thus the genera-
tion of a  correct BCR - ABL1  in a  multipotent HSC , possibly under reduced 
 immunological surveillance, is necessary to initiate the clonal expansion that leads 
to CML. This hypothesis is supported by the production of a CML-like disease in 
mice transplanted with  BCR - ABL1 -positive stem cells [ 6 ,  39 ,  40 ]. However, once 
established, the ‘tempo’ or aggressiveness of the CP disease varies in different 
patients and must be infl uenced by other factors.  

7.3.2     The BCR-ABL1 Protein 

 The BCR-ABL1 oncoprotein includes several important domains of its parental 
BCR and ABL1 normal counterparts, which endow it of specifi c biological proper-
ties (Fig.  7.3 ).
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   In ABL1, they include the SRC-homology SH1, SH2 and SH3, a nuclear 
 localisation signal, DNA and actin-binding domains, and in BCR a coiled-coil motif 
contained in amino acids 1–63 [ 41 ], the tyrosine at position 177 [ 42 ] and phospho-
serine/threonine rich sequences between amino acids 192–242 and 298–413 [ 43 ]. 
The most important feature for its leukaemogenic potential resides in the fact that 
the tyrosine kinase of the ABL1 protein is constitutively activated by the juxtaposi-
tion of BCR. The BCR dimerization domains connect two BCR-ABL1 molecules 
which then phosphorylate their respective partners on tyrosine residues in the kinase 
activation loops [ 41 ]. The consequent increase of phosphotyrosine residues on 
BCR- ABL1 itself creates binding sites for the SH2 domains of other proteins. 
A host of substrates can be tyrosine phosphorylated by BCR-ABL1, the net result 
of which is deregulated cellular proliferation, decreased adherence of leukaemia 
cells to the BM stroma, reduced response to apoptotic stimuli, increased genomic 
instability and increased capacity for self-renewal [ 44 ,  45 ]. 

 Tyrosine phosphatases counterbalance and regulate the effects of tyrosine kinases 
under physiological conditions. Two tyrosine phosphatases, SYP and PTPN1, have 
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been shown to form complexes with BCR-ABL1, and both appear to dephosphory-
late BCR-ABL1 [ 46 ,  47 ]. On the other hand, BCR-ABL1 protects itself from the 
protein tyrosine phosphatase 1 (PTPN6/SHP1), which can dephosphorylate BCR- 
ABL1 and induce its proteasomal degradation, by inhibiting the PTPN6/SHP1 acti-
vator PP2A [ 48 ].  

7.3.3     Signalling and Disease 

7.3.3.1     Proliferation and Survival 

 BCR-ABL1 shifts the balance towards inhibition of apoptosis while simultaneously 
providing a proliferative stimulus through multiple signals. These are frequently 
diffi cult to separate but mostly involve PI3K/AKT1, JAK/STAT, RAS/RAF/MEK/
ERK and MYC pathways (Fig.  7.4 ).

   Once the adapter molecule GRB2 binds to P-Tyr177 on BCR-ABL1, it recruits 
SOS and constitutively activates RAS, which, in turn, activates MAPK3/ERK1 and 
MAPK1/ERK2 [ 42 ,  49 ]. Two other adapter molecules, SHC1 and CRKL, can also 
activate RAS after binding to BCR-ABL1 [ 50 ,  51 ]. Ultimately, activated MAPKs 
indirectly induce gene transcription and cell proliferation [ 49 ,  52 ]. 
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 Signalling from RAS can be relayed via RAC GTPases [ 53 ] to activate MAPK8/
JNK, which is required for BCR-ABL1 malignant transformation [ 54 ]. Accordingly, 
downregulation of the JNK pathway negative regulator JUNB, by promoter hyper-
methylation, has been described in CML primary cells [ 55 ]. RAC GTPases them-
selves play an important role in BCR-ABL1 leukaemogenesis, activating STAT5, 
PI3K and MAPKs pathways [ 56 ]. Moreover, concomitant loss of  Rac1  and  Rac2  
impaired the development of a myeloproliferative disease and increased survival of 
mice transplanted with BCR-ABL1-expressing cells [ 57 ]. 

 Constitutive phosphorylation of STAT1 and STAT5 has been reported in several 
 BCR - ABL1  positive cell lines [ 58 ] and primary CML cells [ 59 ], and seems to be 
independent of JAK. STAT5 can be directly activated by BCR-ABL1 [ 60 ] or 
 indirectly through GRB2/RAS/RAC or HCK [ 56 ] to then up-regulate target genes, 
such as  CCND1  (leading to cell cycle progression) and the anti-apoptotic 
 BCL2L1 / BCL-XL  [ 61 ,  62 ]. Although one study found that BCR-ABL1 induced a 
CML like disease in Stat5a/b −/−  mice [ 63 ], another reported that complete deletion 
of Stat5a/b locus turned mice resistant to BCR-ABL1 transformation [ 64 ]. In addi-
tion, knock-down of STAT5 in primary CML cells blocks Ph + colony formation 
[ 62 ], and cells expressing a mutant BCR-ABL1 unable to activate STAT5 or wild 
type BCR-ABL1 with a dominant negative STAT5 are more apoptotic than wild 
type cells [ 65 ]. Altogether, these results support a role for STAT5 in BCR-ABL1 
transformation. 

 BCR-ABL1 forms complexes with PI3K, CBL and the adapters CRK and CRKL 
[ 66 ], in which PI3K, and the downstream AKT1 and mTOR, are constitutively acti-
vated [ 67 ]. In addition, activation of RAS and the adapter GAB2 by GRB2 cause 
constitutive activation of PI3K [ 62 ]. PI3K exerts its oncogenic effects mainly by 
activation of mTOR, which forms the mTORC1 and mTORC2 complexes that play 
important roles in the proliferation and survival of BCR-ABL1-positive cells [ 49 , 
 68 ]. PI3K activity is required for BCR-ABL1-mediated leukaemogenesis, since its 
inhibition impairs BCR-ABL1 transformation of HSCs [ 49 ,  67 ]. PI3K also hyper-
phosphorylates the transcription factor (TF) IRF8/ICSBP, preventing its DNA bind-
ing and reverting its transcriptional repression of the antiapoptotic  BCL2  gene [ 69 ]. 

  AKT1  itself is an oncogene, and is essential for the resistance to apoptosis of 
BCR-ABL1-positive cells. It phosphorylates BAD, which promotes its sequestra-
tion by 14-3-3, and blocks its binding to BCL2 family members, consequently 
inhibiting apoptosis [ 70 ]. AKT1 also blocks apoptosis through phosphorylation of 
caspases [ 67 ], and downregulation of antiapoptotic BCL2L11/BIM [ 49 ]. 

 Activation of MYC by BCR-ABL1 is dependent on the SH2 domain [ 71 ]. In 
addition, RAS/MAPK and PI3K/AKT1 pathways contribute to inducing  MYC  tran-
scription or promoting MYC stability [ 67 ,  72 ]. Depending on the cellular context, 
MYC may transduce proliferative or apoptotic signals [ 67 ]; however, considering 
BCR-ABL1-mediated antiapoptotic mechanisms, the apoptotic arm of MYC is 
most likely inhibited in CML. Proliferation, on the other hand, may be induced by 
MYC’s activation of cyclin and CDK transcription, repression of CIP/KIP family 
cyclin/CDK inhibitors’ expression, and indirect induction of mTORC1 transcrip-
tion [ 67 ].  
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7.3.3.2     Progression to Blast Crisis 

 CML progression is characterized by the occurrence of non-random chromosomal 
abnormalities. The most frequent are trisomy 8 (33 %), an additional Ph (30 %), 
isochromosome 17 (20 %), trisomy 19 (12 %), loss of the Y chromosome (8 % of 
males), trisomy 21 (7 %) and monosomy 7 (5 %) [ 73 ]. Although these changes are 
used as markers of disease progression, they may not necessarily be causal agents 
of transformation. Two important mechanisms and phenotypes related to the emer-
gence of BC are addressed below. 

   Block in Differentiation 

 With progression of CML, the leukaemic clone undergoes differentiation arrest, 
resulting in a major increase of immature blasts at the expense of the terminally dif-
ferentiated leucocytes. This differentiation arrest implies pathological interference 
with differentiation programmes involving the targeted activation/inactivation of 
tissue-specifi c genes by TF [ 74 ]. 

 Abnormal CTNNB1/β-catenin signalling leads granulocyte-macrophage 
 progenitors to acquire the stem cell-like capacity of unrestricted self-renewal [ 75 ]. 
In addition, interaction between CTNNB1 and BCR-ABL1 increases β-catenin 
transcriptional activity infl uencing leukaemic stem cell (LSC) lineage commitment 
as early as in CP, and loss of CTNNB1impairs the self-renewal of CML stem-cells 
[ 76 ,  77 ]. 

 Another mechanism of differentiation arrest is the down-modulation of the TF 
CEBPA by BCR-ABL1, in BC but not in CP, through regulation of pre- and post- 
transcriptional mechanisms [ 78 ,  79 ]. CEBPA activates transcription of the 
 CSFR3 / GCSFR  and  ID1  genes in myeloid cells, and its ectopic expression restores 
differentiation in BCR-ABL1-transformed cell lines or BC CML primary cells 
[ 80 – 83 ]. 

 Additional causes of the block in differentiation in BC CML include mutations, 
translocations or deletions in genes that regulate differentiation and self-renewal of 
haematopoietic stem and progenitor cells, such as  GATA2  [ 84 ,  85 ],  RUNX1  [ 86 – 88 ], 
 ASXL1  [ 79 ,  87 ,  89 ],  IKZF1  [ 87 ,  90 ,  91 ] and  PAX5  [ 90 ,  92 ].  

   Genomic Instability 

 BCR-ABL1-transformed cell lines and CD34+ primary CML cells produce 2–6 
times more ROS than the normal controls [ 93 ]. ROS can damage the DNA generat-
ing oxidized bases and double strand brakes (DSB). Accordingly, CD34+ CML 
cells accumulate three to eight times more oxidized bases and DSBs than normal 
cells [ 93 ]. At the same time, they display defective mismatch repair; stimulate DSBs 
repair but with low fi delity, through homologous recombination repair (HRR), non-
homologous end-joining (NHEJ), and single strand annealing (SSA) repair mecha-
nisms; and induce mutagenic nucleotide excision repair (NER), all of which 
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exacerbate genomic instability and contribute to disease progression (Fig.  7.5 ). The 
mechanisms of altered DNA repair in CML are addressed below.

   ATR is a DNA damage ‘sensor’ that controls cell cycle check points. BCR-ABL1 
was reported to translocate to the nucleus, following exposure to genotoxic agents, 
where it bound and inhibited ATR and CHEK1, allowing inappropriate DNA 
 replication [ 95 ,  96 ]. In a contradictory study, however, ATR signalling was stimu-
lated in BCR-ABL1-positive cells in response to genotoxic agents [ 97 ]. This result 
was further corroborated by recent fi ndings that BCR-ABL1 inhibition reduces 
CHEK1 activation and cell cycle arrest in G2/M phase, and induces apoptosis in 
cells exposed to genotoxic agents [ 98 ]. Therefore, ATR signalling might contribute 
to chemotherapeutics resistance in CML. 

 The tumour suppressor BRCA1 is another ‘sensor’ that detects DNA damage 
and mediates cell cycle check points and HRR [ 99 ]. BRCA1 is virtually undetect-
able in CML cells and  BCR - ABL1 -transformed cell lines [ 100 ] and this absence 
contributes to the genomic instability observed in BCR-ABL1 cells [ 101 ]. To over-
come BRCA1 defi ciency, HRR occurs through the alternative RAD52-RAD51 
pathway [ 102 ,  103 ]. 
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 Both HRR and NHEJ promote less faithful ROS-induced DSB repair in  BCR-
ABL1- transformed   cells [ 104 ]. Downregulation of PRKDC/DNA-PKcs, LIG4/
DNA ligase IV and DCLRE1C/Artemis, and upregulation of LIG3/DNA ligase IIIα, 
WRN nuclease and RBBP8/CtIP in BCR-ABL1-positive cells may be responsible 
for the alternative error-prone NHEJ pathway observed in CML [ 105 – 108 ]. HRR, 
in turn, is abnormally stimulated to the detriment of its fi delity in CML due to BCR-
ABL1- mediated overexpression and activation of RAD51, which promotes errone-
ous HRR when overstimulated [ 109 – 111 ]. Incorrect DNA repair can be prevented 
by mismatch repair, but BCR-ABL1 inhibits this process by abrogating heterodi-
merization of the mismatch repair proteins MLH1 and PMS2 [ 112 ]. SSA is a rare 
and unfaithful mechanism of DSB repair and BCR-ABL1 stimulates SSA activity 
in a dose-dependent manner and through up-regulation of  RBBP8 / CtIP  [ 108 ,  113 ]. 

 NER activity status in CML is controversial. In initial reports, BCR-ABL1 was 
found to interfere with NER proteins reducing NER activity [ 114 ,  115 ]. It was later 
suggested that P210 BCR-ABL  induced NER in myeloid but repressed it in lymphoid 
cell lines [ 116 ]. However, more recent fi ndings reported no difference in NER activ-
ity between lymphoid and myeloid CML cell lines, and a BCR-ABL1 kinase- 
dependent increase in NER activity in CML cell lines [ 117 ]. 

 Expression of BCR-ABL1 is also associated with upregulation of DNA poly-
merase β [ 118 ,  119 ], an enzyme involved in HRR, NER and base excision repair 
(BER) [ 120 – 122 ]. Due to its low-fi delity DNA repair, it might be expected that 
DNA polymerase β overexpression contributes to CML genomic instability. 
Accumulation of point mutations in CML might also result from BCR-ABL1 inhi-
bition of UNG, the most active glycosylase during BER, in both CML primary and 
 BCR - ABL1 -transformed cells [ 123 ].     

7.4     Targeted Therapy 

 The knowledge on BCR-ABL1 structure and function that accumulated over the 
past 30 years set up the scene for the design of ‘molecularly targeted’ therapy for 
CML. Since the tyrosine kinase activity of BCR-ABL1 is essential for disease 
development, it was the most attractive target for designer therapy, although not the 
only one approached [ 124 – 132 ]. Undoubtedly, the advent of TKIs, which block or 
prevent BCR-ABL1 oncogenic signalling, has been so far the most exciting and 
successful therapeutic advance in CML. 

7.4.1     First Generation TKI: Imatinib 

 Imatinib mesilate (IM) is a small chemical compound which competes with ATP for 
binding to its pocket in the BCR-ABL1 kinase domain (KD), thus blocking the 
BCR-ABL1 oncogenic signal [ 45 ]. IM inhibits the kinase activity of all ABL1- and 
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ARG-containing proteins, the PDGFR family and the KIT receptor [ 133 – 135 ]. 
Such inhibition results in transcriptional modulation of various genes involved in 
the control of cell cycle, cell adhesion and cytoskeletal organization, leading the Ph 
+ cell to an apoptotic death [ 44 ]. In addition, IM inhibits growth of CML primary 
cells and cell lines  in vitro  and  in vivo  [ 7 ,  8 ,  136 ]. 

 In a phase I trial, IM showed little toxicity but proved to be highly effective 
[ 137 ]. The 8-year follow-up of the phase III IRIS trial reported an overall free sur-
vival rate (excluding discontinuation of therapy) of 85 % for CP CML patients 
under IM as fi rst-line therapy, with 86 % of major molecular responses (MMR) 
[ 138 ]. In contrast, most of the responses of patients in BC are short-lived with very 
low (12–17 %) cytogenetic responses and median survival of 6.5–10 months [ 20 ]. 

7.4.1.1     Resistance to IM 

 While the effi cacy of IM is unquestioned, resistance to TKIs became a pressing 
challenge in CML treatment. The persistence of minimal residual disease and, more 
worryingly, the development of refractoriness to single drug therapy, have damp-
ened the initial enthusiasm. At the 8-year follow-up on the IRIS study, only 55 % of 
patients remained on IM therapy, and in 16 % of those who discontinued this was 
due to unsatisfactory therapeutic outcome [ 138 ]. Other studies have reported even 
higher resistance rates, varying from 12 to 50 % [ 19 ]. 

 The defi nition of resistance can be based on its time of onset as primary resis-
tance, i.e., failure to achieve a signifi cant cytogenetic response, and secondary or 
acquired resistance, i.e., progressive reappearance of the leukaemic clone after an 
initial response to the drug. In addition, resistance can also be classifi ed as BCR-
ABL1- dependent and -independent. The fi rst group encompasses the emergence of 
leukaemic clones with mutations in the BCR-ABL1 KD [ 139 ], overexpression of 
the BCR-ABL1 protein [ 140 ,  141 ] and amplifi cation of the BCR-ABL1 oncogene 
[ 142 ,  143 ]. The mechanisms of BCR-ABL1-independent resistance include mostly 
defects in drug transport in and out of the leukaemic cells, and activation of onco-
genic pathways downstream of BCR-ABL1 [ 144 ]. 

 The most common mechanism for acquired IM resistance is through the devel-
opment of point mutations in the ABL1 KD of BCR-ABL1 [ 144 ]. These mutations 
are not induced by the drug but, rather, confer resistance to rare populations of 
progenitors which are selected due to their capacity to survive and expand in the 
presence of the drug. 

 Mutations can be broadly categorized into four groups: (i) those which directly 
impair IM binding; (ii) those within the ATP binding site; (iii) those within the acti-
vation loop; and (iv) those within the catalytic domain (Fig.  7.6 ).

   The substitution of isoleucine for threonine at position 315 of ABL1, or T315I, 
reduces the affi nity for the drug by preventing the formation of a hydrogen bond 
between T315 and the secondary amino group of IM, and by sterically preventing 
the binding of IM [ 143 ]. Another amino acid that makes contact with IM is phenyl-
alanine 317, and its mutation to leucine (F317L) also leads to resistance. 
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 The ATP-binding loop (or P-loop) domain spans amino acids 248–256 [ 147 ]. 
Mutations in this domain are the most common and modify the fl exibility of the 
P-loop destabilizing the conformation required for IM binding [ 148 ]. The most fre-
quent of such mutations are substitutions at G250, Q252, Y253 and E255. An addi-
tional feature of clinical relevance is that IM-treated patients who harbour P-loop 
mutations have a worse prognosis than those with non-P-loop mutations 
[ 149 – 152 ]. 

 The activation loop of the ABL1 kinase begins at amino acid 381 and can adopt 
a closed (inactive) or an open (active) conformation. IM forces ABL1 into the inac-
tive conformation and is incapable of binding to the active one [ 153 ]. Mutations in 
the activation loop may disturb the energetic balance required to stabilize the closed 
conformation of the loop and, thus, favour the open conformation resulting in IM 
resistance [ 148 ]. 

 Finally, some substitutions cluster in the catalytic domain (amino acids 350–
363), a region that has a close topologic relation to the base of the activation loop. 
Therefore, mutations in this region can also infl uence IM binding [ 148 ]. 
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  Fig. 7.6    Incidence of reported mutations within the kinase domain by percentage of total. The 
seven most frequent mutations are depicted in  red  and the following eight in  blue ; mutations shown 
in  green  have been reported in less than 2 % of clinical resistance cases. Specifi c regions of the 
kinase domain are indicated as P-loop or ATP binding site ( P ), imatinib binding site ( B ), catalytic 
domain ( C ) and activation loop ( A ). Also shown as SH2 and SH3 are the contact regions with SH2 
and SH3 domain-containing proteins (Data based on [ 145 ,  146 ])       
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 The degree of IM resistance varies between mutations and is predicted to affect 
prognosis and response to treatment. Thus far, more than 100 different point muta-
tions leading to a substitution of approximately 50 amino acids in the ABL1 KD 
have been identifi ed in patients resistant to IM and this number is likely to increase 
with more sensitive methods of detection [ 154 ].   

7.4.2     Second and Third Generation TKIs 

7.4.2.1     Dasatinib 

 Dasatinib is a dual SRC/ABL1 kinase inhibitor that also binds to the ATP-binding 
site, but extends in the opposite direction from IM. It binds the inactive and active 
conformation of the ABL1 KD, has a greater affi nity to this domain, and is more 
potent than IM [ 155 ]. In clinical trials, dasatinib showed signifi cantly higher MMR 
and overall survival rates than IM for CP CML patients [ 156 ,  157 ]. CML patients in 
advanced phase also showed improved complete cytogenetic response (CCyR) rates 
under dasatinib; however, those are still low, at 32 % [ 158 ]. 

 Dasatinib requires fewer contact points with ABL1 residues; therefore, it is 
active against several IM-associated mutations. The T315I and F317L mutations, 
however, lead to the least favourable responses [ 159 – 162 ]. Due to a direct interac-
tion between F317 and dasatinib, several amino acid substitutions in this position 
result in dasatinib-resistant mutants, such as F317L, F317V, F317I, and F317S 
[ 150 ,  163 ]. In a phase III study of dasatinib in CP CML patients, development of 
 mutations T315I, F317L, V299L, and, rarely, E255K correlated with loss of 
response [ 19 ].  

7.4.2.2     Nilotinib 

 Nilotinib was designed as a chemical modifi cation of IM and is 10–50 times more 
potent [ 164 ]. It also inhibits the activity of ARG, KIT, and PDGFRA and PDGFRB, 
but not SRC kinase. CP patients treated with nilotinib showed higher CCyR, MMR 
and overall survival rates, and lower transformation events than those under IM [ 19 , 
 165 ,  166 ]. Moreover, in trials for patients with advanced CML, nilotinib treatment 
also resulted in higher CCyR rates than IM [ 19 ]. 

 Similar to dasatinib, nilotinib inhibits the  in vitro  proliferation of most of the 
clinically relevant BCR-ABL1 mutants, except for the T315I [ 167 – 170 ]. 
Likewise, the degree of sensitivity/resistance to nilotinib also varies for individ-
ual mutants. Accordingly, the mutations T315I, E255K/V, F359C/V, and Y253H 
have shown association with lack of CCyR to nilotinib, followed by disease pro-
gression [ 170 ].  
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7.4.2.3    Bosutinib 

 Bosutinib is a potent second generation TKI that, like dasatinib, also has SRC inhib-
itory activity. In a phase III trial it showed higher MMR rates, and lower disease 
progression than IM [ 171 ]. Bosutinib also induces CCyR, albeit at a low rate (23 %), 
in patients resistant to IM or to either nilotinib or dasatinib [ 172 ]. At present, bosu-
tinib is registered in many countries as a second- or third-line therapeutic agent.  

7.4.2.4    Ponatinib 

 Ponatinib is a third generation TKI rationally designed to inhibit the T315I muta-
tion, whilst still keeping activity against the unmutated and the majority of other 
BCR-ABL1 mutants. It also inhibits VEGFA, FGF, KIT and SRC kinases [ 173 ]. In 
a clinical trial of patients resistant or intolerant to nilotinib or dasatinib, or with the 
T315I mutation, ponatinib treatment caused CCyR and MMR in 46 % and 34 % of 
CP patients, respectively [ 174 ]. Moreover, 24 % of AP patients achieved CCyR and 
16 % MMR, while only 18 % of BC patients experienced CCyR. Ponatinib’s toxic-
ity profi le, however, can be a major drawback, since 5 % of patients suffered pan-
creatitis, and there was a signifi cant association between ponatinib treatment and 
cardiovascular, cerebrovascular, and peripheral vascular events [ 174 ]. As a conse-
quence, its indication is currently restricted to patients with a T315I mutation or for 
whom no other TKI is indicated.  

7.4.2.5    Rebastinib 

 Rebastinib (or DCC-2036) is a switch pocket TKI rationally designed to induce an 
inactive conformation on BCR-ABL1. It retains full activity against the majority of 
BCR-ABL1 mutations, including T315I, but fi ve P-loop mutants, G250E, Q252H, 
Y253H and E255K/V, in addition to F359I, have shown resistance to it [ 175 ,  176 ]. 
Preliminary results from a phase I trial (NCT00827138;   www.clinicaltrials.gov    ) 
suggest it has anti-leukaemic activity in patients intolerant/refractory to other TKIs 
or positive for T315I [ 177 ], but a Phase II trial is not presently planned.    

7.5     LSC as a Therapeutic Target in CML 

 Despite the success of TKI treatment, the persistence of minimal residual disease or 
the recurrence of disease upon cessation of therapy in most patients with undetect-
able BCR-ABL1, indicate that LSC persist even when response to treatment is opti-
mal [ 178 ,  179 ]. 

 Although primitive CML cells were shown to stop proliferating and enter a 
reversible cell cycle arrest upon IM treatment, they are resistant to TKI-induced 
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apoptosis both  in vitro  and  in vivo , even when BCR-ABL1 signalling is effectively 
inhibited [ 180 – 188 ]. These results suggest that the LSCs are capable of surviving 
independently of BCR-ABL1. 

 It has been suggested that the LSC quiescent state was responsible for their resis-
tance to IM. In fact, stimulating quiescent LSCs to enter the cell cycle with CSF3/G- 
CSF reduces the overall non-cycling cell population  in vitro  [ 189 ,  190 ]; however, in 
clinical practice, this does not impact on disease outcome [ 191 ]. Accordingly, even 
the cycling primitive CML cells resist apoptosis due to BCR-ABL1 inhibition [ 187 ]. 
Therefore, LSCs capacity to survive BCR-ABL1 inhibition may be mediated by 
their ability to escape apoptosis and/or to self-renew, or by interactions with the BM 
stroma [ 192 ]. Indeed, the resistance of primitive LSC is not confi ned to apoptosis 
induced by TKI but apparently extends to multiple pro-apoptotic agents, such as 
cytosine arabinoside and arsenic trioxide [ 183 ]. 

 From the self-renewal aspect the Wnt/CTNNB1 and Hedgehog (Hh) pathways 
are altered in CML and are potential targets [ 193 ,  194 ]. For instance, knockout or 
pharmacological inhibition of either CTNNB1 or SMO in combination with TKI 
effi ciently reduces LSC numbers  in vivo  and delays disease relapse [ 195 ,  196 ]. 
These data support the hypothesis that targeting self-renewal is effective to eradi-
cate LSCs and is the basis of ongoing clinical trials with inhibitors of these path-
ways (NCT01606579, NCT01357655, NCT01218477, NCT01456676;   www.
clinicaltrials.gov    ). 

 It has been proposed that sequestration of LSCs in the BM niche induces the 
phenotype of environment-mediated drug resistance (EMDR) [ 197 ]. The mecha-
nisms so far identifi ed for EMDR include interaction of β1 integrins and CD44 with 
fi bronectin on BM stromal cells, degradation of BCL2L11/BIM due to β1 integrin- 
mediated cell adhesion, activation of AKT1 through integrin-linked kinase, activa-
tion of JAK/STAT and HIF1A pathways, increase in STAT3 phosphorylation and 
subsequent expression of anti-apoptotic proteins, and interactions of CXCR4 in 
CML cells with extra cellular-matrix components and BM stromal cells [ 197 ,  198 ]. 
Special focus on CXCR4 as a possible drug target in CML has produced  contradictory 
results with two studies showing that combination of CXCR4 antagonists with TKIs 
reduced leukaemia burden on CML mouse models [ 199 ,  200 ], while a third showed 
that combination of plerixafor with dasatinib had no advantage over dasatinib alone 
[ 201 ]. 

 On a different approach, a farnesyltransferase inhibitor, BMS-214662, was found 
to selectively kill quiescent and dividing CML stem/progenitor cells  in vitro , and its 
effect was enhanced when combined with either TKIs or a MEK inhibitor, 
PD184352, making it a promising agent for clinical development [ 202 ,  203 ]. 

 Recent reports have also focused on manipulating the PP2A tumour suppressor 
activity to target LSCs. PP2A reactivation had been shown to effectively kill CML 
lines and primary cells from BC and both TKI-sensitive and -resistant patients [ 48 , 
 204 ,  205 ]. Recently, the same group demonstrated that reactivating PP2A can errad-
icate quiescent LSCs, but not normal HSCs, through inhibition of the BCR-ABL1- 
JAK2-CTNNB1 signalling axis [ 206 ]. 

 Other potential molecular targets in the CML LSC are listed on Table  7.1 .
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7.6        Conclusion 

 The knowledge about the biology of CML increased exponentially since the Ph 
chromosome was fi rst described. Even though this knowledge has led to the devel-
opment of TKIs, which revolutionized CML treatment, there are still challenges to 
be overcome. Progression to BC, due to either primary failure to respond to a TKI 
or ‘acquired’ resistance, is still a major problem, since this aggressive disease stage 
is refractory to all types of available therapy. In addition, persistence of minimal 
residual disease in the majority of patients means they will have to continue under 
TKI therapy indefi nitely. This raises two main problems, i.e., the risk that these 
patients develop resistance, which can then cause progression to BC, and the fi nan-
cial burden to families and/or Government’s medical systems, which will have to 
provide lifelong expensive treatment for those patients. Therefore, there is still 
much to be investigated and learned about this apparently benign leukaemia before 
we can achieve the fi nal goal of a cure for the great majority of patients.     
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   Abstract     Multiple myeloma is a post-germinal centre plasma cell tumour that is 
usually preceded by a pre-malignant condition, monoclonal gammopathy of unde-
termined signifi cance. Both are characterized by hyperdiploidy and recurrent immu-
noglobulin gene translocations that all result in the direct or indirect dysregulation 
of the CCND/RB1 pathway. Analysis of the translocation breakpoints suggests that 
they most frequently occur as a result of an error during class switch recombination, 
but also VDJ recombination, and sometimes somatic hypermutation. A rearrangement 
of the  MYC  locus is identifi ed in nearly one half of untreated patients with MM, 
most frequently (>60 %) those with hyperdiploidy, and less frequently (<25 %) 
those with t(11;14). The rearrangements juxtapose  MYC  to super-enhancers from 
elsewhere in the genome, resulting in dysregulated expression of  MYC .  One- third of 
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the rearrangements involve an immunoglobulin gene enhancer ( IGH > IGL >> IGK ), 
and two-thirds one of a variety of non-immunoglobulin gene enhancers that are 
frequently associated with plasma cell gene expression (e.g.,  PRDM1, IGJ, FAM46C, 
TXNDC5, FOXO3 ). It is likely that early rearrangements of the  MYC  locus cause the 
progression of monoclonal gammopathy to multiple myeloma in many patients, and 
that late rearrangements of the  MYC  locus, frequently involving an immunoglobulin 
gene enhancer, contribute to further, often extramedullary, tumour growth.  

  Keywords     Multiple myeloma   •   Chromosome translocation   •   Plasma cell neoplasm   
•   Monoclonal gammopathy of undetermined signifi cance   •   MYC oncogene  

8.1         Multiple Myeloma Is a Post-germinal Centre 
Plasma Cell Tumour 

 Multiple myeloma (MM) is a malignant tumour of post-germinal centre B cells, 
with a phenotype that is similar to long-lived bone marrow plasma cells (BMPCs) 
[ 1 ,  2 ]. MM mostly – perhaps always – is preceded by a pre-malignant MGUS 
(monoclonal gammopathy of undetermined signifi cance) tumour, which is present 
in 4 % of individuals over the age of 50 [ 3 ,  4 ]. Presently there are no molecular or 
phenotypic markers that unequivocally distinguish MGUS and MM tumour cells, 
but MGUS can sporadically progress to symptomatic MM expressing the same 
monoclonal immunoglobulin at an average rate of ~1 % per year. Asymptomatic/
smouldering MM (SMM) has a larger tumour mass than MGUS, but sporadically 
progresses to symptomatic MM at an average rage of ~10 % per year for the fi rst 5 
years, 3 % for the next 5 years, and 1 % for the next 10 years [ 5 ]. Unlike MGUS, 
therefore, the rate of progression of SMM is not fi xed, but decreases over time. 
This indicates that SMM likely represents a mix of patients with MGUS, and others 
with MM who have not yet developed end-organ damage. Extramedullary MM, 
often manifested as primary or secondary plasma cell leukaemia (PCL), is a more 
aggressive stage of disease [ 2 ,  6 ]. MM cell lines (MMCLs) usually are generated 
only from extramedullary MM tumours [ 7 ]. 

 MGUS and MM tumour cells secrete monoclonal immunoglobulin (Ig) that has 
a high prevalence of somatic mutations in the variable regions of the heavy and light 
chains, consistent with repeated rounds of somatic hypermutation (SHM) and 
antigen selection in precursor germinal centre B cells [ 8 ,  9 ]. Similar to long-lived 
BMPCs, most MGUS and MM tumours have undergone productive  IGH  class 
switch recombination (CSR), resulting mostly in expression of IgG or IgA and, 
rarely, IgE or IgD. However, about 1 % of tumours express IgM. In addition, about 
15 % of MGUS and newly diagnosed MM tumours express an Ig light chain but no 
Ig heavy chain, most likely a consequence of post-germinal centre inactivation of 
 IGH  expression by a variety of mechanisms, including  IGH  translocations [ 4 ,  10 ].  

P.L. Bergsagel and W.M. Kuehl



141

8.2     Three Specifi c DNA Modifi cations Mediate 
Translocations in B Cell Tumours 

 Many kinds of B cell tumours have chromosomal translocations that involve the 
 IGH  locus (14q32.3), or less often one of the light chain loci: kappa ( IGK , 2p12) or 
lambda ( IGL , 22q11.2) [ 11 ]. Most of these translocations appear to be a conse-
quence of errors in three B cell-specifi c DNA modifi cation processes: (1) V(D)J 
recombination (VDJR), which is recombination activation gene complex (RAG1/
RAG2) dependent, mostly occurs at very early stages of B cell development but 
sometimes during receptor editing or receptor revision at later stages of B cell 
development; (2) somatic hypermutation (SHM), which is activation-induced 
cytidine deaminase (AID) dependent, occurs almost exclusively in germinal centre 
B cells; and (3) IgH class switch recombination (CSR) which is also AID dependent 
and occurs mainly but not exclusively in germinal centre B cells (Table  8.1 ).

   CSR involves recombination between long repetitive switch regions (Sμ, Sγ, Sα, 
Sε) located upstream of all  IGH  constant regions except for  IGH  delta [ 12 ]. The μ>δ 
CSR, involves Sμ and/or 422 bp duplicated sequences (σμ and σδ) positioned, 
respectively, upstream of Sμ and δ sequences [ 13 ,  14 ]. 

 Each of these three mechanisms, which appear to be operative only at specifi c 
stages of B cell development, can generate double-strand breaks at or near specifi c 
sites in an  IG  locus, but sometimes can cause mutations or double-strand breaks in 
non- IG  loci [ 11 ,  12 ,  15 ,  16 ]. The consequence of IG translocations typically is dys-
regulation and increased expression of an oncogene that is positioned near one or 
more of the strong  IGH  enhancers (Eμ, Eα1, Eα2), the  IGK  enhancers (E.IK, E.3′K), 
or the  IGL  enhancer (E.3′L) (Fig.  8.1 ).

   Translocations mediated by the fi rst two mechanisms typically generate a trans-
location breakpoint upstream of all enhancers, so that all enhancers are relocated to 
one of the two derivative chromosomes, der(14) for  IGH , der(non-2) for  IGK , and 
der(non-22) for  IGL . By contrast, the CSR mechanism generates a breakpoint 
within or near a switch region, so that Eα1 and/or Eα2 are relocated to der(14) 
whereas Eμ (and sometimes Eα1) are relocated to der(non-14). As a result an 
oncogene can be dysregulated by an  IGH  enhancer on both chromosomes, as fi rst 
demonstrated for  FGFR3  on der(14) and  WHSC1/MMSET  on der(4) in MM [ 17 ].  

    Table 8.1    B-cell specifi c DNA modifi cations that contribute to chromosome translocations in 
multiple myeloma   

 DNA modifi cation  Mechanism  Timing 

 VDJ recombination  RAG1/RAG2  Mostly early B-cell, but sometimes during receptor 
editing or receptor revision in mature B cells 

 Somatic hypermutation  AID  Germinal centre B cells 
 Class switch 
recombination 

 AID  Mainly, but not exclusively, 
germinal centre B cells 
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8.3      IGH  Rearrangements Are Present in About 50 % 
of MM Tumours 

 Conventional cytogenetics of MM greatly underestimated the prevalence of  IGH  
translocations, and rarely identifi ed the partner chromosomal loci, except for 
t(11;14). This was a consequence of: a low mitotic index, the telomeric location of 
the  IGH  locus together with telomeric or subtelomeric location of many partner 
loci, and the marked complexity of karyotypes [ 13 ,  18 ]. Interphase FISH assays 
largely solved the problem of detecting  IGH  translocations. Quantitative interphase 
FISH procedures are performed using a three colour cytoplasmic immunoglobulin 
method (cIg FISH) [ 19 ], or on purifi ed MGUS/MM cells that are selected on anti-
 CD138 magnetic beads [ 20 ]. It is worth noting that the widely used Vysis  IGH  
probes effi ciently detect translocations but do not effi ciently identify insertions of 
 IGH  sequences; fortunately other  IGH  probes that detect Ea1 and Ea2 sequences – 
including a Cytocel commercial probe – can effi ciently detect both  IGH  transloca-
tions and  IGH  insertions [ 21 ]. Results from many studies indicate that the prevalence 
of  IGH  translocations is ~45 % for MGUS tumours, ~55 % for intramedullary MM 
tumours, ~80 % in primary PCL, and ~80 % in MMCL [ 6 ,  20 ,  22 – 27 ]. There is very 

V D J Eμ Cμ Cα1 Eα1 Ins1 Cα2 Eα2 Ins2

J Eμ Cμ Cα1 Eα1 Ins1 Cα2 Eα2 Ins2

D-J recombination
V-DJ recombination
Somatic hypermutation

FGFR3 Cα2 Eα2 Ins2

V D J Eμ MMSET

V D

J Eμ Cα2 Eα2 Ins2V D

Switch recombination

J Eμ Cμ Cα1 Eα1 Ins1 Ca2 Eα2 Ins2CCND1

JV D MYEOV der(11)t(11;14)

der(14)(t(11;14)

der(4)t(4;14)

der(14)t(4;14)

chr14 germline

chr14 B-cell

chr14 B-cell

  Fig. 8.1    Schema of  IGH  translocations mediated by B-cell specifi c DNA modifi cations in multiple 
myeloma. VDJ recombination, somatic hypermutation and class switch recombination remodel the 
germline  IGH  locus during B cell development ( top ). Errors in VDJ recombination and somatic 
hypermutation contribute to translocations that juxtapose all three  IGH  enhancers ( red ) to the 
translocated oncogene (e.g., CCND1) on der(14)t(11;14)(q13.3;q32.3) ( middle ). In contrast, errors 
in class switch recombination dissociate the  IGH  enhancers, so that the intronic enhancer (Eμ) 
dysregulates MMSET on der(4)t(4;14)(p16.3;q32.3), and the 3′  IGH  enhancer (3′α2) dysregulates 
 FGFR3  on der(14)t(4;14)(p16.3;q32.3) ( bottom ). Insulators ( blue ) downstream of the 3′ enhancers 
prevent downstream gene dysregulation       
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little information about  IGK  or  IGL  rearrangements. However,  IGL  rearrangements 
were identifi ed in about 15–20 % of MMCL or advanced MM tumours, whereas 
IGK rearrangements are much less frequent, i.e., ~2 % of MMCL or advanced MM 
tumours [ 27 ].  

8.4     Primary  IGH  Translocations: An Early Oncogenic Event 
in ~40 % of MM Tumours 

 Primary  IGH  translocations are defi ned as recurrent translocations that are present 
in both MGUS and MM tumours, although it is unknown if they represent the initial 
oncogenic event [ 28 ]. The seven recurrent  IGH  translocations comprise three trans-
location groups, with the chromosomal site, target oncogene(s), and approximate 
prevalence in MM as indicated [ 1 ,  20 ,  25 ,  29 – 31 ]:

 Cyclin D group: 
   11q13.3 ( CCND1 )  15 % 
   12p13.3 ( CCND2 )  ~1 % 
   6p21.1 ( CCND3 )  2 % 
 MAF group: 
   16q23 ( MAF )  5 % 
   20q12 ( MAFB )  2 % 
   8q24.3 ( MAFA )  <1 % 
 WHSC1/MMSET and FGFR3 group: 
   4p16.3 ( WHSC1/MMSET  and  FGFR3 )  14 % 

   Together the combined prevalence of primary  IGH  translocations is approximately 
40 % in MM but somewhat lower in MGUS. Compared to MM, MGUS has a 
signifi cant decrease in the prevalence of t(4;14) (~4 %) and possibly t(14;16), and an 
apparent increase in t(11;14). It is possible but unproven that the lower prevalence 
of t(4;14) and t(14;16) in MGUS results from a more rapid progression from MGUS 
to MM, and vice versa for the increased prevalence of t(11;14) in MGUS. Surprisingly, 
the prevalence of t(11;14) is markedly increased (~40 %) for MGUS tumours that 
are associated with primary amyloidosis, but presently there is not a good explana-
tion for this observation [ 32 ,  33 ]. Most of the primary  IGH   translocations appear to 
be generated as simple reciprocal translocations, usually with both derivative chro-
mosomes present at all disease stages. However, for the t(4;14), about 20 % of MM 
tumours and MMCL have lost the der(14) so that  FGFR3  no longer is dysregulated 
[ 34 – 36 ]. There are no examples of MM tumours or MMCL that have lost the der(4). 
This suggests that dysregulation of  MMSET  on the der(4) is essential both for early 
pathogenesis but also for maintenance of the tumour throughout the course of the 
disease. Some MM tumours and MMCLs with the t(11;14) do not have the der (11), 
and others have two copies of the der(14) and one copy of the der(11) [ 27 ,  37 ,  38 ]. 
There are very few examples of insertions that juxtapose  IGH  enhancer sequences 
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with one of the seven recurrent  IGH  partners [ 27 ]. Rare monoclonal tumours have 
two independent  IGH  translocations or insertions that involve two different 
 IGH  translocation groups, e.g., 4p16.3 and 11q13.3; 4p16.3 and 16q23; 6p21.1 
and 16q23; and possibly 11q13.3 plus 20q12 [ 24 ,  27 ]. Curiously,  IGL  and IGK 
translocations rarely involve one of the seven recurrent  IGH  partners, but  IGL  
translocations involving 6p21.1 [ 39 ] or 16q23 [ 40 ], and insertions involving 20q12 
and  IGK  [ 41 ] or  IGL  [ 27 ] have been identifi ed.  

8.5     Primary  IGH  Breakpoints Generated by All 3 B Cell 
Specifi c DNA Modifi cations in MM 

 Metaphase and interphase FISH analyses, together with conventional cytogenetics 
and spectral karyotypic (SKY) analyses, can effi ciently identify most IG rearrange-
ments, including the apparent partner chromosomal loci. However, identifi cation of 
the rearrangement breakpoints and target genes has been a more involved process. 
Initially this was done by a combination of Southern blotting to map breakpoints, 
plus conventional cloning or various PCR procedures to isolate more than 50 
primary  IGH  breakpoints [reviewed in [ 28 ]]. Unfortunately, this was a somewhat 
biased approach, which focused mainly on  IGH  switch regions, and to a somewhat 
lesser extent on sequences between JH and Sμ. More recently, mate pair sequencing 
(PLB&WMK, unpublished), whole genome sequencing [ 42 ], and targeted sequenc-
ing of captured genomic regions containing  IG  sequences [ 43 ] have resulted in 
more than 60 additional primary  IGH  breakpoints that are less biased for specifi c 
regions within the  IGH  locus. A summary from the analysis of more than 100 primary 
 IGH  breakpoints includes the following [ 18 ,  28 ,  43 ]. First, the locations of break-
points in the  IGH  locus suggest that all three B cell specifi c DNA modifi cation 
processes (CSR>VDJR>SHM) can be implicated (Table  8.1 ). Second, the positioning 
of breakpoints near or within V, D, or J sequences suggests errors in D>J joining 
and less often V>DJ joining or V region replacement, all of which are mediated by 
the VDJR mechanism. Third, two t(14;16) breakpoints are located near one of two 
nearly identical non-adjacent sequences in the  IGH  locus but with no homology to 
the partner chromosome; the authors suggested a homologous recombination mech-
anism, but the molecular basis for this event is unclear [ 43 ]. Fourth, in all cases, the 
t(4;14) involves  IGH  switch regions. Fifth, about half of the t(11;14) breakpoints 
occur near or within switch regions, about one third at locations suggesting errors in 
VDJR, and most of the others at locations consistent with errors in SHM [ 18 ,  28 , 
 43 ]. Sixth, there is less data for the t(6;14), t(14;16), and t(14;20) breakpoints, but it 
appears that about 50 % are located near or within switch regions. 

 The location of breakpoints within the  IGH  locus has been used to infer not only 
the occurrence of an error in a particular B cell specifi c DNA modifi cation process 
but also the time of occurrence during B cell development. The latter makes two 
assumptions: (1) that we know at what stage(s) of normal B cell development a 

P.L. Bergsagel and W.M. Kuehl



145

particular modifi cation occurs; and (2) that a particular modifi cation occurs only 
during the stage(s) implicated for normal B cell development, but not at another 
stage in a pathological situation. For translocations involving switch regions there 
are several lines of evidence indicating that most – if not all – of these rearrange-
ments occur during normal  IGH  switch recombination. First, cloning and sequencing 
of  IGH  switch breakpoints in 40 t(4;14) MM tumours or MMCLs show that the 
5′ switch breakpoint on the der(4) always is μ-, μγ-, or μα- and the 3′ switch break-
point on the der(14) involves -μ, -γ, or -α, and less often –μγ or -μα; one caveat is 
that t(4;14) rearrangements may be uniquely constrained to have breakpoints close 
to Eμ so that  MMSET  can be dysregulated on the der(4) [ 28 ]. Second, in the U266 
MMCL, a productive μ>ε switch was associated with a second switch event that 
excised a portion of the intervening switch sequences (including Eα1), and inserted 
them near the  CCND1  gene at 11q13.3 [ 44 ]. Third, when 3′ switch breakpoints 
involve distal switch regions (-γ2, -γ4, -α2), Eα1 almost always is deleted as would 
be predicted if a normal switch event involved Sμ and a distal switch region [ 28 ]. 

 The timing of translocations that appear to be mediated by errors in VDJR or 
SHM presents a more complex situation. It was suggested that rearrangements 
involving V segments associated with JH mutations could represent either receptor 
revision or SHM in germinal centre B cells, whereas the lack of JH mutations was 
more consistent with revision in B cells that have not yet undergone SHM [ 43 ]. 
Most interestingly, the authors described seven examples [six with the t(11;14)] of 
translocation breakpoints suggesting an apparent error in D>J joining. As a result 
they suggested that some translocations can occur in pro-B cells that are undergoing 
D>J rearrangements. This provocative result is consistent with the fact that Eμ. 
CCND1 transgenic mice show only minimal abnormalities of normal B cell devel-
opment [ 45 ,  46 ]. However, an alternative explanation that D>J joining can occur 
in mature human B cells – perhaps only as a rare pathological event – cannot 
be excluded.  

8.6     Locations of Breakpoints on Primary  IGH  Translocation 
Partner Chromosomes 

 The primary  IGH  translocation partner chromosome breakpoints have a number of 
interesting features [ 28 ,  43 ]:

    1.    The breakpoints can be located more than 1000 kb centromeric to the oncogene 
that is dysregulated on the der(14), e.g., 20q12 breakpoints are 300–1200 kb 
downstream of  MAFB  and 16q23 breakpoints are 480–1280 kb downstream of 
 MAF .   

   2.    The 16q23 breakpoints are located mostly within the ultimate intron of  WWOX , 
which includes the FRA16D fragile site, and has been proposed to be a tumour 
suppressor gene in some tumours.   
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   3.    For two translocations the oncogene apparently can be dysregulated even when 
other genes are closer to the breakpoint. For t(4;14) tumours,  FGFR3  is dysregu-
lated, whereas  LETM1 , which is located between  FGFR3  and the breakpoint, is 
not dysregulated. For t(11;14) tumours, the breakpoints are mostly scattered 
throughout the 400 kb region upstream of  CCND1  and downstream of  MYEOV . 
However, breakpoints in fi ve tumours were located in a 90 kb region upstream of 
 MYEOV , and the breakpoint in one tumour was located in the  PPP6R3  gene, 
which is located centromeric to both  TPCN2  and  MYEOV  [ 43 ].   

   4.    The mechanism(s) responsible for creating double-stranded breaks on the part-
ner chromosomes are not well understood; However, the frequent involvement 
of AID was suggested based on the presence of CpG dinucleotide sequences or 
WGCW sequences, known AID recognition sites, near the breakpoint in up to 61 
% of samples [ 43 ].   

   5.    The breakpoints in t(4;14) tumours are invariably located upstream of  MMSET  
or clustered in 5′ introns in  MMSET  [ 17 ,  35 ,  43 ]. Therefore  FGFR3  is positioned 
30–80 kb telomeric to the 3′ IGH  enhancers on the der(14). Full length or vari-
ously truncated portions of  MMSET  are positioned near the Eμ enhancer on the 
der(4), with consequent expression of hybrid transcripts that contain JH or Iμ 
exons. Importantly, the hybrid transcripts, unique for this translocation, can be 
detected by a very specifi c and sensitive PCR assay. This invariant scenario is 
consistent with the need to simultaneously dysregulate both  FGFR3  and  MMSET  
early in tumourigenesis, despite the fact that the der(14) is not present in ~20 % 
of MM tumours, presumably because subsequent oncogenic events (e.g.  RAS  
gene mutations) obviate the need for dysregulation of  FGFR3 .    

8.7       Two Major Pathways of MM Pathogenesis: Primary 
 IGH  Translocations and Hyperdiploidy 

 Approximately half of MM tumours are hyperdiploid (HRD), typically containing 
48–60 chromosomes and, typically with a characteristic pattern of multiple trisomies 
involving eight chromosomes ( 3 ,  5 ,  7 ,  9 ,  11 ,  15 ,  19 ,  21 ) [  47 ,  48 ]. Non- hyperdiploid 
(NHRD) MM tumours usually are hypodiploid, pseudodiploid, or subtetraploid, 
often with near diploid and subtetraploid cells in the same tumour. Interphase FISH 
studies indicate that HRD tumours constitute a somewhat lower fraction in MGUS 
compared to MM [ 20 ,  49 ]. Primary  IGH  translocations are present in ~70 % of 
NHRD MM tumours but only ~15 % of HRD MM tumours. Similar to MM, primary 
 IGH  translocations are found mostly in NHRD MGUS tumours [ 20 ]. Despite some 
overlap, it generally is thought that the two major pathways of MGUS/MM 
pathogenesis are associated with primary  IGH  translocations or hyperdiploidy, 
respectively, as early if not initiating events. The causes and molecular consequences 
of hyperdiploidy have not been elucidated at this time. However, it is notable that 
the fraction of MM tumours with hyperdiploidy increases with age and the fraction 
of tumours with  IGH  translocations decreases with age [ 50 ].  
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8.8      MYC  Rearrangements: A Paradigm for Secondary 
Rearrangements in MM 

 Prior to the development of FISH and spectral karyotyping technology, conven-
tional cytogenetic analysis rarely identifi ed  MYC  rearrangements in MM tumours or 
MMCLs [ 18 ]. The fi nding that only one  MYC  allele was expressed in all nine infor-
mative MMCLs examined prompted metaphase FISH studies, which showed that 
19 of 20 MMCLs and 7 of 14 advanced MM tumours had complex rearrangements 
of  MYC  or  MYCL , many of which did not involve one of the three  IG  loci [ 40 ]. 
Collectively, comprehensive metaphase FISH studies, which utilized  IGH ,  IGL, 
IGK, MYC ,  MYCL ,  MYCN , and whole chromosome painting probes, identifi ed rear-
rangements of  MYC ,  MYCN , or  MYCL  in 42/53 (79 %) MMCLs and 28/62 (45 %) 
advanced MM tumours [ 27 ,  40 ]. There was heterogeneity of  MYC  rearrangements 
in some MM tumours. Less comprehensive spectral karyotyping studies detected a 
somewhat lower prevalence of  MYC  rearrangements in advanced MM tumours [ 37 , 
 38 ]. The  MYC  rearrangements were mostly unbalanced translocations or insertions, 
often with involvement of three chromosomes, and sometimes with associated 
amplifi cation, duplication, deletion, or inversion (Fig.  8.2 ).

   Interphase FISH studies using  IGH ,  IGL , and  MYC  probes, together with a pair 
of probes fl anking the  MYC  locus, were done on 22 MMCL, 529 newly diagnosed 
MM tumours, 53 relapsed MM tumours, and 63 MGUS tumours [ 51 ].  MYC  locus 
rearrangements, which often were present in only a fraction of primary tumour 
cells, were detected in 55 % of MMCL and 16 % of MM tumours, but only 3 % of 
MGUS tumours. Another study reported a smouldering MM tumour with no  MYC  
rearrangement that progressed to symptomatic MM with a  MYC  rearrangement 
[ 52 ]. Finally, in contrast to primary  IGH  translocations (above), the  IGH  break-
points in  MYC : IGH  translocations are rarely within or near switch regions or VDJ 
sequences [ 28 ,  29 ]. Therefore, they are unlikely to be caused by errors in the B cell 
specifi c DNA modifi cation mechanisms that are thought to be inactive in plasma 
cells and plasma cell tumours. Together, these results indicate that  MYC  rearrange-
ments are a paradigm for secondary rearrangements that are uncommon in MGUS 
but have an increasing prevalence during progression of MM. 

 The combination of metaphase FISH (see above) and Agilent 244 K CGH arrays 
detected  MYCN  (one MMCL),  MYCL  (one MMCL) or  MYC  locus (chr8: 
126000000–130000000[hg19]) rearrangements in 47/53 (89 %) MMCL [ 29 ]. 
Rearrangements in fi ve MMCLs were detected only by FISH and in fi ve other 
tumours only by CGH. For the 47 MMCL with  MYC  rearrangements, 28 (60 %) 
repositioned a  MYC  family member near one of the  IG  3′ enhancer sequences that 
are included in the FISH probes (21 with  IGH , 5 with  IGL , and 2 with  IGK ). 

 A combination of 244 K CGH, interphase FISH to detect  MYC : IGH  and 
 MYC : IGL  fusions, and gene expression profi ling identifi ed  MYC  locus rearrange-
ments or  MYCN  expression (two tumours) in 108/218 (49 %) MM tumours [ 29 ]. 
The prevalence of rearrangements was not signifi cantly different for treated (52 %) vs 
newly diagnosed (46 %) vs smouldering (55 %) MM tumours. Of these, 33/218 (15 %) 
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  Fig. 8.2    Rearrangements of  MYC ,  MYCN  and  MYCL  in multiple myeloma. Ideograms of chromo-
somal rearrangements including inversions ( stippled ), deletions ( stippled ), insertions ( black line ), 
and translocations (chr8 is shaded in  grey ). A variant  IGH  translocation has a small inversion near 
the breakpoint so that the insulator is not positioned between  MYC  and the 3′  IGH  enhancer       
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tumours had  MYC : IGH  (11 %) or  MYC : IGL  (4 %) fusions, with 22 of these tumours 
also having a rearrangement detected by CGH. There was signifi cant heterogeneity 
of the  MYC : IG  fusion signal in 6 of the 33 tumours. Using  MYC  as a reference 
location, the  MYC  locus copy number abnormalities detected by CGH, which were 
similar for MMCL and MM tumours, comprised four groups: centromeric changes 
(mostly segmental loss), segmental  MYC  gain, telomeric segmental gain that was 
located mostly in a region 350–500 kb downstream of  MYC , and other telomeric 
CNA.  MYC : IGH  or  MYC : IGL  fusions were present in only 4 % of the tumours with 
centromeric changes, but in about 30 % of the tumours in each of the other three 
groups. 

  MYC  expression in MMCL and MM tumours was mostly monoallelic with 
rearrangements, but mostly biallelic without rearrangements. The mean level of 
 MYC  RNA expression was about threefold higher in tumours or MMCL with vs. 
those without  MYC  rearrangements. Surprisingly, for both MMCL and MM 
tumours, the mean level of  MYC  expression was similar for rearrangements that did 
or did not involve  IG  loci. 

 Given that the CGH and FISH assays would miss some  MYC  rearrangements 
(e.g., balanced translocations; some inversions and insertions), it was estimated that 
 MYC  rearrangements are likely to have been present in ~60 % of the MMRC MM 
tumour samples [ 29 ]. Therefore, it seems that  MYC  is the most frequent target of 
genomic rearrangements in MM. It is clear that many  MYC  rearrangements occur 
during progression of MM. However, even though the increased expression of  MYC  
in MM compared to MGUS often is mediated by a biallelic mechanism, it is  possible 
that in some tumours, increased monoallelic expression of  MYC  mediated by  MYC  
rearrangements is a driver of the MGUS to MM transition.  

8.9     Complex  MYC  Rearrangements Mostly Hijack 
Nonrandom Super Enhancers 

 Enhancer DNA regulatory elements, which can directly regulate the transcriptional 
activity of genes, typically are located near or within the relevant gene(s), but some-
times can be located more than 1 Mb away from the gene [ 53 ,  54 ]. Enhancers can 
be identifi ed by distinct patterns of histone marks (e.g., H3K27Ac), and the presence 
of specifi c transcription factors (e.g.,  MED1  or  BRD4 ) [ 55 – 57 ] (Table  8.2 ). Super 
enhancers (SE) typically are associated with genes that generally are expressed at a 
high level in specifi c cell types [ 55 ,  56 ]. Compared to conventional strong enhancers, 
SEs are identifi ed by having a larger size and increased levels of  MED1 ,  BRD4 , and 
H3K27Ac. Stretch enhancers (STRE), which can be weak or strong enhancers 
but have a size of at least 3 kb, often are tissue-specifi c and overlap locus control 
regions [ 57 ]. SEs have been identifi ed in the MM.1S MMCL and the GM12878 
lymphoblastoid cell line, which is phenotypically similar to MM.1S. STRE have 
been identifi ed in GM12878 but not in MM.1S.
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    MYC : IG  rearrangements in MMCL and MM tumours have been characterized by 
a combination of FISH, CGH, mate-pair sequences, cloned sequences, and whole 
genome sequencing [ 18 ,  20 ,  27 ,  29 ,  40 ,  58 – 60 ]. Although some of the  MYC : IG  
rearrangements are simple reciprocal translocations, most of them are complex 
translocations or insertions (Fig.  8.1 ). 

 The major reason for complexity may be related to aberrant mechanisms that are 
responsible for karyotypic complexity in most kinds of tumours, including 
MM. However, in some cases the complexity seems to have a more direct role in the 
process of dysregulating  MYC , a conclusion supported by three examples: (1) in the 
Karpas 620 MMCL, a der(14) t(11;14) with dysregulation of  CCND1  undergoes a 
rearrangement with chr8 that results in a der(8)t(8;14;11) and a der(14)t(8;14;11) 
that share ~1,700 kb of sequences from chromosomes 8,11, and 14, including  MYC  
and the 3′ IGH  SEs [ 60 ]; (2) in the RPMI 8226 MMCL, the insertion of  MYC  at a 
der(16)t(16;22) breakpoint is associated with a duplication of the 3′ IGL  SE so that 
both  MAF  and  MYC  are dysregulated by different 3′E. IGL  SE sequences(WMK&PLB, 
unpublished); and (3) in the LP1 MMCL, a variant  IGH  translocation, i.e. der(8)
t(8;14), includes an inversion on chromosome 14 so that the insulator sequences that 
normally are centromeric to the 3′ IGH  SE are not positioned between the SE and 
 MYC , which is located centromeric to the SE for this translocation [ 29 ]. 

 Recently the fi rst molecular details about non- IG MYC  locus rearrangements in 
MMCLs or MM tumours have been reported [ 29 ,  60 ]. The structures of these rear-
rangements involving  MYC  (or  MYCL ) were deduced from a combination of FISH, 
CGH, mate-pair sequences, cloned sequences, and whole genome sequences of 14 
MMCLs and 11 MMRC MM tumours. In 18 of these 25 non- IG MYC  locus rear-
rangements,  MYC  is repositioned near a nonrandom group of MM.1S SEs ( NSMCE2  
[8q24.13],  TXNDC5  [6p24.3],  FAM46C  [1p12],  FOXO3  [6q21],  PRDM1  [6q21], 
 IGJ  [4q13.3],  SNX5  [20p11.2],  ANKRD55  [5q11.2],  FAM188A  [10p13]) or 
GM12878 STREs ( AHNAK  [11q12.3],  MTSS1  [8q24.13],  TRIB1  [8q24.13]) (Table  8.2 ). 

    Table 8.2    Characteristics of enhancers juxtaposed to MYC in multiple myeloma   

 Super 
(Loven) 

 Super 
(Hnisz) 

 Stretch 
(Parker)  Conventional 

 Marks  MED1, BRD4  H3K27Ac  6 ChIP marks a   – 
 Clustering  Stitched (<12.5 kb gaps)  Stitched  No  No 
 Median size  19 kb  8.7 kb  >3 kb (no gaps)  ~1 kb 
 Number in 
MM.1S (MMCL) 

 308  640  ND  ~10,000 

 Number in 
GM12878 (LCL) 

 257  10,615 
(2318>6 kb) 

 10,000 (Hnisz) 
 100,000 
(Parker) b  

 Rearranged near 
MYC >> MYCN > 
MYCL in MM 

 IGH, IGL, IGK, IGJ, 
TXNDC5, FAM46C, 
FOXO3, PRDM1, 
SNX5, ANKRD55, 
FAM188A 

 NSMCE2  MTSS1, 
AHNAK, 
TRIB1, PVT1 

   a CTCF, H3K4me3, H3K4me, H3K27ac, H3K27me3, H3K36me3 
  b Parker data includes weak conventional enhancers  
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Several of the SEs were recurrent ( NSMCE2, TXNDC5, FAM46C, FOXO3, SNX5 ). 
Moreover, samples with centromeric CNAs appear to be mostly deletions or inver-
sions that reposition  MYC  relatively close to SEs in intron 4 of  NSMCE2 , which is 
~2,500 kb upstream of  MYC , or to STREs associated with  TRIB1 , which is ~2,300 
kb upstream of  MYC . Six of the other seven non- IG MYC  locus rearrangements 
position  MYC  near conventional enhancers (two), centromeric to  NBEA  [13q13.3] 
but not close to any obvious enhancer (two), or with large tandem duplications that 
are located 350–500 kb downstream of  MYC  (two).  

8.10     Characteristics of Secondary Immunoglobulin 
Rearrangements in Multiple Myeloma 

 Secondary rearrangements are not highly recurrent for partners other than  MYC  and, 
therefore, it has not been possible to compare the prevalence of these events in 
MGUS and MM. However, there are a few cases for which heterogeneity of a rear-
rangement in MM tumours suggests that a rearrangement is a secondary event. For 
example, the recently reported complex t(7;14) rearrangement, which is associated 
with ectopic expression of  EGFR , was present in 85 % of MM tumour cells whereas 
other chromosome abnormalities were present in 97–99 % of tumour cells [ 61 ]. In the 
absence of more defi nitive proof, the following criteria, which are based on the 
analysis of  MYC  rearrangements, are suggestive that a rearrangement is secondary: 
(1) rearrangements are usually unbalanced translocations or insertions, often with 
involvement of three chromosomes, and sometimes with associated amplifi cation, 
duplication, deletion, or inversion; and (2) rearrangement breakpoints usually are 
not within or very close to  IGH  switch regions or VDJ sequences even though these 
regions might sometimes be targeted by mechanisms other than the B cell specifi c 
DNA modifi cation processes that are thought to be turned off in MGUS and MM 
tumours [ 18 ,  28 ]. Using these criteria, it is likely that rearrangements involving  IGK  
and  IGL  are mostly secondary events, since they mostly are complex rearrangements 
that often involve  MYC  and rarely involve any of the seven primary  IGH  transloca-
tion partners [ 27 ]. Most  IGH  insertions and  IGH  rearrangements not involving one 
of the seven primary partners appear to be secondary events. However, the rare 
examples of MGUS or MM tumours with  IGH  rearrangements that target two of 
the primary partners suggest that one of the rearrangements is secondary [ 24 ,  27 ]; 
this is especially convincing for an MGUS tumour for which FISH identifi es the 
t(4;14) in all tumour cells but the t(11;14) in ~30 % of tumour cells. In addition, 
 MAFB  expression is increased in the L363 MMCL, which has a complex rearrange-
ment that positions  MAFB  near a  PDK1  SE (WMK&PLB, unpublished), and in the 
XG-2 MMCL, which has 3′ IGL sequences inserted near  MAFB  [ 27 ]. Therefore, it 
appears that  MAF  and  MAFB , which are primary  IGH  translocation targets, may 
be particularly prone to be targets of secondary rearrangements. Secondary  IG  
rearrangements have a similar prevalence in NHRD and HRD tumours, but  MYC  
rearrangements not involving  IG  loci are signifi cantly more frequent in HRD 
tumours than in NHRD tumours [ 20 ,  27 ,  29 ].  
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8.11     Concluding Thoughts and Unresolved Issues 

 Despite continued progress in our understanding of the roles of primary and second-
ary immunoglobulin rearrangements in the pathogenesis of MGUS and MM 
tumours, many important questions remain unanswered, some of which are briefl y 
summarized below:

    1.    Are any of the primary translocations suffi cient to cause MGUS? This does not 
seem to be the case for the t(11;14) translocations based on Eμ. CCND1 transgenic 
mice [ 45 ,  46 ] or for the t(4;14) since hybrid transcripts of  MMSET  are frequently 
found in healthy individuals (Marta Chesi, personal communication).   

   2.    Primary  IGH  translocations target  CCND1 >> CCND3 > CCND2  both in MM and 
in mantle cell lymphoma despite the fact that B lineage cells express  CCND2  
and  CCND3 , but little or no  CCND1 . There still is no compelling explanation for 
the more frequent involvement of  CCND1 .   

   3.    Weinhold et al. [ 62 ] recently reported that the G allele for the rs603965 germline 
polymorphism(codon 870 G/A) is signifi cantly associated (OR ~2, P < 10 −10 ) 
specifi cally with t(11;14) MGUS and MM but not t(11;14) mantle cell lymphoma. 
This is the fi rst example of a specifi c translocation in MM that is associated with 
a germline polymorphism. It is unclear if the more effi cient splicing of the G allele 
somehow enhances selection of cells with a t(11;14), or whether the G allele is 
more susceptible to acquiring a t(11;14).   

   4.    Lopez-Corral et al. [ 63 ] have reported FISH studies showing that only a sub-
clonal population of MGUS tumour cells derived from an individual patient 
have: t(4;14)[median 0.48]; t(11;14)[median 0.38]; or t(14;16)[0.30], with a 
higher fraction of smouldering MM having these translocations, and a still higher 
fraction having these translocations in symptomatic MM. They suggest that the 
t(4;14), t(11;14), and t(14;16) primary  IGH  translocations may actually be 
secondary events, with the tumour cell generated by the initial and unknown 
transforming events being outgrown by tumour cells that subsequently acquire 
one of these  IGH  translocations. This is a provocative result, which seems incon-
sistent with studies reported by others [ 20 ,  24 ,  64 ,  65 ] and, therefore, needs more 
rigorous validation of the hypothesis that they suggest.   

   5.    Hebraud et al. [ 66 ] have reported that the t(4;14) can be present in only minor 
subclones of MM, and that there can be an apparent gain or loss of the t(4;14) 
during tumour progression. For most of the patients in this study, the observa-
tions were based on FISH studies that might not always detect the rearranged 
 MMSET  gene if the telomeric  IGH  sequences on the der(4) were lost during 
chromosome remodelling. In addition, it is unfortunate that the results reported 
in this study had very little experimental detail. In any case, this clearly is a 
provocative result that requires rigorous validation by other groups before their 
hypothesis can be accepted.   

   6.    As indicated above, it remains to be rigorously confi rmed that rearrangements 
mediated by apparent errors in D>J occur in pro-B cells and not at later stages of 
B cell development [ 43 ].   
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   7.    When do  MYC  rearrangements occur during pathogenesis? Interphase FISH 
studies suggest that they have a low prevalence (~3 %) in MGUS compared to 
MM (~16 %). Perhaps some of the MGUS tumours in that study were early MM 
or contained a combination of MGUS and MM cells. It is clear that some  MYC  
rearrangements occur during progression of MM, but how often do  MYC  
rearrangements occur in MGUS and drive the transition of MGUS to MM?   

   8.    What is the full spectrum of super enhancers/stretch enhancers/conventional 
enhancers that are involved in  MYC  rearrangements? What is the basis for a 
nonrandom selection of these regulatory elements for  MYC  rearrangements?   

   9.    Will the identifi cation of recurrent super enhancers or stretch enhancers involved 
in  MYC  rearrangements lead to the identifi cation of novel oncogenes that are 
dysregulated by juxtaposition to these regulatory elements in MM and other 
kinds of tumours?         
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  Abstract     B cell lymphomas represent a diverse group of biologically and clinically 
distinct neoplasms, encompassing over 40 subtypes that derive from the malignant 
transformation of mature B cells, most commonly at the germinal centre (GC) 
stage of differentiation. Analogous to most cancer types, these tumours are caused 
by alterations of oncogenes and tumour suppressor genes, some of which have 
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specifi c roles in GC development. This chapter will focus on the mechanisms and 
consequences of chromosomal translocations and other genetic lesions involved in 
the pathogenesis of the most common types of mature B cell lymphomas, including 
Mantle Cell Lymphoma, Follicular Lymphoma, Diffuse Large B Cell Lymphoma, 
and Burkitt Lymphoma.  

  Keywords     Germinal centre   •   Lymphoma   •   Genetic lesions   •   BCL6   •   Immunoglobulin 
remodelling  

9.1         Introduction 

 This chapter will focus on the role of chromosomal translocations and other mecha-
nisms of genetic lesion in the pathogenesis of the most common and well- 
characterized types of  B cell lymphoma (BCL)  , including Mantle Cell Lymphoma 
(MCL), Follicular Lymphoma (FL), Diffuse Large B Cell Lymphoma (DLBCL), 
and Burkitt Lymphoma (BL). Two additional common lymphoid malignancies, 
Chronic Lymphocytic Leukaemia (CLL) and Hodgkin Lymphoma (HL), will not be 
discussed in this chapter since either they lack recurrent chromosomal transloca-
tions (CLL) or their genome is still incompletely characterized (HL). Emphasis will 
be placed on the mechanisms of genetic lesions and the function of the involved 
genes in the context of normal B cell biology.  

9.2     Cell of Origin of B Cell Lymphomas 

 Knowledge of the unique events that take place in the cell of origin of BCL is essen-
tial for understanding the mechanisms that are involved in the generation of 
chromosomal translocations and other BCL-associated genetic lesions. Most BCLs 
develop from the malignant expansion of mature B cells, and with the exception of 
MCL, arise from B cells that are arrested at various stages during their transit 
through a particular structure known as the germinal centre (GC). The GC is a 
specialized environment that forms in peripheral lymphoid organs when mature, 
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naive B cells encounter a foreign antigen for the fi rst time, in the context of signals 
delivered by CD4+ T cells and antigen-presenting cells (APC) (Fig.  9.1 ) [ 1 – 3 ].

   GCs are characterized by two histologically and functionally well-defi ned zones: 
the dark zone (DZ), which consists of rapidly proliferating centroblasts (CBs) 
(doubling time 6–12 h), and the light zone (LZ), which is composed of more quiescent 
cells called centrocytes (CCs), surrounded by a network of follicular dendritic cells 
(FDC) and Tfh cells [ 4 ,  5 ]. In the DZ, the process of somatic hypermutation (SHM) 
modifi es the variable region of the immunoglobulin ( IG ) genes, which encodes for 
the antigen-binding portion of the antibody, by introducing mostly point mutations 
that will change its affi nity for the antigen [ 3 ,  6 ]. Following SHM in the DZ, CBs 
move to the LZ, where they compete for limited amount of antigen presented by 
FDCs. Based on the affi nity of their B cell receptor (BCR) for the antigen, CCs will 
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  Fig. 9.1    The germinal centre reaction and lymphomagenesis. Schematic representation of a 
lymphoid follicle illustrating the germinal centre, the mantle zone, and the surrounding marginal 
zone. Upon encounter with a T-cell dependent antigen, naïve B cells undergo rapid proliferation 
and differentiate into centroblasts (CB) in the dark zone of the GC, where they also modify their 
 IG  genes by the process of SHM. CBs then transition into centrocytes (CC) in the light zone, where 
their encounter the antigen again, now presented by FDC, and, based on affi nity for the antigen, are 
either selected to differentiate into plasma cells or memory B cells, re-enter the DZ, or be elimi-
nated by apoptosis. In the light zone, CCs also undergo CSR. With the exception of mantle cell 
lymphoma (MCL), most BCL derive from cells that have experienced the GC reaction ( arrows ). 
FL, follicular lymphoma; BL, Burkitt lymphoma; DLBCL, diffuse large B cell lymphoma ( GCB  
germinal centre B cell-like,  ABC  activated B cell-like)       
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then be selected to differentiate into memory B cells and plasma cells [ 3 ,  7 ] or, 
depending on stimulation by a variety of different signals, re-enter the DZ. In the 
GC, CCs also undergo class-switch recombination (CSR) [ 8 ], a DNA remodelling 
event that confers distinct effector functions to antibodies with identical specifi cities 
[ 9 ]. Both SHM and CSR represent B cell-specifi c functions that modify the genome 
of B cells via mechanisms involving single- or double-strand breaks, and both 
depend on the function of the activation-induced cytidine deaminase ( AICDA  / AID  ) 
enzyme [ 10 ,  11 ]. 

 A master regulator of the GC reaction is the transcriptional repressor BCL6; this 
protein is specifi cally expressed in the GC and is an essential requirement for GC 
formation, as documented in vivo by mouse models where deletion of the  BCL6  
gene was associated to the complete absence of these structures in response to 
antigenic stimulation [ 12 – 14 ]. BCL6 modulates the expression of numerous genes 
involved in BCR and CD40 signalling [ 15 ,  16 ], T-cell mediated B cell activation 
[ 15 ], apoptosis [ 15 ,  17 ], sensing and response to DNA damage [ 18 – 21 ], signalling 
pathways triggered by various cytokines and chemokines (e.g., interferon and 
TGFB1) [ 15 ,  17 ], and terminal B cell differentiation [ 22 ,  23 ]. BCL6 is therefore a 
central player in sustaining the proliferative nature of CBs, while allowing the exe-
cution of specifi c DNA remodelling processes (SHM and CSR) without eliciting 
responses to DNA damage. Furthermore, BCL6 suppresses a variety of signalling 
pathways that could lead to premature activation and differentiation before the 
selection of cells producing high-affi nity antibodies. Once these processes are 
completed, multiple signals, including engagement of the BCR by the antigen and 
activation of the CD40 receptor by the CD40 ligand expressed on CD4+ T-cells, 
will induce the activation of different pathways and ultimately lead to downregulation 
of BCL6 at both the translational and transcriptional level, thus restoring the ability 
of the B cell to become activated and differentiate. 

 This simplifi ed overview of the GC reaction is important to introduce two major 
concepts that are critical for the understanding of B cell lymphomagenesis: (i) as an 
irreversible marker of transit through the GC, the presence of somatically mutated 
 IG  genes in these tumours documented that the majority of BCLs, with the excep-
tion of most MCL cases, derive from the clonal expansion of GC-experienced B 
cells [ 24 ]; (ii) mistakes occurring during SHM and CSR are responsible for the 
generation of genetic alterations associated with BCL, including chromosomal 
translocations and aberrant somatic hypermutation (ASHM).  

9.3     Mechanisms of Genetic Lesions in B Cell Lymphomas 

9.3.1     Chromosomal Translocations 

 In B cell malignancies, chromosomal translocations occur at least in part as a 
consequence of mistakes in  IG  gene modifi cation processes, and can thus be distin-
guished into three groups based on the structural features of the chromosomal 
breakpoint: (i) translocations due to errors occurring during the  RAG  -mediated 
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 V(D)J   recombination process (e.g. translocations involving   IGH    and   CCND1    in 
MCL [ 25 ] and translocations involving  IGH  and  BCL2  in FL) [ 26 ,  27 ]; (ii) translo-
cations due to errors in the  AICDA  / AID   -dependent CSR process (e.g., those 
involving the  IG  genes and   MYC    in sporadic BL) [ 26 ]; and (iii) translocations 
occurring as by-products of DNA breaks generated during the AICDA/AID- 
mediated SHM process (e.g., those joining the  IG  and  MYC  loci in endemic BL) 
[ 26 ]. Importantly, deletion of AICDA/AID in lymphoma-prone mouse models was 
shown to prevent both the occurrence of  IGH / MYC  translocations in normal B cells 
undergoing CSR [ 28 ,  29 ] and the development of GC-type lymphomas [ 30 ,  31 ], 
documenting the involvement and requirement of  IG  gene remodelling mechanisms 
in the pathogenesis of BCL. 

 In most chromosomal translocations associated with BCL, and in contrast with 
translocations associated with acute leukaemias, the coding domain of the involved 
proto-oncogene is left unaltered by the translocation, and no gene fusion is gener-
ated. Instead, heterologous regulatory sequences derived from the partner chromo-
some are juxtaposed in proximity of the oncogene, leading to deregulated expression 
of an intact protein. This process of proto-oncogene deregulation is defi ned as 
homotopic if a proto-oncogene whose expression is tightly regulated in the normal 
tumour counterpart becomes constitutively expressed in the lymphoma cell, and 
heterotopic if the proto-oncogene is not expressed in the putative normal counter-
part of the tumour cell and undergoes ectopic expression in the lymphoma. In most 
types of BCL-associated translocations, the heterologous regulatory sequences 
responsible for proto-oncogene deregulation are derived from antigen receptor 
loci, which are expressed at high levels in the target tissue [ 26 ]. However, in 
certain translocations, such as the ones involving  BCL6  in DLBCL, different 
promoter regions from distinct chromosomal sites can be found juxtaposed to the 
proto-oncogene in individual tumour cases, a concept known as “promiscuous” 
translocations [ 32 – 40 ]. 

 Only few BCL associated chromosomal translocations juxtapose the coding 
regions of the two involved genes, forming a chimeric transcriptional unit that 
encodes for a novel fusion protein, an outcome typically observed in chromosomal 
translocations associated with acute leukaemia. Examples include the t(11;18)
(q22.2;q21.3) found in mucosa associated lymphoid tissue (MALT) lymphoma 
and the t(2;5)(p23.2;q35.1) typical of anaplastic large cell lymphoma (ALCL). 
The molecular cloning of the genetic loci involved in most recurrent translocations 
has led to the identifi cation of a number of proto-oncogenes involved in lymphoma-
genesis (Supplemental Table  9.1 ).

9.3.2        Gain-of-Function Mutations and Copy Number Gains 

 The biological properties of a proto-oncogene can be altered by two additional 
mechanisms, including somatic point mutations and copy number gains/amplifi cations. 
Genomic mutations in the coding and/or regulatory region of a proto- oncogene may 
lead to stabilization or constitutive activation of its protein product. CN gains and 
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amplifi cations typically result in the overexpression of an intact protein. Over the 
past few years, the use of next-generation sequencing technologies and high density 
genomic arrays have led to the identifi cation of numerous recurrent targets of 
somatic mutations and CN changes that likely play central roles in transformation. 
These genes will be discussed in individual disease sections. Of note, point mutations 
of the  RAS  genes, a very frequent proto-oncogene alteration in human neoplasia, are 
rare in lymphomas [ 41 ]. Also, only a few genes have been identifi ed so far as specifi c 
targets of amplifi cation in BCLs, including  REL  and  BCL2  in DLBCL [ 42 – 45 ] 
and the genes encoding for the PD ligands in primary mediastinal B cell lymphoma 
(PMBCL)[ 46 ].  

9.3.3     Deletions and Inactivating Mutations 

 Recent genomic efforts have uncovered several new candidate tumour suppressor 
genes that are lost in BCLs due to chromosomal deletions and/or deleterious muta-
tions. Among these genes,  PRDM1  (also known as  BLIMP1 ) on 6q21 is biallelically 
inactivated in ~25 % of ABC-DLBCL cases [ 47 – 49 ]; and  TNFAIP3 , the gene encod-
ing for the negative NF-κB-regulator A20 on 6q23, is inactivated in ~30 % of ABC- 
DLBCL, as well as in PMBCL, marginal-zone lymphoma and HL [ 50 – 53 ]. 
Heterozygous mutations and deletions inactivating the acetyltransferase genes 
 CREBBP  and  EP300  are observed in a signifi cant fraction of DLBCL and FL, sup-
porting a haploinsuffi cient tumour suppressor role [ 54 ]. DLBCL and FL also carry 
loss-of-function mutations of  KMT2D / MLL2 , a gene encoding for a methyltransfer-
ase found mutated in multiple cancer types [ 55 ,  56 ]. More than half of all CLL cases 
are associated with CN losses encompassing the  DLEU2 / miR15 - a / 16.1  cluster on 
13q14.3 [ 57 – 59 ], while the  CDKN2A / CDKN2B  locus is targeted by focal homozy-
gous deletions in a large proportion of transformed FL (tFL), Richter syndrome 
(RS) and ABC-DLBCL cases [ 60 – 62 ], and is epigenetically silenced in various 
MCL cases [ 63 ]. Loss of the   TP53    tumour suppressor gene, likely the most com-
monly mutated gene in human cancer [ 64 ], is observed at relatively low frequencies 
in BCL, where these lesions seem preferentially associated with specifi c disease 
subtypes, including BL and DLBCL derived from the transformation of FL or CLL 
[ 65 ,  66 ]. Analogous to other neoplasms, the mechanism of  TP53  inactivation in 
BCL entails point mutation of one allele and chromosomal deletion or mutation of 
the second allele.  

9.3.4     Aberrant Somatic Hypermutation 

 In normal GC B cells, the process of SHM is tightly regulated, introducing muta-
tions only in the rearranged  IG  variable sequences [ 67 ] as well as in the 5′ region of 
a few other loci, including  BCL6  and the  CD79  components of the B cell receptor 
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[ 68 – 70 ], although the functional role of mutations found in non- IG  genes remains 
obscure. On the contrary, multiple mutational events have been found to affect 
numerous loci in over half of DLBCL cases [ 71 ] and, at lower frequencies, in other 
lymphoma types [ 72 – 76 ], as the result of a pathologic phenomenon called aberrant 
somatic hypermutation (ASHM). These mutations are typically distributed within 
~2 Kb from the transcription initiation site [ 77 ] and, depending on the genomic 
confi guration of the target gene, may affect both coding and non- coding regions, 
thus holding the potential to alter the function of the encoded protein and its tran-
scriptional regulation. The target loci identifi ed to date include several well-known 
proto-oncogenes, such as  PIM1 ,  PAX5  and   MYC    [ 71 ]. However, the mechanism 
underlying ASHM and a comprehensive genome-wide characterization of its conse-
quences are still incompletely defi ned.   

9.4     Molecular Pathogenesis of Common B Cell Lymphomas 

9.4.1     Mantle Cell Lymphoma 

 Mantle cell lymphoma is a tumour of mature B cells expressing specifi c differentia-
tion markers and characterized in most cases by unmutated   IGH    variable sequences, 
consistent with the derivation from naive, pre-GC peripheral B cells (Fig.  9.1 ). 
However, recent studies revealed the existence of cases that carry SHM-associated 
mutations (15–40 % of diagnoses), refl ecting the infl uence of the GC environment. 

 MCL is characteristically associated with the t(11;14)(q13.3;q32.3) transloca-
tion, which juxtaposes the   IGH    gene to chromosomal region 11q13.3, containing 
the   CCND1    gene [ 25 ,  78 ,  79 ]. The translocation causes the heterotopic deregulation 
of cyclin D1, a member of the D-type G 1  cyclins that regulates the early phases of 
the cell cycle and is normally not expressed in resting B cells [ 80 – 82 ]. Another 
~10 % of MCL patients over-express aberrant or shorter cyclin D1 transcripts result-
ing from secondary rearrangements, microdeletions or point mutations in the gene 
3′ untranslated region [ 78 ,  83 – 85 ]. The tumourigenic role of cyclin D1 deregulation 
in human neoplasia is suggested by the ability of the overexpressed protein to 
transform cells in vitro and to induce B cell lymphomas in transgenic mice, although 
only when combined to other oncogenic alterations [ 86 ,  87 ]. Because of the ele-
vated frequency and specifi city of alterations, the ectopic expression of cyclin D1 in 
the tumour cells constitutes a standard immunohistochemical marker for MCL 
diagnosis [ 88 ]. 

 Additional genetic alterations accompanying the t(11;14)(q13.3;q32.3) in MCL 
include deletions and mutations inactivating the   ATM    gene (~40 % of patients) [ 89 ], 
loss of   TP53    (20 %) [ 90 ], and inactivation of the  CDKN2A  gene by deletions, point 
mutations or promoter hypermethylation, more frequently observed in aggressive cases 
(67 %) [ 91 ]. Aggressive tumours are associated with mutations in   NOTCH1    (12 % of 
clinical samples) and   NOTCH2    (5 % of samples), which are mutually exclusive 
and are typically represented by frameshift or nonsense events leading to the loss 
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of the PEST sequences required for protein degradation and thus to stabilization of 
the NOTCH protein [ 92 ,  93 ]. Less common, yet recurrent and therefore presumably 
functionally relevant mutations involve  BIRC3 , the Toll-like receptor 2 (TLR2), the 
chromatin modifi ers WHSC1 and KMT2D/MLL2, and the MEF2B transcription 
factor [ 92 ]. Finally, in a small number of cases,  BMI1  is amplifi ed and/or overex-
pressed, possibly as an alternative mechanism to the loss of the  CDKN2A  cell cycle 
regulator gene [ 94 ].  

9.4.2     Burkitt Lymphoma 

 BL derives from GC B cells displaying phenotypic and molecular features of trans-
formed centroblasts, as documented by the presence of highly mutated  IG  variable 
sequences [ 95 – 97 ] and the expression of a distinct transcriptional signature [ 98 , 
 99 ]. BL includes three clinical variants: sporadic BL (sBL), endemic BL (eBL) and 
HIV-associated BL, which is often diagnosed as a manifestation of AIDS [ 88 ]. 

 The genetic hallmark of BL is a chromosomal translocation involving the   MYC    
gene on chromosome 8q24.2 and one of the  IG  loci on the partner chromosome 
[ 100 ,  101 ], with   IGH    (14q32.3) being the most frequently involved (80 % of cases) 
and  IGK  (2p12) or  IGL  (22q11.2) being found in the remaining 20 % of cases [ 100 –
 103 ]. These translocations show a high degree of molecular heterogeneity, since the 
breakpoints are located 5′ and centromeric to  MYC  in  t(8;14)  , but map 3′ to  MYC  in 
 t(2;8)   and  t(8;22)   [ 100 – 104 ]. Further molecular heterogeneity derives from the 
breakpoint sites observed on chromosomes 8 and 14 in t(8;14): translocations of 
eBL tend to involve sequences at an undefi ned distance (>100 kb) 5′ to  MYC  on 
chromosome 8 and sequences within or in proximity to the Ig J H  region on chromo-
some 14 (Fig.  9.2 ) [ 105 ,  106 ]. In sBL, t(8;14) preferentially involves sequences 
within or immediately 5′ to  MYC  (<3 kb) on chromosome 8 and within the Ig switch 
regions on chromosome 14 (Fig.  9.2 ) [ 105 ,  106 ].

   The different molecular architecture of these translocations is thought to refl ect 
distinct mechanisms of  IG  gene remodelling involved in their generation, namely 
CSR in sBL and AIDS-BL and SHM in eBL [ 26 ]. 

 All  t(8;14)  ,  t(2;8)   and  t(8;22)   lead to the ectopic expression of the  MYC   proto- 
oncogene [ 107 – 109 ], which is normally absent in the majority of proliferating GC 
B cells [ 1 ], where it is repressed by BCL6 [ 110 ]. Oncogenic activation of  MYC  in 
BL is mediated by at least three distinct mechanisms: (i) juxtaposition of the MYC 
coding sequences to heterologous enhancers derived from the  IG  loci [ 107 – 109 ]; 
(ii) point mutations in the gene 5′ regulatory sequences, which alter the responsiveness 
to cellular factors controlling its expression [ 111 ]; (iii) amino acid substitutions 
within the gene exon 2, encoding for the protein transactivation domain [ 112 ,  113 ]; 
these mutations can abolish the ability of RBL1/p107, a nuclear protein related to 
 RB1 , to suppress  MYC  activity [ 114 ], or can increase protein stability [ 115 ,  116 ]. 

  MYC   is a nuclear phosphoprotein that binds and transcriptionally regulates 
thousand of target genes with diverse roles in regulating cell growth by affecting 
DNA replication, energy metabolism, protein synthesis, and telomere elongation 
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[ 117 – 119 ]. The deregulated expression of these functions is typically involved in 
malignant transformation. In addition, deregulated  MYC  expression is thought to 
cause genomic instability and, thus, contribute to tumour progression by facilitating 
the occurrence of additional genetic lesions [ 120 ]. Several transgenic mouse models 
of deregulated MYC expression have been generated and shown to develop aggres-
sive B cell lymphomas with high penetrance and short latency [ 116 ,  121 ,  122 ]. In 
particular, the combination of deregulated expression of  MYC  and PI3K signalling 
activation in GC B cells leads to lymphomas recapitulating the features of human 
BL [ 123 ]. 

 Genome sequencing has recently revealed additional oncogenic mechanisms that 
cooperate with  MYC   in the development of BL. Mutations affecting the genes 
encoding for the TCF3 transcription factor and for its negative regulator ID3 are 
frequently observed in all BL subtypes (10–25 % and 35–38 % of cases, respectively). 
These mutations trigger tonic (antigen-independent) BCR signalling and promote 
cell survival through activation of the PI3K signalling pathway (Fig.  9.3 ) [ 124 ].

   TCF3 can also transactivate   CCND3   , promoting cell-cycle progression, while in 
38 % of sBL, mutations within the carboxyl terminus domain of CCND3 stabilize 
the protein leading to higher expression levels. Other recurrent alterations associated 
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with BL include   TP53    loss by mutation and/or deletion (35 % of both sBL and eBL 
cases) [ 65 ],  CDKN2B  inactivation by deletion or hypermethylation (17 % of samples) 
[ 125 ], and 6q deletions (~30 % of cases, independent of the clinical variant) [ 126 ]. 
Finally, one contributing factor to the development of BL is monoclonal EBV 
infection, present in virtually all cases of eBL and in ~30 % of sBL and AIDS-BL 
[ 127 – 130 ]. However, BL cells lack the expression of both EBV transforming 
antigens (LMP1 and EBNA2); considering also that this virus is endemic in humans 
worldwide, these observations raise some doubts on the pathogenic role of EBV in 
this disease [ 131 ].  
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9.4.3     Follicular Lymphoma 

 FL is characterized by an indolent clinical course but remains incurable and 
ultimately leads to death often accompanied by histologic transformation to an 
aggressive lymphoma with a DLBCL phenotype (20–30 % of cases) [ 132 ,  133 ]. 
The derivation of FL from a GC B cell is supported by the expression of specifi c GC 
B cell markers together with the presence of SHM-mutated  IG  genes [ 24 ]. 

 Eighty to ninety percent of FL cases are characterized by chromosomal translo-
cations that affect the  IG  locus and the  BCL2  gene on chromosome band 18q21.3 
[ 78 ,  134 – 137 ]. These rearrangements join the 3′ untranslated region of  BCL2  to an 
 IG J   H   segment, leading to ectopic expression of the BCL2 protein in GC B cells 
[ 134 ,  135 ,  138 – 142 ], where its transcription is normally repressed by BCL6 [ 17 ,  143 ]. 
Approximately 70 % of the breakpoints on chromosome 18 cluster within the major 
breakpoint region, while the remaining 5–25 % map to the more distant minor clus-
ter region, located ~20 kb downstream of the  BCL2  gene (Fig.  9.4 )[ 134 ,  135 ,  138 , 
 139 ]. More rarely, rearrangements involve the 5′ fl anking sequences of  BCL2  
(Fig.  9.4 )[ 144 ].  BCL2  encodes for a major negative regulator of programmed cell 
death and may thus contribute to lymphomagenesis by conferring resistance to 
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apoptosis independent of antigen selection. Other genes recurrently targeted by 
mutations in FL include those encoding for the methyltransferase KMT2D/MLL2 
(up to 80 % of cases), the polycomb-group oncogene  EZH2  (7–20 % of patients), 
and the acetyltransferases  CREBBP  and  EP300  (40 % of cases), all of which may 
facilitate transformation by epigenetic remodelling of the precursor cancer cell.

   The genomic analysis of clonally related FL and tFL biopsies has recently 
allowed the identifi cation of the genetic lesions that are specifi cally acquired 
during histologic progression to DLBCL. These lesions include inactivation of 
 CDKN2A / CDKN2B  through deletion, mutation and hypermethylation (one third of 
patients) [ 61 ,  91 ], rearrangements and amplifi cations of   MYC    [ 145 ],   TP53     mutations/
deletions (25–30 % of cases) [ 66 ,  146 – 148 ], loss of chromosome 6 (20 %) [ 126 ], 
and ASHM [ 61 ]. Additionally, Biallelic inactivation of the gene encoding  B2M , 
leading to the loss of HLA class I expression on the cell surface of the tumour cells 
(see below) suggests that escape from immune surveillance may be important for 
FL transformation to DLBCL.  

9.4.4     Diffuse Large B Cell Lymphoma 

 DLBCL is an aggressive disease that includes cases arising  de novo  as well as cases 
derived from the clinical evolution of FL and CLL [ 88 ]. Gene expression profi le 
analysis has identifi ed three well-characterized molecular subtypes of DLBCL, 
which refl ect the derivation from different stages of B cell development. Germinal 
centre B cell-like (GCB) DLBCL is thought to derive from GC B cells with a phe-
notype intermediate between CB and CC; activated B cell-like (ABC) DLBCL is 
related to B cells committed to plasmablastic differentiation; and PMBCL arises 
from thymic B cells that have experienced the GC; the remaining 15–30 % of cases 
is still unclassifi ed [ 149 – 153 ]. Of note, patients diagnosed with GCB-DLBCL have 
favourable prognosis compared to ABC-DLBCL [ 45 ]. 

 Compared to other B cell malignancies, DLBCL shows a signifi cantly higher 
degree of genomic complexity, carrying on average 50–100 lesions/case, with sig-
nifi cant heterogeneity across patients [ 55 ,  56 ,  154 ]. Many of the lesions identifi ed 
can be variably found in both molecular subtypes of the disease, consistent with a 
general role during transformation, while others appear to be preferentially or 
exclusively associated with individual DLBCL subtypes, indicating that GCB-
DLBCL, ABC-DLBCL and PMBCL are genetically, phenotypically and clinically 
distinct diseases (Fig.  9.5 ).

9.4.4.1       Genetic Lesions Common to GCB- and ABC-DLBCL 

 A major contributor to DLBCL pathogenesis, in both GCB- and ABC-DLBCL, is 
represented by the deregulated activity of the BCL6 oncoprotein, which results 
from multiple genetic lesions. Chromosomal translocations involving the  BCL6  
gene at band 3q27 are observed in up to 35 % of cases [ 155 – 157 ], with a twofold 
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higher frequency in the ABC-DLBCL subtype [ 158 ]. These translocations juxtapose 
the coding exons of  BCL6  downstream and in the same transcriptional orientation to 
heterologous sequences derived from a variety of partner chromosomes, including 
  IGH    (14q32.3),  IGK  (2p11.2),  IGL  (22q11.2), and at least 20 other chromosomal 
sites unrelated to the  IG  loci (Fig.  9.6 ) [ 32 – 39 ].

   Most translocations result in a fusion transcript in which the promoter region and 
the fi rst non-coding exon of  BCL6  are replaced by sequences derived from the part-
ner gene [ 33 ,  159 ]. Since the common denominator of these promoters is the expres-
sion in the post-GC differentiation stage, the translocation is thought to prevent the 
downregulation of  BCL6  expression that is normally associated with differentiation 
into post-GC cells. Deregulated expression of an intact BCL6 gene product is also 
sustained by a variety of indirect mechanisms, including gain-of-function mutations 
in its positive regulator MEF2B (~11 % of cases) [ 160 ], inactivating mutations/deletions 
of  CREBBP / EP300  [ 54 ], which in normal cells impair BCL6 activity (see below) 
[ 161 ], and mutations/deletions of  FBXO11  (~5 %) [ 162 ], encoding a ubiquitin ligase 
involved in the control of BCL6 protein degradation. As documented by a mouse 
model in which deregulated BCL6 expression in GC B cells leads to the development 
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of DLBCL [ 163 ], BCL6 plays a critical role in lymphomagenesis by enforcing the 
proliferative phenotype typical of GC cells, suppressing proper DNA damage 
responses, and blocking terminal differentiation. 

 The most frequently disrupted function in DLBCL, independent of subtype, is 
represented by epigenetic remodelling, due to mutations in the  CREBBP / EP300  
acetyltransferase genes (35 % of cases) [ 54 ] and the  KMT2D / MLL2  H3K4 methyl-
transferase (~30 % of all DLBCL) [ 54 – 56 ]. These lesions may favour malignant 
transformation by reprogramming the cancer epigenome, and in the case of 
 CREBBP / EP300 , by altering the balance between the activity of the  BCL6   oncogene, 
which is typically inactivated by acetylation, and the tumour suppressor  TP53  , 
which requires acetylation at specifi c residues for its function as a tumour 
suppressor [ 54 ]. 

 Escape from both arms of immune surveillance, including CTL-mediated 
cytotoxicity (through genetic loss of the  B2M/HLA-I  genes) and NK cell-mediated 
death (through genetic loss of the CD58 molecule) also appears a major feature of 
the DLBCL phenotype [ 164 ]. Analogous effects may be achieved in PMBCL by 
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disruption of the MHC-II transactivator CIITA [ 165 ] and amplifi cation of the genes 
encoding for the immunomodulatory proteins PDL1/PDL2 [ 46 ]. 

 Finally, approximately 50 % of all DLBCL are associated with ASHM [ 71 ]. 
The number and identity of the genes that accumulate mutations in their coding 
and non- coding regions due to this mechanism varies in different cases and is still 
largely undefi ned [ 166 ]. ASHM may therefore contribute to the heterogeneity of 
DLBCL via the alteration of different cellular pathways in different cases.  

9.4.4.2     Genetic Lesions of GCB-DLBCL 

 These include the t(14;18) and  t(8;14)   translocations, which deregulate the  BCL2  
and   MYC    oncogenes in 34 % and 10 % of cases, respectively [ 45 ,  143 ,  167 – 169 ]. 
Virtually restricted to this subtype are also mutations of EZH2 [ 170 ], a histone 
methyltransferase that trimethylates Lys27 of histone H3 (H3K27); mutations of 
several genes in the Galpha13 pathway, including the  GNA13  gene, which are 
involved in the ability of DLBCL cells to spread from their lymphoid sites to the 
peripheral blood and bone marrow; and deletions of the tumour suppressor  PTEN  
[ 62 ,  171 ]. Mutations affecting an autoregulatory domain within the  BCL6  5′ 
untranslated exon 1 [ 158 ,  172 ,  173 ] are detected in up to 75 % of DLBCL cases [ 69 , 
 174 ,  175 ], and refl ect the activity of the physiologic SHM mechanism that operates 
in normal GC B cells [ 69 ,  176 ]. Functional analysis of numerous mutated  BCL6  
alleles uncovered a subset of mutations that are specifi cally associated with GCB-
DLBCL [ 172 ], and deregulate  BCL6  transcription by disrupting an autoregulatory 
circuit through which the BCL6 protein controls its own expression levels via binding 
to the promoter region of the gene [ 172 ,  173 ] or by preventing CD40-induced BCL6 
downregulation in post-GC B cells [ 177 ]. However, the full extent of mutations 
deregulating BCL6 expression has not been characterized, and therefore the fraction 
of DLBCL cases carrying abnormalities in the  BCL6  gene remains undefi ned.  

9.4.4.3     Genetic Lesions of ABC-DLBCL 

 ABC-DLBCL depends on the constitutive activation of the NF-κB signalling 
pathway caused by a variety of alterations in positive and negative regulators of 
NF-κB. In ~30 % of cases, the  TNFAIP3  gene, encoding for the negative regulator 
A20, is biallelically inactivated by mutations and/or deletions, thus preventing 
termination of NF-κB-responses [ 50 ,  51 ]. In an additional ~10 % of ABC-DLBCL, 
the  CARD11  gene is targeted by oncogenic mutations clustering in the protein 
coiled- coil domain and enhancing its ability to transactivate NF-κB-target genes 
[ 178 ]. Finally, nearly 30 % of ABC-DLBCL cases recurrently show a hotspot 
mutation (L265P) in the intracellular Toll/interleukin-1 receptor domain of the 
MYD88 adaptor molecule, which has the potential to activate NF-κB as well as 
JAK/STAT3 transcriptional responses [ 179 ]. At lower frequencies, mutations were 
found in a number of additional genes encoding for NF-κB pathway components. 
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Overall, lesions affecting NF-κB activation account for over 50 % of all ABC-
DLBCL [ 50 ,  51 ], suggesting that additional mechanisms and/or yet unidentifi ed 
lesions are responsible for the constitutive NF-κB activity in the remaining cases. 

 ABC-DLBCLs also depend upon chronic active BCR signalling (which also lead 
to NF-κB activation). This is associated in ~10 % of cases with somatic mutations 
of  CD79B  and  CD79A  [ 180 ], typically located within the immunoreceptor tyrosine- 
based activation motif (ITAM). Since silencing of several BCR proximal and distal 
subunits is toxic to ABC-DLBCL [ 180 ], there is conceptual support for the develop-
ment of therapies that target BCR signalling components. In fact, preliminary data 
suggest that the Bruton Tyrosine Kinase (BTK) inhibitor  Ibrutinib  , may be effective 
against a subset of ABC-DLBCL cases. 

 Biallelic truncating or missense mutations and/or genomic deletions of the 
 PRDM1 / BLIMP1  gene, which encodes for a zinc fi nger transcriptional repressor 
required for terminal B cell differentiation [ 181 ], block DLBCL cells in the plasma-
blastic stage in ~25 % of ABC-DLBCL [ 47 – 49 ]. In an additional 25 % of cases, the 
same consequence is caused by transcriptional repression of PRDM1/BLIMP1 by 
constitutively active BCL6 alleles [ 47 – 49 ]. Accordingly, translocations deregulat-
ing the  BCL6  gene and  BLIMP1  inactivation are mutually exclusive in DLBCL, 
consistent with these alterations representing alternative oncogenic mechanisms 
contributing to blocking differentiation during lymphomagenesis (Fig.  9.7 ).

9.4.4.4        Genetic Lesions of DLBCL Derived from CLL 
and FL Transformation 

 The genomic analysis of sequential biopsies of CLL and FL pre- and post- 
transformation to DLBCL have provided insights onto the mechanisms underlying 
these transformation processes. These studies have revealed that the transformation 
of CLL into DLBCL (called Richter Syndrome) derives from the dominant CLL 
clone through a linear pattern, involving the maintenance of the CLL-associated 
lesions and the acquisition of new ones, namely   NOTCH1    mutations, 
 CDKN2A / CDKN2B  loss,   TP53    loss, and   MYC    translocations [ 60 ]. Conversely, FL 
and tFL derive from a common mutated precursor clone by divergent evolution 
involving the disruption of distinct genes and pathways; lesions specifi cally acquired 
at transformation include  CDKN2A / B  loss,  TP53  loss,  MYC  translocations, ASHM 
and  B2M  inactivation [ 61 ,  182 ]. Comparison with  de novo  DLBCL showed that, 
despite their morphologic resemblance, the genomic landscapes of RS and tFL are 
largely unique since they are characterized in part by distinct combinations of alter-
ations otherwise not commonly observed in  de novo  DLBCL [ 60 ,  61 ]. Thus, the 
histologic diagnosis of DLBCL may include at least fi ve genetically distinct dis-
eases: GCB-DLBCL, ABC-DLBCL, PMBCL, tFL, and RS DLBCL. This distinc-
tion has implications for the development of targeted therapies.  
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  Fig. 9.7    Pathway lesions in ABC-DLBCL. Schematic representation of the signalling pathways 
induced following engagement of the BCR by the antigen, CD40-CD40L interaction, and activa-
tion of the TLR. These signals share the ability to activate the NF-κB pathway, leading to upregu-
lated expression of hundreds of genes, including  IRF4  and  TNFAIP3 / A20 . IRF4, in turn, represses 
BCL6, thus releasing the expression of its target PRDM1/BLIMP1. In ABC-DLBCL, multiple 
genetic lesions converge on this pathway, causing the constitutive activation of NF-κB, as well as 
chronic active BCR and JAK/STAT3 signalling, while blocking terminal B cell differentiation 
through mutually exclusive BCL6 deregulation and PRDM1/BLIMP1 inactivation. Genes targeted 
by gain-of-function mutations or translocations are in red, and genes targeted by loss-of-function 
genetic lesions are in blue       
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9.4.4.5     Genetic Lesions of PMBCL 

 This lymphoma displays a unique transcriptional profi le that is similar to HL and 
suggests the derivation from post-GC thymic B cells [ 149 – 153 ]. One of the most 
common alterations in both PMBCL and HL is represented by amplifi cation of 
chromosomal region 9p24, found in up to 50 % of patients [ 46 ,  183 ]. The amplifi ed 
region encompasses multiple candidate genes, including the gene encoding for 
the JAK2 tyrosine kinase and the  PDL1 / PDL2  genes, which encode for inhibitors 
of T-cell responses and may thus favour immune evasion of the tumour cells. 
Genomic breakpoints and mutations have also been described in the  CIITA  gene, 
encoding for the MHC class II transactivator; these lesions may reduce tumour 
cell immunogenicity by downregulating the expression of surface HLA class II 
molecules [ 46 ,  165 ,  184 ]. Analogous to HL, PMBCL patients harbour multiple 
genetic lesions affecting the NF-κB pathway and the JAK-STAT signalling pathway 
[ 185 ], including mutations of the transcription factor  STAT6 , amplifi cations/
overexpression of  JAK2  (which promote STAT6 activation via IL3/IL4), and inacti-
vating mutations of the STAT6 negative regulator  SOCS1 . More recently, recurrent 
inactivating somatic mutations of PTPN1 were reported in 22 % of PMBCL cases, 
where they lead to reduced phosphatase activity and increased phosphorylation of 
JAK-STAT pathway members [ 186 ]. Deregulation of these two signalling pathways 
is thus a central contributor to PMBCL pathogenesis.       
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   Abstract     Acute lymphoblastic leukaemia (ALL) is a malignant clonal disorder 
arising from haematopoietic stem and progenitor cells, manifest as an overgrowth of 
lymphoid blast cells resembling early B- or T-cell progenitors. ALL occurs as a 
result of genetic, epigenetic and chromosomal aberrations that lead to unregulated 
cellular proliferation, a block in lymphocyte differentiation, aberrant cell survival 
and enhanced self-renewal. Chromosomal lesions can lead to loss of tumour sup-
pressor genes or activation of structurally intact oncogenes, or create novel chimeric 
transcription factors or activated tyrosine kinases. Here we discuss the mechanisms 
of gene dysregulation in ALL, such as those occurring through translocation of 
oncogenes to immunoglobulin or T-cell receptor loci, often mediated by RAG- 
mediated double-strand breaks. Furthermore, we summarise recent fi ndings from 
genome and transcriptome resequencing of ALLs that have implications for 
 prognosis and targeted therapy.  

  Keywords     Leukaemia   •   ALL   •   Aneuploidy   •   Translocation   •   RAG-2  

10.1         Introduction 

 Acute lymphoblastic leukaemia (ALL) is a malignant clonal disorder arising from 
haematopoietic progenitors as a result of genetic, epigenetic and chromosomal 
aberrations that lead to unregulated cellular proliferation, a block in lymphocyte 
differentiation and enhanced self-renewal. What has become clear from gene 
expression profi ling and next generation sequencing is that many of the aberrantly 
expressed oncogenes driving these phenotypes in ALL are transcription factors that 
play a carefully choreographed role in normal thymocyte development [ 1 – 4 ]. 
Furthermore, ALL cases can be clustered into groups that represent the maturation 
stage of a normal lymphoid counterpart, each cluster enriched in particular combi-
nations of mutational lesions, with unique prognostic implications [ 3 ,  5 ,  6 ]. The 
marked difference in prognosis between paediatric (90 % 5-years overall survival, 
OS) and adult ALL (less than 50 % 5-years OS) [ 7 – 9 ], can be explained at least in 
part by the differing frequencies of chromosomal translocations and other genetic 
abnormalities that occur with age (Fig.  10.1 ). Most notably, older adults have a 
marked increase in Philadelphia-chromosome positive  BCR - ABL1 ALL  (Ph+ ALL) 
and lower frequency of  ETV6 - RUNX1  ALL (Fig.  10.1 ) [ 10 ].
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   Many oncogenes in ALL are activated through chromosomal translocation into 
the vicinity of tissue specifi c enhancers, such as to immunoglobulin heavy chain 
( IGH ) enhancers in B-ALL, or T-cell receptor ( TCR ) enhancers in T-ALL, and are 
expressed as structurally intact proteins. The most common  TCR  genes involved in 
translocations are  TCRδ  ( TRD ) (67 %), followed by  TCR β ( TRB ) (28 %) and  TCRα  
( TRA ) (5 %), with a variety of partner genes, the commonest partners being  LMO2 , 
 TAL1  and  TLX1  (Table  10.1 ) [ 11 ]. However, the majority of chromosomal 
 translocations found in early B-ALL produce chimeric fusion proteins, with abnor-
mal localisation or neomorphic function.

   For many of the intact oncogenic transcription factors, transformation occurs in 
an anachronistic fashion: in other words, they are expressed at a developmental time 
point at which they are normally silent.  TAL1 , for instance, is normally only 
expressed up to the double-negative-2 (DN2) stage of thymic development, yet most 
 TAL1 -positive T-ALLs are arrested at the double-positive (DP) stage, meaning that 
TAL1 and its target genes are activated at a time point when they are normally not 
expressed [ 12 – 15 ].  
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  Fig. 10.1    Approximate age-associated frequencies of chromosomal abnormalities in B-ALL from 
a total cohort of 7113 patients from the UK MRC ALL trials. Patient ages were: <1 year n = 142, 
1–4 years n = 3,128, 5–9 years n = 1,583, 10–14 years n = 915, 15–19 years n = 452, 20–24 years 
169, 25–39 years n = 350, 40–59 years n = 374 (Data courtesy of Anthony Moorman and Christine 
Harrison, Leukaemia Research Cytogenetics Group (LRCG), Northern Institute for Cancer 
Research, Newcastle University)       
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10.2     Mechanisms of Chromosomal Translocations in ALL 

 To recognise an almost endless diversity of antigens, B- and T-cells rearrange their 
immunoglobulin and TCR loci through V(D)J recombination, a process mediated 
by  recombination activating genes 1  and  2  ( RAG1 / RAG2 ) [ 16 ,  17 ]. RAG proteins 
are endonucleases that bind V(D)J segments through recognition of the recombina-
tion signal sequence (RSS): a palindromic heptamer sequence  (consensus motif: 

   Table 10.1    Frequency of cytogenetic translocations identifi ed in T-ALL   

 Gene family  Gene name  Cytogenetic aberration 
 Frequency 
in T-ALL 

  bHLH 
family  

  TAL1   t(1;14)(p32;q11.2)  3 % 
 t(1;7)(p32;q34)  3 % 
 1p32 deletion  16 %–30 % 

  TAL2   t(7;9)(q34;q32)  1 % 
  LYL1   t(7;19)(q34;p13.2)  1 % 
  OLIG2 / BHLHB1   t(14;21)(q11.2;q22.1)  1 % 

  LMO family    LMO1   t(11;14)(p15.4;q11.2)  1 % 
 t(7;11)(q34;p15.4)  1 % 

  LMO2   t(11;14)(p13;q11.2)  6 % 
 t(7;11)(q34;p13)  6 % 
 11p13 deletion  3 % 

  LMO3   t(7;12)(q34;p12.3)  <1 % 
  Homeobox 
family  

  TLX1 ( HOX11 )  t(10;14)(q24.3;q11.2)  5–30 % 
  TLX3 ( HOX11L2 )  t(5;14)(q35;q32.3)  5–20 % 
  HOXA   inv(7)(p15.2q34)  3 % 

 t(7;7)(p15.2;q34)  3 % 
  HOXA  
(PICALM-MLLT10) a  

 t(10;11)(p12.3;q14.2)  5–10 % 

  HOXA  (KMT2A-MLLT1) a   t(11;19)(q23.3;p13.3)  1 % 
  HOXA  (SET-NUP214) a   9q34 deletion inv(14)

(q11.2q13) 
 3 % 

  NKX2 - 1   inv(14)(q13.3q32.3) 
t(7;14)(q34;q13.3) 

 5 % 

  NKX2 - 2   t(14;20)(q11.2;p11.2)  1 % 
  Oncogene    NOTCH1   t(7;9)(q34;q34)  <1 % 

  MYB   t(6;7)(q23;q34)  3 % 
  MYC   t(8;14)(q24.2;q11.2)  2 % 

  Cell cycle    CDKN2A / B   Deletion 9p21.3  >70 % 
  CCND2   t(7;12)(q34;p13.3)  1 % 
  RB1   t(12;14)(p13;q14.2)  4 % 

 Deletion 13q14.2 
  Signal 
transduction  

  NUP214 - ABL1   Episomal amplifi cation of 
9q34 

 4 % 

   a These translocations have been show to directly upregulate the  HOXA  cluster and so are included 
in the  HOXA  category here. Frequencies are approximate and vary in adult and paediatric ALL  
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5′-CACAGTG-3′) separated from an AT-rich nanomer sequence (consensus motif: 
5′-ACAAAAACC-3′) by a 12 or 23 nucleotide spacer [ 18 ,  19 ]. However, RAG 
proteins do not always faithfully obey the so-called 12/23 rule, and can erroneously 
create double strand breaks (DSB) at cryptic RSS sites (cRSS). These DNA ends are 
repaired by non-homologous end joining (NHEJ) and, as is the case for ALL, can 
adjoin with another DSB at a separate site to form chromosomal translocations, 
interstitial deletions or dicentric chromosomes. It has been shown that the chance of 
any two particular sites pairing is related to chromosome organisation, with DSBs 
sharing a topological nuclear domain most likely to pair [ 20 ,  21 ]. 

 Translocations resulting from two cRSS DSBs have been termed ‘Type I’, and 
are exemplifi ed by translocations involving  TAL1  and  LMO2  [ 11 ,  22 ,  23 ]. ‘Type 2’ 
translocations involve a DSB at a site that does not resemble a cRSS (i.e., likely not 
mediated by RAG), such as occur at the  TLX1  locus, and one RAG-mediated DSB 
at a TCR gene at a canonical RSS [ 11 ,  22 ,  23 ]. Thus, in addition to DSB generated 
by ectopic insults such as ionising radiation and mutagens [ 24 ], developing lympho-
cytes are under constant threat of DSBs initiated through the developmentally timed 
expression of RAG proteins. Consequently, the high frequency of microdeletions, 
focal amplifi cations, and chromosomal translocations identifi ed in ALL may be 
attributable to RAG-mediated DSBs at RSS and cRSS sites [ 25 ]. It is also likely that 
at least some of the smaller indels and missense mutations found in ALL are the 
result of terminal deoxynucleotidyltransferase (TdT) activity at the site of a DSB, 
leading to the inclusion of non-template-derived nucleotides [ 25 ]. One further 
mechanism unique to ALL that can create somatic genomic lesions is reintegration 
of the DNA segments excised during V(D)J recombination (the episomal circles), 
although how wide a role this plays in leukaemogenesis is not yet clearly estab-
lished [ 26 ]. 

 One proposed model of leukaemogenesis is that translocations occur at a 
 background level during normal lymphopoiesis; translocations involving oncogenes 
impart a survival and growth advantage to cells and impair terminal differentiation, 
prior to the acquisition of other secondary mutations that together drive overt 
 leukaemic transformation [ 27 – 32 ]. However, it has also been shown that somatic 
mutation of an oncogene can occur prior to acquisition of chromosomal transloca-
tions; whether the chronology of genetic lesions impacts the behaviour of the 
tumour cells and response to therapy is not currently known [ 33 ].  

10.3     Alterations in Ploidy in ALL 

 Some of the fi rst examples of using chromosomal aberrations as prognostic markers 
in cancer come from the study of ploidy in ALL [ 34 – 37 ]. ALL patients with 
 hypodiploidy (≤44 chromosomes) have a poor prognosis, whereas those with 
 hyperdiploidy (>50 chromosomes) tend to have a favourable response to chemo-
therapy, particularly if this involves trisomy of chromosomes 4, 10, and 17 [ 38 – 41 ]. 
The exception is near tetraploidy (82–94 chromosomes), which is often associated 
with T-ALL and does not confer a survival benefi t in ALL [ 42 ]. 
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 Hyperdiploidy is found in approximately one-quarter of paediatric patients, 
 particularly those aged 2–10 years old, is less common in adult ALL, and is associ-
ated with an early pre-B immunophenotype and low white blood cell count (WCC) 
[ 43 – 45 ]. Similar to acute myeloid leukaemia (AML), nearly 25 % of hyperdiploid 
B-ALL cases have mutations in  FMS - related tyrosine kinase - 3  ( FLT3 ). However, 
the classic AML-associated  FLT3 -internal tandem duplication (ITD) is rare in ALL, 
with the majority of mutations occurring as point mutations that activate the tyro-
sine kinase domain (TKD), or occasionally as in-frame deletions of the juxtamem-
brane domain [ 46 ,  47 ]. 

 Hypodiploid ALL can be subdivided into high hypodiploid (42–45  chromosomes), 
low hypodiploid (33–39 chromosomes) and near haploid (23–29 chromosomes), 
with the worse prognosis associated with the lowest number of chromosomes [ 48 ]. 
Recent studies have shed light on the molecular pathogenesis of these leukaemic 
subtypes. Near haploid ALL is associated with activating mutations of tyrosine 
kinase genes and those involved in RAS signalling (71 %), whereas over 90 % of 
low hypodiploid ALL patients have mutations in  TP53 , many of which are germline 
in origin and usually accompanied by loss of the second  TP53  allele due to mono-
somy 17, a feature likely responsible for the very poor outcome in this leukaemic 
subtype [ 48 – 50 ]. 

 Interestingly, one chromosome that is almost never lost, even in near haploid 
ALL, is chromosome 21. Consistent with the concept that critical oncogenes reside 
on chromosome 21, Down syndrome (DS) (trisomy 21) is associated with a 20-fold 
increased risk of ALL [ 51 ]. Recent elegant studies in mice implicate the  HMGN1  
gene on chromosome 21q22, encoding a nucleosome remodelling protein, as the 
critical triplicated gene in both trisomy 21 and somatic iAMP21 [ 52 ].  

10.4     Dysregulated Expression of Structurally Intact Genes 

10.4.1     Activation of MYC in ALL 

 The  MYC  oncogene is frequently activated in both T- and B-lineage ALL, through 
distinct mechanisms. The t(8;14)(q24.2;q32.3) translocation, classically found in 
the majority of Burkitt lymphomas and occasionally in B-ALLs that express cell 
surface immunoglobulin [ 53 ,  54 ], places MYC under the control of  IGH  locus 
enhancers leading to its constitutive activation in B-cells. The rarer variant translo-
cations, t(2;8)(p12;q24.2) and t(8;22)(q24.2;q11.2), involve juxtaposition of MYC 
to the κ or λ light-chain genes on chromosomes 2 and 22 respectively. 

 The majority of cases of T-ALL, as well as cell lines established in culture, show 
activation and dependency on MYC. Only very rarely is this the result of chromo-
somal translocation. A more common mechanism relates to the fi nding that over 
50 % of patients have activating mutations in  NOTCH1  [ 30 ,  55 ,  56 ] that directly 
 activates c-MYC through transcriptional binding of Notch-RBPJk at the  MYC  pro-
moter [ 57 – 59 ]. MYC can be further stabilised post-translationally as a result of 
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loss-of- function of FBXW7 E3-ubiquitin ligase activity, occurring through its 
mutational inactivation or  miR - 223 -mediated suppression [ 12 ,  60 – 63 ]. 

 Despite the extensive work on the role of MYC in cancer over the last decades, 
the mechanism through which it exerts its oncogenicity is only now being under-
stood. A recent discovery of particular interest is that MYC is a global amplifi er of 
gene expression, a fi nding that had not been appreciated previously because most 
gene expression arrays platforms are normalised based on global expression levels 
[ 64 ,  65 ]. Thus, rather than having a specifi c set of MYC ‘target genes’, MYC accu-
mulates at the promoter of active genes, amplifying the existing gene expression 
programmes, a mechanism termed ‘transcriptional amplifi cation’. MYC mediates 
promoter pause release and transcriptional elongation through the recruitment of the 
elongation factor pTEFb, which in turn phosphorylates and activates the C-terminal 
domain (CTD) of RNA Polymerase II [ 65 – 67 ].  

10.4.2     Other Translocations Involving the IGH Locus 

 Analysis of a cohort of 3,269 ALL patients identifi ed  IGH  translocations not involv-
ing  MYC  in approximately 5 % of B- and T-lineage ALL patients [ 68 ]. Interestingly, 
there was an enrichment of  IGH  aberrations in adolescent patients and those with 
DS-ALL (16 %). The most commonly identifi ed partner genes were  CRLF2  (22 %), 
the  CEBP  gene family (11 %) and  ID4  (7 %). B-ALL patients with  IGH  transloca-
tions have an inferior prognosis, which is independent of involvement of CRLF2 or 
DS-ALL. Rare  IGH  translocation partners of note include  EPOR  and  IL3  in 
B-ALL. The latter, resulting from the t(5;14)(q31.1;q32.3), although extremely rare, 
is a distinct entity in the World Health Organization (WHO) classifi cation of B-ALL, 
as it carries a poor prognosis and has a characteristic eosinophilia.  IGH  transloca-
tions are also found in 3–20 % of T-ALL cases, and are more common in TCRγδ than 
TCRαβ T-ALL, with partner genes including  TAL1  and  TCR α/δ ( TRA / D ) [ 68 ,  69 ]. 

 It is notable that the majority of ALL-associated  IGH  translocation partners are 
not found in mature B-cell malignancies, suggesting their oncogenic potential is 
dependent on the stage of differentiation arrest [ 70 ]. For instance,  ID4  is an oncogene 
in ALL but has a tumour-suppressor role in chronic lymphocytic leukaemia [ 71 ].  

10.4.3     TAL1-Positive T-ALL 

 TAL1 is a class II bHLH transcription factor that is required for early defi nitive 
haematopoiesis, and is expressed by early thymocytes until the DN2 stage of T-cell 
development [ 13 – 15 ,  72 ]. Over 50 % of T-ALL patients aberrantly overexpress 
 TAL1 , either through translocation to the  TRA  locus from the t(1;14)(p32;q11.2) (in 
3 % of T-ALLs), or more commonly through an ~80-kb deletion on 1p33 that fuses 
the regulatory elements of the ubiquitously expressed gene “ SCL -interrupting 
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locus” ( STIL ) to TAL1 [ 3 ,  73 – 77 ]. We recently discovered that approximately 5 % 
of T-ALL cases harbour somatic 2–18 bp insertions in a precise non-coding site 8 
kb upstream of the  TAL1  transcriptional start site, which introduce novel MYB 
binding motifs that recruit MYB together with the TAL1 complex to form a large 
super-enhancer that drives monoallelic  TAL1  expression [ 78 ]. This established MYB 
as the newest member of the TAL1 complex of transcriptional regulatory proteins, 
given the vast majority of TAL1 sites are co-occupied by MYB genome-wide, 
and suggests a role for MYB in the formation of super-enhancers that defi ne cell 
state during the normal development of haematopoietic stem and progenitor cells. 

 To bind DNA, TAL1 forms obligate heterodimers with a class I bHLH proteins 
such as HEB and TCF3/E2A, and nucleates a transcriptional complex that includes 
the GATA-1 or -3 (in erythroid precursors and thymocytes respectively), LIM 
domain only 1/2 (LMO1/LMO2), RUNX1 and MYB proteins [ 79 ,  80 ]. Although 
the TAL1 complex can mediate transcriptional repression through recruitment of 
repressors such SIN3A and HDAC1/2, in T-ALL it binds the histone acetyltransfer-
ase CREBBP to act as a potent activator of gene expression [ 81 – 83 ]. ChIP-seq 
technology has shown that this complex activates the majority of its critical target 
genes through binding to their enhancers, including important T-ALL oncogenes, 
such as  NKX3 - 1 ,  MYB ,  STAT5 , and  TRIB2 . Notably, the complex itself forms a 
positive interconnected auto-regulatory loop, whereby the core components, TAL1, 
GATA3, RUNX1, and MYB positively regulate their own enhancers (Fig.  10.2 ) [ 78 , 
 83 ]. The TAL1 complex activates other genes, such as miR-223, through promoter 
binding [ 12 ,  83 ,  84 ].  miR - 223  is the most abundantly expressed miRNA in TAL1 
positive T-ALLs, where it acts to suppress the FBXW7 tumour suppressor, which 
functions in phosphorylation- dependent ubiquitination, and whose down-regula-
tion stabilises MYC, MYB, NOTCH, MCL1 and MTOR oncoproteins (Fig.  10.2 ) 
[ 12 ,  85 ].

10.4.4        LMO1/LMO2 Driven T-ALL 

 The LIM-only domain gene,  LMO2  (formerly  RBTN2 / TTG2 ) is aberrantly expressed 
in approximately 10 % of T-ALL cases, most commonly through t(11;14)(p13;q11.2), 
or more rarely t(7;11)(q34;p13), involving the  TRD / TCRδ  or  TRB / TCRβ  loci respec-
tively [ 86 – 88 ]. The mechanism of aberrant  LMO2  activation is distinct from other 
translocation partners of the  TCR  loci, in that loss of the  LMO2  negative regulatory 
element (NRE), rather than juxtaposition to the  TCR  enhancer, is the main driver of 
 LMO2  overexpression [ 89 ,  90 ]. This is supported by the fi nding that approximately 
4 % of T-ALL patients have del(11)(p12p13), that drives  LMO2  expression through 
deletion of the NRE [ 91 ]. The oncogenic potential of LMO2 activation in human 
T-ALL is best exemplifi ed by four cases of T-ALL that have occurred secondary to 
gene therapy for severe combined immunodefi ciency, where the lentiviral insertion 
occurred in the vicinity of  LMO2  oncogene leading to its upregulation by the 
enhancer effect of the viral long-terminal repeats (LTR) [ 31 ,  92 – 95 ]. 
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 LMO proteins cannot directly bind DNA, but act as a bridging molecule in a 
transcriptional complex that includes the GATA, LBD1 and TAL1 proteins [ 96 – 98 ]. 
By gene expression profi ling,  LMO2 -positive T-ALL cases cluster in two distinct 
groups: LMO1/LMO2 translocated cases closely resemble the TAL1-positive sub-
group, whereas a second group exists that is highly enriched for a signature of nor-
mal early T-cell progenitors characterised by high expression of  MYCN ,  LYL1  and 
 HHEX  [ 3 ,  99 ]. Murine models of  LMO1 / LMO2  driven T-ALL likely represent this 
latter group given that they highly express these genes, of which  HHEX  appears to 
be particularly important because it is a direct target of LMO2 that mediates thymo-
cyte self-renewal and is required for leukaemogenesis [ 100 – 106 ]. In mice,  TAL1  
accelerates T-ALL onset in combination with  LMO2 , consistent with the fi nding 
that leukaemogenesis is mediated through a transcriptional complex containing 
both proteins [ 98 ]. The long latency (12–18 months) of T-ALL in  LMO2  transgenic 
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  Fig. 10.2    ( a ) Schematic of the positive interconnected autoregulatory loop whereby each core 
component of the TAL1 complex, including TAL1 itself, GATA3, RUNX1 and MYB, regulate 
their own enhancers, thereby reinforcing and stabilising the TAL1-regulated oncogenic programme 
in T-ALL [ 83 ]. ( b ) Schematic showing the proposed model by which the TAL1 complex activates 
miR-223 through binding to its promoter, which in turn suppresses FBXW7 expression, thereby 
stabilising the oncogenic substrates MYC, MYB, NOTCH1, MCL1 and JUN [ 12 ]       
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mouse lines suggests that secondary events are required for transformation [ 102 ]. 
Indeed, the majority of  LMO1 / LMO2  derived murine leukaemias, and gene therapy 
induced T-ALL cases, harbour somatically acquired activating mutations of 
 NOTCH1  [ 31 ,  93 ,  107 ].  

10.4.5      TLX1  and  TLX3  Genes in T-ALL 

 The homeodomain gene  TLX1  (formerly  HOX11 ), is aberrantly expressed in 5 % of 
paediatric and as many as 30 % of adult T-ALL cases [ 2 ,  108 – 110 ]. Approximately 
one-half of these cases harbour the classic t(10;14)(q24.3;q11.2), with the majority 
of other cases overexpressing  TLX1  monoallelically with no known  TLX1  transloca-
tion [ 109 ,  110 ], suggesting an as yet undiscovered  cis -acting lesion.  TLX1  cases are 
arrested at an early cortical thymocyte stage of development characterised by high 
expression of CD4+CD8+CD1a+: such cases are associated with a very high fre-
quency of  NOTCH1  mutations and a very good prognosis [ 108 ,  111 ]. Mouse models 
of  TLX1 -driven T-ALL have shown that  TLX1  drives aneuploidy in T-ALL cells and 
collaborates with mutations and deletions of the  BCL11B  transcription factor [ 112 ]. 

  TLX3  (formerly  HOX11L2 ) is overexpressed in about one quarter of children but 
only 5 % of adults with T-ALL.  TLX3  is most frequently activated through the cryp-
tic t(5;14)(q35;q32.3) [ 2 ,  113 – 116 ] which juxtaposes the  BCL11B  regulatory ele-
ments from chromosome 14, highly active during thymocyte development, to the 
 TLX3  locus [ 117 ,  118 ]. Thus, haploinsuffi ciency for the  BCL11B  tumour suppressor 
is also a consequence of this translocation. Variant translocations have also been 
described including  TLX3  translocated to  CDK6  in the t(5;7)(q35;q21.2) [ 119 ]. The 
prognostic signifi cance of  TLX3  overexpression is controversial: it is likely that the 
poor prognosis initially reported in this subgroup is only applicable to those patients 
who also express the  NUP214 - ABL1  fusion gene [ 114 ,  120 ,  121 ].   

10.5     Chimeric Transcription Factor Genes 

10.5.1      ETV6-RUNX1 (TEL-AML1)  Fusion Gene in Early 
Pre-B ALL 

 Fusion of the  ETV6  (previously  TEL ) and  RUNX1  (previously  AML1 ) genes result-
ing from t(12;21)(p13.2;q22.3) is the most common structural chromosomal altera-
tion in paediatric early B-ALL, present in approximately 25 % of cases, although 
rare (~3 %) in adult early B-ALL [ 40 ,  122 – 125 ]. It is cryptic, but readily detectable 
by a variety of molecular and cytogenetic techniques, and frequently shows loss of 
the normal  ETV6  allele, suggesting that complete loss of normal  ETV6  contributes 
to the oncogenic effect of ETV6-RUNX1 fusion protein [ 122 ,  125 – 129 ]. 

  RUNX1  was originally identifi ed in the AML-associated t(8;21)/ RUNX1- 
RUNX1T1   (formerly  AML1-  ETO ) fusion transcript [ 130 ], a translocation that 
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involves loss of the C-terminal regulatory sequences of  RUNX1 , but retention of the 
amino-terminal RUNT domain [ 131 ]. In this regard, ETV6-RUNX1 differs from 
RUNX1-RUNX1T1 in that the chimeric protein retains all functional domains of 
RUNX1 (Fig.  10.3 ) [ 123 ,  132 ,  133 ]. Although this includes the transactivation 
domain, including the p300 interaction domain, reporter assays support a model in 
which ETV6-RUNX1 antagonises the transactivation potential of wild-type 
RUNX1, mediated through the recruitment of NCOR, and/or the Groucho repres-
sors TLE1-4 that bind the C-terminal VWRPY motif of RUNX1 [ 132 ,  134 ,  135 ].

   Transgenic mice expressing  ETV6 - RUNX1  do not, however, develop overt leu-
kaemia [ 136 ,  137 ]. Work from the laboratory of Mel Greaves has shown that  ETV6- 
RUNX1   is detectable in approximately 1 % of neonates, of which 1 % will go on to 
develop overt B-ALL [ 138 ]. Prospective analysis of such carriers has shown that 
 ETV6 - RUNX1  expands a CD34+CD38-CD19+ pool of early B-cells with self- 
renewal potential that can remain stable over many years [ 28 ]. This would suggest 
a model in which  ETV6 - RUNX1  arises prenatally as a fi rst hit and that secondary 
collaborating mutations, such as loss of the wild-type  ETV6  allele [ 126 ], are required 
to transform cells to frank leukaemia. One intriguing theory is that an exaggerated 
response to viral infection preferentially expands the pre-leukaemic clone through 
activation of TGFβ signalling and is a key mediator of transformation [ 137 ]. 

 Presence of  ETV6 - RUNX1  is associated exclusively with B-lineage ALL, and a 
distinct subgroup of young patients (1–10 years) with non-hyperdiploid ALL and an 
excellent prognosis, with survival rates exceeding 90 % [ 40 ,  41 ,  122 ,  139 ]. Whether 
the favourable response to chemotherapy directly relates to the biology of the 
  ETV6- RUNX1   fusion transcript is unclear because it is not an independent predictor 
of prognosis when age and white blood cell count are also taken into account, 
 particularly on current protocols involving intensive asparagine depletion [ 139 ]. 
However, the ETV6-RUNX1 fusion protein has also been shown to directly repress 
the multidrug resistance gene ( MDR1 ) [ 140 ], and is associated with low expression 
of genes involved in purine metabolism [ 141 ] and, thus may sensitise cells to drugs 
such as methotrexate and mercaptopurine, that inhibit  de novo  purine synthesis.  

ETV6 (TEL)

RUNX1 (AML1)

Pointed domain Repression ETS

p300 - Ac�va�onRunt VWRPY 

Runt VWRPY Pointed domain RepressionETV6-RUNX1

t(12;21) fusion

p300 - Ac�va�on

  Fig. 10.3    Schematic depicting the  ETV6  ( TEL ) and  RUNX1  ( AML1 ) genes, together with the 
highly recurrent  ETV6 - RUNX1  fusion gene identifi ed in B-ALL secondary to the t(12;21)
(p13.2;q22.3). The ETS DNA-binding domain, central repression domain and pointed oligomeri-
sation domains are shown for ETV6. For  RUNX1  ( AML1 ), the activation domain shown also 
includes the p300 HAT interacting domain and the mSIN3A interaction domain. The VWRPY 
C-terminal sequence binds to NCOR and the Groucho homologs TLE1-4, which mediate tran-
scriptional repression       
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10.5.2      TCF3/E2A-PBX1  Fusion Gene in Pre-B-ALL 

 The TCF3-PBX1 fusion protein resulting from t(1;19)(q23;p13.3) occurs in approx-
imately 5 % of all early B-ALLs, and all cases expressing  TCF3 - PBX1  also express 
cytoplasmic immunoglobulin ( TCF3 - PBX1  is found in 20–25 % of such cases) [ 40 , 
 142 ,  143 ]. Although the presence of  TCF3 - PBX1  was previously associated with a 
poor prognosis, its presence has no prognostic signifi cance on more recent paediat-
ric and adult ALL treatment protocols [ 143 – 148 ]. The oncogenic fusion protein 
consists of exons 1–16 of the 5′ portion of  TCF3  from chromosome 19, encoding 
the TAD (AD1 and AD2), but not its bHLH DNA-binding domain, fused to the 3′ 
exons 4–9 of  PBX1  from chromosome 1 encoding the homeobox DNA-binding 
domain [ 149 – 151 ]. The reciprocal 5′  PBX1  – 3′  TCF3 , if present, is not transcribed. 
Structure-function experiments of the TCF3-PBX fusion protein, have shown that 
the AD1 and AD2 domains of TCF3 are required for cell transformation of NIH-3T3 
fi broblasts, while the homeodomain of PBX1 is dispensable, since a mutant TCF3- 
PBX1 construct lacking the homeodomain is still able to transform NIH-3T3 cells 
and form lymphomas in mice [ 152 ]. Later studies have shown that a small region 
downstream of the PBX1 homeodomain known as the Hox cooperativity motif 
(HCM) is required for transformation, most likely due to its interaction with HOX 
proteins [ 153 ]. 

 One of the limitations of mouse modelling of TCF3-PBX1 in mice has been that 
its ectopic expression results in either T-cell lymphomas or AML, whereas the 
translocations in humans are confi ned to cytoplasmic immunoglobulin expressing 
pre-B-lineage ALL [ 154 ,  155 ]. Even when  TCF3 - PBX1  is driven from  IGH  regula-
tory sequences specifi c to B-cells, mice still develop lymphomas of T-cell origin, 
probably because TCF3-PBX1 has been shown to initiate apoptosis in murine B-cell 
lineage cells in a manner that is TP53-independent and that can be overcome by 
BCL2 overexpression [ 156 ]. Thus, identifying the critical genes downstream of 
TCF3-PBX1 in pre-B-ALL has proven challenging, and one that hopefully will be 
answered with newly available technologies, such as ChIP-seq, that can identify the 
direct targets of endogenous TCF3-PBX1 in primary human pre-B-ALL samples.  

10.5.3      TCF3-HLF  Fusion Gene in Pro-B-ALL 

 The t(17;19)(q22;p13.3) resulting in the TCF3-HLF fusion protein is a rare bal-
anced translocation occurring in less than 1 % of B-ALL cases, usually of the pro-B 
subtype.  TCF3 - HLF  is characteristically associated with a low WCC (<20 × 10 9 /l), 
aberrant expression of CD33, disseminated intravascular coagulation and hypercal-
cemia (from high levels of parathyroid hormone-related peptide) at diagnosis, and a 
dismal response to chemotherapy, with all reported patients experiencing early 
relapse and succumbing to disease progression [ 40 ,  157 – 159 ]. Similar to TCF3- 
PBX1, the fusion protein retains the AD1 and AD2 transactivation domains of TCF3 
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but, in this case, is fused to the C-terminal bZIP DNA binding and dimerization 
domain of HLF [ 160 ,  161 ]. HLF is a bZIP transcription factor of the proline and 
acidic-rich (PAR) protein family, which, like many other bZIP proteins, can bind 
DNA either as a heterodimer or homodimer. A mutant construct encoding TCF3- 
HLF containing an extra coil of the leucine zipper domain, which cannot bind DNA 
as a heterodimer with the other PAR family members, is equally effi cient in trans-
forming NIH-3T3 cells, suggesting TCF3-HLF homodimers are responsible for 
tumourigenicity [ 162 ]. Notably, each of the AD1, AD2 and leucine zipper domains 
are also required for cell transformation of NIH 3T3 fi broblasts [ 162 ,  163 ]. 

  TCF3 – HLF  can immortalise haematopoietic progenitor cells, occurring predom-
inantly through an acquired resistance to apoptosis [ 164 ,  165 ]. Several downstream 
target genes have been implicated in this phenotype include  LMO2 ,  BIRC5  ( sur-
vivin ),  SLUG  and  BCL2  [ 165 – 168 ]. From a clinical perspective, perhaps the most 
promising targeted agents that warrant accelerated testing for this devastating sub-
type of ALL are BCL2 inhibitors, such as ABT-199, given these are already in clini-
cal trials and induce apoptosis of  TCF3 – HLF  transformed cells  in vitro  [ 169 ].  

10.5.4     Translocations Involving the Mixed Lineage Leukaemia 
( KMT2A/MLL ) Gene 

 The  mixed lineage leukaemia gene ,  KMT2A  (formerly  MLL ), is located at 11q23.3, 
and has been identifi ed as a translocation partner of over 80 other genes [ 170 – 173 ]. 
 KMT2A  translocations occur in many different subtypes of acute leukaemia, includ-
ing AML, B-ALL and T-ALL. The two patient populations where  KMT2A  rear-
rangements are particularly recurrent are infantile leukaemia (80 %) and AML 
secondary to chemotherapy (t-AML) (85 % after topoisomerase II inhibitor therapy) 
[ 40 ,  174 – 176 ]. 

 In infantile leukaemia (children <1 year of age, including B-ALL, AML or mixed 
lineage subtypes), the majority of patients harbour a  KMT2A  gene translocation, 
often the t(4;11)(q21.3;q23.3) producing the  KMT2A - AFF1  (formerly  AF4 ) fusion 
gene [ 177 ]. The presence of  KMT2A  translocations detectable in the neonatal blood 
spots (Guthrie cards) of infants who have developed leukaemia strongly supports an 
 in utero  origin for the majority of infantile  KMT2A  leukaemias [ 27 ]. Furthermore, 
concordance rates of infantile leukaemia in identical twins have been estimated to 
be as high as 100 %, with the majority of twin pairs exhibiting identical immuno-
globulin gene rearrangements, indicating that the tumours occurred  in utero  and 
were transmitted from one twin to the other through a shared placental circulation 
[ 178 ,  179 ]. 

 KMT2A, a homologue of the  Drosophila  trithorax protein, has Histone 3 Lysine 
4 (H3K4) methyltransferase activity provided by its C-terminal domain and forms a 
large chromatin remodelling complex together with Swi/Snf family members, 
CREBBP and HDACs, that together are required for primitive and defi nitive haema-
topoiesis, predominantly mediated through activation of  HOX  genes [ 180 ,  181 ]. The 
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majority of  KMT2A  translocations occur in a defi ned 8.3 kb breakpoint cluster 
region (BCR) between exons 5 and 11, retaining the N-terminal AT-hook domain, 
which binds DNA in a non-specifi c manner, and the CxxC DNA-binding domain, 
which can only bind unmethylated DNA [ 182 ]. The C-terminal portion of the chi-
meric protein is provided by the partner gene. The most common translocation part-
ner in early B-ALL is  AF4 , derived from the t(4;11)(q21.3;q23.3), followed by 
 MLLT1 / ENL , derived from the t(11;19)(q23.3;p13.3) and fi nally  MLLT3 / AF9 , 
derived from the t(9;11)(p21.3;q23.3) [ 183 ]. Together these three genes account for 
nearly 90 % of the KMT2A partners found in early B-ALL [ 184 ]. In T-ALL, the 
most common  KMT2A  partner gene by far is  MLLT1 , derived from the t(11;19)
(q23.3;p13.3). 

 Many of the mechanistic insights into KMT2A oncogenicity have come from the 
study of murine models of  KMT2A -induced leukaemia, including  KMT2A - MLLT3  
chimeric mice [ 185 ], and haematopoietic stem cell (HSC) retroviral transduction 
experiments with  KMT2A - MLLT1 ,  KMT2A - ELL ,  KMT2A - MLLT3  and  KMT2A- 
CREBBP   fusion genes, all of which induce leukaemia with varying latencies [ 186 –
 188 ]. Gene expression profi ling strongly implicates the HOX gene cluster, 
particularly  HOXA9  and  HOXA10 , and the HOX regulator,  MEIS1 , as critical down-
stream target genes for the malignant phenotype [ 189 – 193 ]. Recent data suggests 
that  KMT2A  fusion genes dysregulate target genes through chromatin remodelling 
by recruiting the histone methyltransferase DOT1L, which specifi cally methylates 
lysine-79 of histone H3 (H3K79) [ 194 ]. H3K79 methylation marks are enriched at 
KMT2A target genes, including the HOXA cluster, and such histone modifi cations 
are associated with actively transcribed genes, suggesting that DOT1L facilitates 
the oncogenic KMT2A transcription programme [ 194 – 196 ]. 

 The prognostic signifi cance of  KMT2A  rearranged leukaemias depends on the 
patient age, leukaemia subtype and the partner gene.  KMT2A  translocations carry a 
poor prognosis in infantile leukaemia, with only 40–50 % of children cured of their 
disease, even with the addition of allogeneic transplant in fi rst remission [ 177 ,  197 , 
 198 ]. Patients with  KMT2A  translocations and t-AML also fair extremely badly 
[ 199 ]. All age groups of ALL patient harbouring the t(4;11) have an inferior prog-
nosis, although, due to their rarity, the relevance of the other partner genes is less 
well-defi ned [ 7 ,  10 ]. In T-ALL, the most common  KMT2A  translocation, t(11;19), 
is associated with a favourable outcome [ 200 ].   

10.6     Tyrosine Kinase Genes 

10.6.1     Philadelphia-Chromosome Positive and the  BCR-ABL1  
Gene in Early-B ALL 

 The discovery of the Philadelphia chromosome (Ph+) in chronic myeloid leukaemia 
(CML) by Peter Nowell and David Hungerford in 1960, was the fi rst ever chromo-
somal lesion identifi ed in cancer [ 201 ]. Janet Rowley subsequently reported that the 
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Ph chromosome arises from a translocation involving chromosome 9 and 22, later 
shown to generate a fusion gene involving the 5′ region of  BCR  fused to the 3′ 
sequences of  ABL1  [ 202 ,  203 ]. In early B-ALL, the frequency of t(9;22)(q34.1;q11.2) 
is very much dependent of patient age, present in only 2 % of children with early 
B-ALL, but steadily increasing in frequency to 40 % of early B-ALLs in adults over 
the age of 40 years [ 40 ,  145 ,  204 ]. Cases of Ph+ T-ALL, occurring either  de novo  or 
as a presentation of blast crisis of CML, have also been described in the literature, 
but are exceedingly rare [ 205 ]. 

 On 9q34.1, breakpoints are scattered over a 200 kb region within the fi rst intron 
of the  ABL1  proto-oncogene, between the alternative exons 1a and 1b, and upstream 
of the tyrosine kinase domain [ 206 – 208 ]. On chromosome 22, breakpoints occur in 
two regions of BCR. The Major-breakpoint cluster region (M-BCR), as seen in 
CML and approximately one-third of early B-ALL cases, involves a 5.8 kb region 
between exons 12 and 16, giving rise to a 210 KDa chimeric protein (p210). The 
minor breakpoint cluster region (m-BCR), occurring solely in Ph+ ALL, involves a 
35 kb region between exons 1 and 2, resulting in a 190 KDa chimeric protein (p190) 
[ 209 ]. Rarely, a breakpoint occurs between exons 19 and 20 (“micro”-BCR break-
point) to create a 230 KDa protein (p230). Expression of the p190 or p210 chimeric 
proteins by retroviral infection of murine marrow results in either a CML-like dis-
ease, or immature B-lymphoid leukaemia, depending on whether or not the donor 
marrow was harvested after 5-fl uorouracil treatment, respectively [ 210 – 214 ]. 
Although both p190 and p210 forms of  BCR - ABL1  produce disease with a similar 
immunophenotype, the B-lymphoid neoplasms are signifi cantly more aggressive 
with p190, consistent with its increased kinase activity  in vitro  [ 214 ]. 

 The mechanism through which the BCR-ABL1 fusion protein exerts its oncoge-
nicity has been extensively studied [reviewed in [ 215 ]]. An alteration in structure of 
the chimeric protein leads to increased ABL1 kinase activity due to loss of auto-
regulation by its SH3 domain, mediated in part through loss of the N-terminal 
myristate group of ABL1, and in part through the coiled-coil oligomerisation 
domain juxtaposed from the N-terminus of BCR [ 216 – 218 ]. Furthermore, ABL1 
becomes strongly autophosphorylated, and is no longer confi ned to the nucleus, but 
instead can interact with alternative substrates in the cytoplasmic compartment, 
mediating aberrant pathway activation [ 218 – 220 ]. For instance, in the cytoplasm, 
BCR-ABL1 interacts with and activates MAP3K1 (previously MEK), which acts 
upstream of the extracellular signal regulated kinase (ERK), Jun N-terminal kinase 
(JNK), and NF-kB signalling pathways [ 221 ,  222 ]. Transformation by BCR-ABL1 
also involves activation of RAS and PI-3 kinase (PI3K) pathways, CBL and CRKL, 
JAK-STAT, NFKB, and SRC, as well as upregulation of MYC [ 223 – 231 ]. JAK2- 
independent phosphorylation of STAT5 is a critical step in leukaemogenesis, given 
that dominant-negative STAT5 mutants markedly impair transformation potential of 
BCR-ABL [ 232 ]. BCR-ABL1 also collaborates with loss of IKZF1, as over 80 % of 
Ph+ B-ALL cases (but not chronic phase CML cases) harbour intragenic deletions 
of the IKZF1 loci, and are associated with a poor prognosis [ 233 ]. 

 Until recently, Ph+ ALL has been associated with a poor prognosis across all age 
groups [ 234 – 236 ]. Proposed mechanisms of resistance to standard chemotherapy 
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include BCR-ABL1-mediated upregulation of the antiapoptotic genes  BCLXL  and 
 MCL1 , induction of multi-drug resistance (MDR) genes, such as  ABCB1  and 
 A  BCC1 , and aberrant TP53 localisation after DNA-damage [ 237 – 239 ]. Although 
tyrosine kinase inhibitors (TKIs) such as imatinib are able to induce complete and 
sustained responses in chronic phase CML, their effi cacy is limited when used as 
single agents in Ph+ ALL [ 240 ,  241 ]. Thus, similar to blast crisis CML, TK inhibi-
tors need to be given in combination with standard chemotherapy in Ph+ ALL, 
consistent with the notion that other secondary genomic lesions contribute signifi -
cantly to the progression to B-ALL. The combination of TKIs with chemotherapy 
has been very encouraging, with 3 year EFS rates as high as 80 % in children [ 242 ]. 
There is some expectation that survival rates will be further improved with the addi-
tion of the second generation TKI, dasatinib, which has considerably more activity 
than imatinib  in vitro  and also inhibits the SRC-family kinases [ 243 ,  244 ]. Dasatinib 
has been curative in some cases of Ph+ ALL even when given as monotherapy, and 
trials are underway exploring its effi cacy and tolerability in combination with stan-
dard ALL protocols [ 215 ,  245 ,  246 ]. Whether the addition of TKIs to front-line 
chemotherapy obviates the need for allogeneic transplant in fi rst remission is cur-
rently an issue of debate and on-going study [ 215 ].  

10.6.2     Activation of CRLF2, IL7R and JAK2 in ALL 

 The JAK-STAT pathway is essential for the establishment of normal lymphopoiesis, 
as exemplifi ed by the development of severe combined immunodefi ciency (SCID) 
when key components of this pathway, such as the interleukin- 2  receptor common 
gamma-chain ( IL2RG ),  IL7  receptor alpha ( IL7RA ),  JAK3  or  RAG  genes are inacti-
vated through inherited genetic lesions [ 247 – 249 ]. During normal lymphoid devel-
opment, IL7R heterodimerises with either IL2R, or CRLF2, to form cell surface 
receptor complexes that respond to ligand stimulation with IL7 and thymic stromal 
lymphopoietin (TSLP) respectively, activating the JAK family, STAT5 and PI3K 
signalling (Fig.  10.4 ).

   It has recently been appreciated that constitutive, ligand-independent activation 
of this pathway occurring through a variety of different genomic lesions, plays a 
prominent role in the pathogenesis of both B- and T-ALL. For instance, inactivating 
mutations or deletions of SH2B3 (encoding LNK, a negative regulator of JAK2), 
activating mutations in STAT5B through the N642H missense mutation (6 % of 
T-ALL cases) and, rarely, the F232C missense mutation in  CRLF2 , have all been 
recently discovered [ 250 – 252 ]. In 10 % of paediatric B-ALL cases, and over 50 % 
of Down Syndrome (DS) related B-ALL,  CRLF2  is activated through an intra- 
chromosomal deletion of the pseudoautosomal region 1 (PAR1) of Xp22.3/Yp11.3 
that juxtaposes the coding region of  CRLF2  to the regulatory elements of the neigh-
bouring P2RY8, encoding a purinergic receptor highly expressed in ALL cells [ 51 , 
 252 ,  253 ]. Interestingly, nearly half of DS-ALL patients with aberrant  CRLF2  
expression in early B-ALL also have activating mutations of a JAK family member, 
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most frequently  JAK2 , consistent with the fi nding that ectopic expression of  P2RY8- 
CRLF2   is insuffi cient to transform Ba/F3 cells to cytokine independence unless 
co-expressed with mutant  JAK2  [ 253 ]. Although initial studies suggested a poor 
prognosis in patients with high  CRLF2  expression, this remains controversial, being 
highly infl uenced by the individual treatment protocol and presence of other genetic 
lesions such as  IKZF1  deletions [ 252 ,  255 – 258 ]. 

 Somatically acquired activating  IL7R  mutations occur in approximately 10 % of 
T-ALL, and 1 % of B-ALL cases, the vast majority of which are short in-frame 
insertions in exon 6 resulting in the introduction of a novel cysteine just extracel-
lular to the transmembrane domain [ 4 ,  259 ,  260 ]. Similar to the F232C mutation of 
CRLF2, these unpaired cysteine residues lead to inter-molecular disulphide bond 
formation leading to ligand-independent receptor homodimerisation, and constitu-
tive JAK1 and STAT5 activation (Fig.  10.4 ) [ 4 ,  259 ,  260 ]. Given inhibition of JAK- 
STAT signalling results in apoptosis of  IL7R -mutant cells, there has been much 
interest in using clinically available JAK inhibitors, such as ruxolitinib, in IL7R 
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  Fig. 10.4    Schematic of wild-type and mutant IL7R-JAK-STAT signalling. In normal B- and T-cell 
development, IL7 binds to an IL7RA-IL2RG heterodimeric complex, leading to phosphorylation 
and cross-phosphorylation of JAK1 and JAK3, which activates PI3K and STAT (predominantly 
STAT5) signalling. In Th2 T Cells, dendritic cells, macrophages and mast cells, thymic stromal 
lymphopoietin (TSLP) binds to CRLF2-IL7RA heterodimers to activate similar pathways. In B- 
and T-ALL, IL7RA is somatically mutated, and the majority of mutations introduce novel cyste-
ines in the transmembrane domain, which create disulphide bonds with neighbouring mutant 
IL7RA receptors, to form constitutively active IL7RA homodimers, which activate JAK1-STAT5 
signalling in a ligand independent manner. Recently, we have shown that treatment with 
N-acetylcysteine is effective in reducing the disulphide bonds and inducing apoptosis in ALLs 
addicted to constitutive IL7-JAK-STAT5 signalling [ 254 ]. The F232C mutation of CRLF2 found 
in early B-ALL activates JAK-STAT signalling in the same manner. It should also be noted that this 
pathway is activated by several other mechanisms in ALL, including by mutations of JAK1, 2 and 
3, STAT5, and LNK, as well as CRLF2 over-expression, occurring through interstitial deletion or 
chromosomal translocation       

 

10 Chromosomal Translocations and Gene Rearrangements in Acute Lymphoblastic…



206

mutant T-ALL cases [ 4 ,  259 – 261 ]. Indeed, ruxolitinib results in an improvement in 
survival in murine models of mutant IL7R-driven ALL, although the benefi t is mod-
est [ 262 ]. As an alternative approach, we recently demonstrated that N-acetylcysteine 
(NAC), a reducing agent widely and safely used for paracetamol (acetaminophen) 
poisoning, can reduce the inter-molecular disulphide bonds of mutant IL7R, disrupt 
the aberrant homodimer, and induce apoptosis of IL7R-mutant T-ALL cells both  in 
vitro  and  in vivo  at doses readily achievable in humans [ 254 ].  

10.6.3      NUP214-ABL1  Episomal Amplifi cation in T-ALL 

 When using FISH for  ABL1 , Graux and colleagues identifi ed a subset of T-ALL 
patient samples where there was clear evidence of multiple extra-chromosomal sig-
nals of  ABL1  [ 263 ]. Using RACE PCR, they identifi ed in-frame fusions between the 
5′ of  NUP214 , to 3′  ABL1  (breakpoints in intron 1, similar to classic Ph+ ALL). The 
NUP214-ABL1 fusion protein is localised to the cytoplasmic side of the nuclear 
pore complex, has high ABL1 kinase activity, and is able to transform Ba/F3 cells, 
albeit with long latency [ 263 ,  264 ]. To date, 63 cases of T-ALL with  NUP214 - ABL1  
have been reported, with a frequency of approximately 5 % [ 265 ]. These cases are 
commonly associated with the  TLX1  and  TLX3  T-ALL subtypes, and affect paediat-
ric and adult patients equally [ 265 ]. Because of their rarity, the prognostic signifi -
cance of  NUP214 - ABL1  is controversial in T-ALL, although two studies have 
suggested that poor prognosis is a feature particular to ‘ NUP214 - ABL1  with hsr’ 
(homogeneously staining regions, where the episomes have stably reintegrated into 
the genome). Interestingly, the only four T-ALL cell lines identifi ed to harbour this 
fusion (ALL-SIL, PEER, Be-13 and TALL-104) all have ‘ NUP214 - ABL1  with hsr’, 
and all were established from cases of relapsed/refractory T-ALL.  NUP214 - ABL1  
positive T-ALL cell lines and Ba/F3 cells transformed by  NUP214 - ABL1  undergo 
apoptosis in response to TKI treatment [ 263 ]. Case reports of clinical responses to 
imatinib and dasatinib in NUP214-ABL1 positive T-ALL suggest a clinical trial of 
TKIs is warranted in this patient subgroup [ 266 ,  267 ].   

10.7     Future Directions 

 For over 30 years, chromosomal abnormalities have provided prognostic informa-
tion in ALL, and this has been further refi ned over recent years, enabling a risk- 
adapted approach to treatment based on cytogenetic data [ 7 ]. Exactly how the 
spectrum of somatic mutations identifi ed in both B- and T-ALL impacts on outcome 
is an area of ongoing study, but when combined with cytogenetic data and minimal 
residual disease analysis, should enable clinicians to stratify therapy more precisely. 
Furthermore, many of the newly discovered genomic lesions activate kinases, 
examples being NUP214-ABL1 in T-ALL and other ABL1/2 translocations in 
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Ph-like B-ALL, targetable by TKIs such as dasatanib;  FLT3  mutations in KMT2A- 
rearranged and hyperdiploid ALL, targetable by inhibitors such as sorafenib and 
quisartinib; and  CRLF2 / IL7R  mutations/translocations targetable by JAK inhibitors 
such as ruxolitinib, suggesting that these agents warrant accelerated testing in clini-
cal trials [ 252 ,  256 ,  259 ,  260 ,  268 – 271 ]. An alternative approach is to target chro-
matin modifying enzymes. For instance, overexpression of the  HMGN1  gene on 
trisomy 21, and in the high risk iAMP21, leads to depletion of H3K27me3, and 
sensitises cells to H3K27 demethylase inhibitors, an approach that also warrants 
testing in T-ALLs with loss-of-function mutations in  EZH2  [ 52 ]. 

 However, many of the genes involved in translocations are transcription factors 
that have proven extremely challenging to target. Here, there has been an increased 
focus on identifying and targeting ‘synthetic lethal’ genes that are required specifi -
cally for cells expressing a particular oncogene. For instance, the DOT1L inhibitor, 
EPZ004777, a competitive inhibitor of the methyl donor S-adenosyl-methionine, 
has shown promise in pre-clinical studies of  KMT2A -transformed ALL [ 272 ]. 
Another potentially druggable epigenetic target is KDM1A (LSD1), a lysine- 
specifi c demethylase involved in regulating KMT2A-transformed stem cells [ 272 ]. 
Pharmacological inhibition of LSD1 was shown to differentiate  KMT2A - AF9  cells, 
and clinical trials of ORY-1001 are in progress for relapsed AML [ 272 ]. Very 
recently, CDK6, a transcriptional target of KMT2A required for cell cycle progres-
sion, has been identifi ed as a potential therapeutic target for KMT2A-related leu-
kaemias, which has the potential to be rapidly tested in clinical trials, given that 
CDK6 inhibitors are already under clinical investigation in other cancers [ 274 ]. 

 One potential hurdle of targeted therapy in ALL is that it is a clonally heteroge-
neous disease, meaning agents targeting the bulk of the leukaemia cell population, 
may select for outgrowth of subclones with self-renewal potential that do not har-
bour the targeted lesion. Thus, agents that target the initiating lesion (likely to be 
present in all clonally evolved cells), or that inhibit the leukaemic stem cell, may 
prove the most effective in yielding cures in very high risk ALL patients.     
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   Abstract     The Mixed Lineage Leukaemia (KMT2A/MLL) gene encoding a 
H3K4me3 histone methyltransferase is a frequent target of chromosomal aberra-
tions resulting in various forms of aggressive leukaemia with poor prognosis. 
Treatment of MLL leukaemia presents a major challenge, thus novel and more 
effective therapies are urgently needed to improve patients’ outlook. While internal 
deletion and amplifi cation of MLL have been reported, MLL mutations mostly 
manifest either as chromosomal translocations resulting in the generation of fusion 
proteins, in which the C-terminus of MLL is replaced by 1 of more than 70 identi-
fi ed fusion partners, or as partial internal tandem duplications (PTD). Some of the 
most frequent MLL fusion partners exist in multiple complexes associated with 
histone methyltransferase, DOT1L or positive elongation factor b (P-TEFb). 
Aberrant recruitment of these complexes by MLL fusions among other mechanisms 
such as dimerization of MLL fusions or recruitment of other histone modifying 
enzymes resulting in aberrant transcription of downstream targets such as  HOX  
genes has been identifi ed as critical steps in MLL fusion mediated transformation. 
Among them are various key components of epigenetic machinery including 
DOT1L, PRMT1 and BRD4, which emerge as promising therapeutic targets. On the 
other hand, recent studies also identifi ed other essential pathways and molecules 
such as beta-catenin, ITGB3/SYK, polycomb proteins that are not necessarily under 
the direct control of the MLL fusions. While development of small molecule inhibi-
tors against most of these emerging targets is still in very early stages, the latest 
development of DOT1L inhibitors currently in a phase I clinical trial on MLL leu-
kaemia demonstrates the promise of translating our knowledge into novel treat-
ments to improve the outcome for  MLL  leukaemia patients.  

  Keywords     Acute leukaemia   •   KMT2A/MLL leukaemia stem cells   •   Cell of origin   
•   Epigenetics   •   Targeted therapy  

11.1         Introduction 

 Acute leukaemia is characterized by rapid expansion of immature white blood cells 
that accumulate in the bone marrow and interfere with the production of normal 
blood cells. Clinical classifi cation based on lineage characteristics of the leukaemic 
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blasts can broadly divide acute leukaemia into acute myeloid leukaemia (AML), 
acute lymphoid leukaemia (ALL) and acute biphenotypic leukaemia (ABL), which 
features markers of both myeloid and lymphoid cells. While ALL is the most com-
mon cancer in infants and children, ABL uniformly present at all ages whereas the 
incidence of AML increases with age. Recurring chromosomal aberrations tend to 
associate with particular subtype of acute leukaemia, e.g., t(15;17) with  PML- 
RARA  , t(8;21) with  RUNX1 - RUNX1T1 / AML1 - ETO  found only in AML; whereas 
t(1;19) encoding  TCF3 / E2A - PBX1  only occurs in ALL. Interestingly, 11q23 chro-
mosomal aberrations involving the  KMT2A / MLL  ( mixed lineage leukaemia ) gene, 
which generally confer very poor prognosis, are found promiscuously in ALL [ 1 ], 
AML [ 2 ] and ABL [ 3 ].  MLL  rearrangement can be found in up to 80 % in infant 
leukaemia, 3–10 % in ALL and AML, and up to 18 % in ABL. The  MLL  gene 
located at 11q23 is the human homolog of  drosophila trithorax  ( trx ), and encodes a 
SET-domain histone methyltransferase (HMT) that tri- methylates histone 3 lysine 4 
(H3K4me3) positively associated with transcription. 430 kDa MLL protein also 
contains N-terminal DNA binding domains (AT-hooks and CXXC domain) as well 
as central PHD fi ngers and a transactivation domain. MLL protein is proteolytically 
cleaved between PHD fi ngers and the transactivation domain into two fragments 
(MLL-N and MLL-C), which specifi cally associate via consensus interaction motifs 
to regulate gene expression for normal development, including haematopoiesis. In 
contrast, its mutations in the haematopoietic system lead to acute leukaemia. In this 
book chapter, we will review the recent advance in understanding the cellular and 
molecular basis of MLL leukaemia. We will discuss existing  MLL  leukaemia mod-
els, the potential cell of origin of MLL leukaemia, compare the molecular functions 
of wild-type MLL with oncogenic MLL fusions, highlight critical pathways/mole-
cules in MLL leukaemia, and fi nally describe current therapies and potential devel-
opment of novel targeted therapies for MLL leukaemia.  

11.2     11q23 Abnormalities in Acute Leukaemia 

 Four recurrent 11q23 chromosomal abnormalities have been identifi ed in acute leu-
kaemia, namely chromosomal translocations, partial tandem duplication (PTD), 
amplifi cation and internal deletion (Fig.  11.1 ).

   While  MLL -PTD, amplifi cation and deletion can be found in AML,  MLL  trans-
locations remain the most recurrent 11q23 abnormality in all different acute leukae-
mia subtypes. The treatments of leukaemia with 11q23 aberrations remain a major 
clinical challenge. Although cure rates of up to 80 % can be achieved for non- 11q23 
childhood ALL, the outlook for patients with 11q23 abnormalities is far worse [ 4 ]. 
Similarly, the presence of 11q23 translocations generally confers poor prognosis in 
AML [ 2 ] and in ABL [ 3 ].  
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11.3      MLL  Chromosomal Translocation Fusions 

 Pre-natal backtracking of concordant leukaemia in identical monozygotic twins 
provided evidence that 11q23 translocations can occur in utero [ 5 ], and the very 
short latency (<1 year) to develop full blown leukaemia in infants suggest few 
(if any) additional mutations are required. This may differ from the aetiology of 
leukaemia harbouring 11q23 translocations found in adults where the cellular origin 
of the disease can be very different. On the other hand,  MLL  translocations not only 
occur in de novo acute leukaemia, but are also frequently observed in therapy related 
AML (t-AML). Strikingly, compared to de novo acute leukaemia where 11q23 
translocations occur in similar frequencies in AML and ALL, the vast  majority 
(>90 %) of 11q23 translocation therapy related leukaemia is t-AML, that arise after 
topoisomerase II treatment of an unrelated primary neoplasm [ 6 ]. 
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  Fig. 11.1     Schematic overview of wild-type KMT2A/MLL protein and the aberrant KMT2A/
MLL proteins resulting from different 11q23 chromosomal aberrations . The incidence of the 
individual 11q23 aberration amongst all 11q23 re-arrangements in infant/childhood and adult ALL 
and AML are indicated (Data modifi ed from [ 7 ]). All ‘rare’ MLL translocation partners are 
presented together in ‘all others’. Functional protein domains of MLL are indicated. AT-hooks and 
CXXC, DNA binding domains; FRYN/FRYC, consensus interaction motifs; TAD, transactivation 
domain; SET domain, mediates H3K4me1,2,3 methylation       
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 All  MLL  translocations occur within the same 8.3 kb breakpoint cluster region 
between the CXXC DNA-binding domain and the central PHD fi ngers. As a result, 
all MLL fusions retain the MLL N-terminus with its DNA binding motifs, but the 
C-terminal SET domain is replaced with the fusion partner that may possess other 
transcriptional effector or homo-dimerization domains. Although more than 70 dif-
ferent MLL fusion partners have been identifi ed and can be broadly divided into 
nuclear and cytoplasmic proteins, AFF1/AF4, MLLT3/AF9, MLLT10/AF10, ELL, 
MLLT1/ENL and MLLT4/AF6 account for more than 85 % of cases [ 7 ]. With the 
exception of AF6, they are all nuclear proteins. Strikingly, the most frequent nuclear 
fusion partners biochemically interact with each other [ 8 ], and many of them were 
subsequently found co-existing in protein complexes. The fi rst description of such a 
complex was named ENL associated proteins (EAP) [ 9 ,  10 ] (Fig.  11.2 ), which 
included amongst other components also known MLL fusion partners ENL, AF9, 
AF4, AFF3/LAF4, AFF4/AF5Q31 as well as the H3K79 histone methyltransferase 
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  Fig. 11.2     Schematic overview of the complexes associated with the most common KMT2A/
MLL fusion partners.   EAP  ENL associated proteins,  AEP  AF4 family/ENL family/P-TEFb, 
 DotCom  Dot1L complex,  SEC  super elongation complex. Proteins not originally identifi ed in these 
complexes but shown to interact with components of these complexes, indicated with  blue arrows , 
are marked with a  dotted red outline. Green arrows  indicate H3K79me2 chromatin modifi cation 
mediated by Dot1L, whereas  red arrow  indicates potential positive transcriptional effects. BRD4 
recognizes and binds to acetylated histones and interacts with P-TEF-b. PAF1 promotes transcrip-
tional elongation of RNA polymerase II (Pol II) and interacts with ENL/AF9. Pol II itself interacts 
with P-TEFb and ELL/ELL2/ELL3. A mutually exclusive binding of ENL to either AF4 or DOT1L 
was suggested [ 12 ]       
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DOT1L and the positive transcription  elongation factor b (P-TEFb) that plays an 
essential role in regulation of the  transcription by RNA polymerase II.

   However, more recent biochemical and functional studies have identifi ed three 
slightly different complexes, namely the super elongation complex (SEC) [ 11 ], AF4 
family/ENL family/P-TEFb (AEP) complex [ 12 ] and DotCom [ 13 ]. While AEP and 
SEC largely overlap and contain P-TEFb as well as known MLL fusion partners 
AF4, AF5Q31 and ENL (note that SEC also contained ELL1/ELL2/ELL3 and 
AF9), they do not have DOT1L. On the other hand, DotCom lacks P-TEFb but 
contains DOT1L plus MLLT3/AF9, AF10, MLLT6/AF17 and ENL. These results 
suggest the presence of at least two different complexes (one with and one without 
DOT1L) associated with the most common nuclear MLL fusion partners (Fig.  11.2 ) 
that may link transcriptional elongation with histone methylation leading to de- 
regulated target gene expression, such as  HOX  genes. Interestingly, while the inci-
dence of the different MLL fusion partners in ALL as well as AML changes with 
the age of the patients (Fig.  11.1 ), certain MLL fusions are almost exclusively asso-
ciated with AML (MLL-ELL) or ALL (MLL-AF4) whereas others can be found in 
both (MLL-AF9, MLL-ENL). Therefore, some MLL fusions may in part determine 
the lineage specifi city, although other factors including cell of origin and microen-
vironments likely also have important roles in controlling the MLL leukaemia phe-
notypes. On the other hand, given that transcriptional complexes associated with an 
individual MLL fusion are likely similar in AML and ALL, these fi ndings suggest a 
lack of functional relationship between transcriptional complexes and the leukae-
mia lineage.  

11.4     MLL-Partial Tandem Duplication (MLL-PTD) 

  MLL -PTD occurs within the same breakpoint cluster region observed in  MLL  trans-
locations, but results in an internal duplication of N-terminal sequences fl anking the 
DNA binding domains AT hooks and CXXC. Importantly, this re-arrangement of 
MLL does not affect C-terminal sequences of MLL. Therefore MLL-PTD possesses 
a functional H3K4me3 SET domain and has been reported with strong transcrip-
tional activity [ 14 ]. MLL-PTD predominantly occur in AML (~5 %) and is enriched 
in AML with trisomy 11 [ 2 ], although very rare cases in ALL have been reported 
[ 7 ]. While MLL-PTD enhances self-renewal of haematopoietic progenitor cells, it 
does not induce AML in mouse model, suggesting additional mutations are required 
for full-blown leukaemia [ 15 – 17 ]. Similar to  MLL  translocations, the presence of 
 MLL -PTD in AML confers a poor prognosis with markedly reduced remission dura-
tion [ 18 ].  
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11.5     MLL Amplifi cation and Internal Deletion 

 In contrast to  MLL  translocation and  MLL -PTD,  MLL  amplifi cation and internal 
deletion are much less frequent 11q23 aberrations.  MLL  amplifi cation is mainly the 
result of intrachromosomal (HSR, homogenous staining regions) or extrachromo-
somal (dmin, double minute chromosome) amplifi cations, and may confer poor 
prognosis [ 19 ].  MLL  amplifi cation is predominately found in AML (up to 1 %), but 
a case report of its existence in ALL has also been described [ 20 ]. On the other 
hand, only three ALL patients have been reported with internal deletion in one  MLL  
allele, in which exon 11 together with parts of intron 10 and 11 (new nomenclature) 
were lost [ 19 ]. Since  MLL  translocations represent the most frequent 11q23 abnor-
malities in acute leukaemia and  MLL -PTD/amplifi cation has been recently reviewed 
[ 19 ], we will focus our discussion on  MLL  translocations in the rest of the 
chapter.  

11.6     Modelling  MLL  Leukaemia 

11.6.1     AML Models of  MLL  Fusions 

 In the past two decades, a number of  MLL  leukaemia models have been reported 
that recapitulate several aspects of the human disease. A breakthrough in modelling 
 MLL  fusions came around 4–5 years after the identifi cation [ 21 ] and cloning of  MLL  
gene at 11q23 [ 22 ,  23 ] when Rabbitts lab [ 24 ] created the fi rst  MLL  fusion mouse 
model. Using knock-in technologies in ES cells, the cDNA of the fusion partner 
AF9 was inserted just after the exon 8 (old nomenclature) of the  MLL  gene resulting 
in an MLL-fusion gene under the expression of the endogenous  MLL  promoter. 
Chimeric MLL-AF9 knock- in mice developed AML with a latency of 4–11 month. 
The second seminal  MLL  leukaemia model was established by the Cleary lab using 
retroviral transduction to transfer MLL-ENL into murine primary haematopoietic 
progenitor cells. MLL-ENL expressing murine primary haematopoietic cells 
induced myeloid leukaemia when transplanted into mice with a shorter latency of 
2–5 months [ 25 ]. This system has also been used to defi ne and describe the  disease 
progression from pre-LSC (pre-leukaemic stem cell) to LSC [ 2 ,  26 ]. In order to 
mimic and recreate the chromosomal translocations found in human acute  leukaemia 
patients rather than just the expression of the dominant der(11)  transcripts, the 
Rabbitts lab further pioneered in the generation of the translocator mice [ 27 ]. These 
mice harboured loxp sites within the Mll and Af9 genes at specifi c introns, which 
correspond to the breakpoint regions found in MLL-AF9 acute leukaemia patients. 
Exposure to  Cre -recombinase resulted in the interchromosomal recombination of 
Mll and Af9, thus creating both derivative transcripts and resulting in AML [ 28 ]. A 
similar approach was also used in Mll-Enl translocator mice that rapidly developed 
myeloid leukaemia after  Cre -recombination [ 29 ] with latencies similar to that 
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observed in the retroviral transduction model. The use of a conditional  MLL  fusion 
by employing either the mutant oestrogen receptor/tamoxifen [ 30 ] or Tet off/doxy-
cycline system [ 31 ] together with retroviral transduction of murine primary cells 
has further demonstrated the biological relevance of MLL fusions and their down-
stream targets such as  HOX / MEIS  genes in MLL leukaemia. Modifi ed retroviral 
transduction approaches using MLL fusions and human lineage negative or CD34+ 
primary haematopoietic cells isolated from cord blood led to the fi rst humanized 
in vivo leukaemia model [ 32 ,  33 ]. Together, these landmark studies demonstrated 
the feasibility of modelling AML as a result of 11q23 translocations/fusions, and 
these models have been widely used to gain mechanistic insights into the underlying 
disease mechanisms. However, modelling the ALL phenotype observed in 11q23 
patients proved to be more challenging.  

11.6.2     ALL Models of MLL Fusions 

 The fi rst ALL model of MLL leukaemia was reported in a murine retroviral trans-
duction approach using  MLL - GAS7 , which was capable of transforming HSCs lead-
ing to multiple lineage leukaemia including ALL, AML and ABL [ 34 ].  Mll - Enl  
translocator mice developed T-ALL among other haematological malignancies 
when  Cre  expression was restricted to the t-cell compartment using a  Lck - Cre  [ 28 ]. 
On the other hand, immuno-compromised NOD/SCID mice transplanted with 
 MLL - ENL  or  MLL   - AF9  transduced human primary cells developed ALL, or ALL/
AML respectively [ 33 ]. Interestingly, the phenotype of leukaemia seems to depend 
largely on the microenvironment of the recipient mice as  MLL - AF9  transduced 
human CD34+ cells have shown different disease outcomes, ALL vs AML, depend-
ing on the recipient mouse strain [ 32 ]. Modelling the ALL disease phenotype of 
 MLL - AF4 , the most frequent  MLL  fusion associated with ALL has also been chal-
lenging. Early unsuccessful attempts to model  MLL -   AF4  in murine primary cells 
using a retroviral approach were succeeded by two mouse models (knock-in and 
inverter), in which  MLL - AF4  expression led to B-cell lymphomas with long latency 
and low penetrance [ 35 – 37 ]. A much improved conditional  MLL - AF4  model was 
reported to have about half of the knock-in mice develop B-ALL [ 38 ]. However, the 
observed ALL phenotype was still different from that observed in patients and the 
other half of the animals developed AML, suggesting that the right cellular target 
might have been missed in these studies [ 39 ]. Of note, another  MLL - AF4  murine 
retroviral transduction model has been reported, in which  MLL - AF4  as well as the 
reciprocal translocation product  AF4 - MLL  causes B-ALL with a long latency and 
low penetrance [ 40 ]. Surprisingly, this study also showed that  AF4 - MLL  alone is 
suffi cient to cause leukaemia, suggesting a critical role for the reciprocal product in 
the pathogenesis of  MLL    - AF4  leukaemia. However, it should be noted that the 
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reciprocal MLL fusions, including AF4-MLL cannot be detected in all patients har-
bouring  MLL  translocations [ 7 ,  41 ,  42 ].  

11.6.3     ABL Generated by MLL Fusion 

 While ABL comprises only 2–5 % of all acute leukaemia cases [ 3 ], bi-phenotypic 
leukaemia expressing MLL fusions have been frequently described in different 
model systems. The fi rst ABL models were reported using retroviral transduction 
approach on murine cells with  MLL - ENL  [ 43 ] or  MLL - GAS7  [ 34 ]. In both cases, 
 MLL fusion   transformed cells expressed both myeloid and lymphoid markers, and 
induced ABL in mice with a relative short latency. ABL was also observed in three 
 MLL - AF4  mice [ 38 ] and one  AF4 - MLL  mouse [ 40 ], respectively, Interestingly, 
ABL was recurrently observed in the retroviral transduction approach with human 
CD34+ primary haematopoietic cells isolated from cord blood [ 32 ]. These results 
provide further experimental evidence for the specifi c association of  MLL  fusions 
with lineage infi delity/promiscuity.   

11.7     Cell of Origin for MLL Leukaemia 

 In order to defi ne potential origins of MLL LSCs, phenotypically and functionally 
defi ned haematopoietic populations (such as HSC, haematopoietic stem cell; MPP, 
multipotent progenitor; CMP, common myeloid progenitor; GMP, granulocyte- 
macrophage progenitor; MEP, megakaryocyte erythroid progenitor) were purifi ed 
from mouse bone marrow for retroviral transduction and transformation assays. 
While MLL-ENL failed to transform MEP, it induced phenotypically identical 
myeloid leukaemia when expressed in HSC, CMP and GMP populations [ 44 ]. In 
contrast, MLL-GAS7 was reported to transform HSC, CMP and GMP but with dif-
ferent leukaemia phenotypes. MLL-GAS7 expression in HSCs could produce 
multi-lineage leukaemia whereas its expression in CMP and GMP led to exclusive 
myeloid transformation [ 34 ]. These results together with subsequent global expres-
sion analyses on MLL LSC-enriched populations [ 45 ,  46 ] revealed that MLL fusion 
can induce a self-renewal programme in otherwise short-lived myeloid progenitor 
cells in AML, whereas HSCs may be the cell of origin for multi-lineage leukaemia. 
On the other hand, an important insight about the potential origin of LSC was 
obtained in a study examining the transformation abilities of HSCs, CMPs and 
GMPs expressing MLL-AF9 driven by endogenous  MLL  promoter in  MLL - AF9  
knock-in mice. While  MLL - AF9  expressing HSCs led to AML, GMPs expressing 
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 MLL - AF9  driven by the endogenous  MLL  promoter, which is in contrast to those 
driven by MSCV retroviral promoter [ 45 ], failed to induce leukaemia, highlighting 
the importance of the expression level in determining the transformation ability of 
MLL fusions in different cellular targets [ 47 ]. Although it is feasible to compare 
murine retroviral and knock-in models, it is more challenging to assess the impact 
on MLL fusion expression levels in the human system. Recent technological 
advances in genome editing technologies utilizing custom made zinc fi nger nucle-
ases (ZFNs) [ 48 ] or transcriptional activator- like effector nucleases (TALENs) [ 49 ] 
that recognize any given DNA sequence with high specifi city can facilitate the cre-
ation of novel MLL leukaemia models in human primary cells where the MLL 
fusion is expressed at physiological levels. Such a model system could also provide 
unique insights into the long sought-after infant ALL leukaemia with an extremely 
brief latency. Given that MLL fusions arise in utero, it would be important to assess 
the impact of physiologically expressed MLL fusion in early, embryonic haemato-
poiesis if hES or iPS cell are employed.  

11.8     Transcription Regulation by MLL and MLL Fusions 
During Normal and Disease Development 

11.8.1     Wild-Type MLL and Its 
Transcriptional Complex 

 It had been realized very early on that the  MLL  gene shares signifi cant homology 
with the drosophila trithorax ( trx ) gene [ 22 ]. Trx is the founding member of the 
trithorax-group (Trx-G) proteins, which antagonize the polycomb group (Pc- G) 
proteins to maintain cellular memory/identity by epigenetically maintaining infor-
mation about gene expression of key developmental master regulators such as hox 
genes [ 50 ]. Consistently,  MLL  knockout mice were embryonic lethal and showed 
homeotic transformations with abnormal  Hox  gene expression [ 51 ], indicating 
MLL as the functional homolog of trx with critical roles in cellular memory and the 
transcriptional regulation. Important cues to the molecular function of MLL came 
from the discovery that MLL is the mammalian homolog to yeast set1 [ 52 ], which 
was later shown to possess histone methyltransferase activity specifi c for H3K4 
[ 53 ]. Subsequently, this enzymatic activity was also confi rmed in MLL [ 54 ] and Trx 
[ 55 ]. The H3K4me3 mark is generally associated with active transcription (active 
mark) although it can also be present together with K3K27me3 (a repressive mark) 
at bivalent genes poised for transcription. The exact role of the H3K4me3 SET 
domain of MLL in normal development is still unclear since mice expressing a 
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mutant MLL without the SET domain (MLLΔSET) are viable and fertile, although 
they displayed homeotic transformations and reduced hox expression [ 56 ]. 

 Purifi cation of the yeast set1 (COMPASS), mammalian MLL (mammalian MLL 
COMPASS-like) and  Drosophila  trx ( Drosophila  trithorax COMPASS-like) com-
plexes revealed that many core components are indeed common between these com-
plexes [ 57 ], further endorsing a conserved function of trx/set1/MLL in transcriptional 
regulation of target genes across different  species. The core components of the dro-
sophila trithorax COMPASS-like and mammalian MLL COMPASS-like complex 
(Fig.  11.3a ) include WDR5, RBBP5, DPY30, ASH2L, which are similar to yeast 
COMPASS core components Cps30, Cps50, Cps25, Cps60 respectively. In contrast 
to the yeast COMPASS complex,  Drosophila  and mammalian COMPASS-like 
complexes contain MEN1 [ 57 ,  58 ], which binds to trx/MLL N-terminal sequences. 
There are also other critical cofactors not originally co-purifi ed but later shown to 
interact with components of the mammalian COMPASS-like complex. These 
include (1) polymerase associated factor complex, PAFc, which is thought to play a 
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  Fig.11.3     Schematic overview of the wild-type KMT2A/MLL complex and the different 
oncogenic transcriptional complexes formed by KMT2A/MLL fusions.  ( a )  Wild-type MLL 
complex . Proteins not originally identifi ed but shown to interact with components of the MLL 
COMPASS-like complex are marked with a red outline. PAF1 binds directly to MLL N-terminal 
sequences and interacts with BRD4. MEN1 interacts with LEDGF. RNA polymerase II is present 
at  MLL  target genes. ( b – d )  Proposed different oncogenic transcriptional MLL fusion com-
plexes .  Green arrow  indicates transcription.  Blue arrows  indicate protein interactions.  Red arrows  
indicate enzymatic histone methyltransferase activity. For clarity, no arrows have been depicted in 
the two panels on the right ( c  and  d ) except for PRMT1 enzymatic activity. Note that both wild-
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role in targeting MLL complex to target loci [ 59 ]; (2) acetylated histone binding 
proteins of the BET family such as BRD4 potentially via interaction with PAFc 
[ 60 ]; and (3) the chromatin associated protein PSIP1/LEDGF via its interaction 
with MEN1 [ 61 ].

11.8.2        MLL Fusion Complexes 

 Over the past few years, it has become clear that multiple common MLL fusion 
partners co-exist in various endogenous complexes (EAP, AEP, SEC, DotCom) that 
are aberrantly recruited to MLL target genes resulting in abnormal transcriptional 
regulation of target genes such as  HOX  genes. These complexes often contain the 
H3K79me2 histone methyltransferase DOT1L and/or the positive elongation factor 
P-TEFb that is critical for the transition of transcriptional initiation to elongation by 
phosphorylating of the CTD of RNA polymerase II. Moreover MLL fusion com-
plexes also interact with mammalian MLL COMPASS-like associated proteins such 
as MEN1, LEDGF and PAFc. Hence it is believed that these MLL fusions may 
transform haematopoietic cells by aberrant recruitment of histone modifying 
enzymes (e.g., DOT1L) and elongation factors (e.g., PAFc, P-TEFb) (Fig.  11.3b ). 
For the less common MLL fusions, several alternative transformation mechanisms 
(Fig.  11.3c, d ) have been described including (1) dimerization of MLL fusions 
observed in MLL-EPS15/AF1p and MLL-GAS7 [ 62 ], MLL-GPHN [ 63 ] and syn-
thetic MLL-FKBP [ 14 ]; (2) recruitment of different histone modifying enzymes 
such as the protein-arginine methyltransferase, PRMT1 in MLL-SH3GL1/EEN 
[ 64 ]; or (3) indirect recruitment of AEP in case of MLL-MLLT4/AF6 [ 12 ], all 
resulting in de-regulated gene expression of critical targets such as  HOX  genes.  

11.8.3     Crosstalk Between Wild-Type MLL and MLL Fusion 
Complexes 

 Interestingly, the N-terminus of MLL is preserved in all MLL fusions (Fig.  11.1 ), 
yet it is still unclear how wild-type and MLL fusion complexes are recruited to 
specifi c downstream targets. Proteins that interact within the N-terminus of MLL 
such as MEN1 and LEDGF are present in wild- type MLL as well as MLL fusion 
complexes suggesting putative binding to the same target genes. Indeed, up to 80 % 
of MLL-ENL target genes overlap with wild-type MLL targets [ 65 ]. On the other 
hand, MLL fusion target genes (n = 223) represent only a small minority (~7 %) of 
wild-type MLL targets (n = 2595), suggesting a highly selective binding exhibited 
by MLL-fusions to these loci. In contrast to wild-type MLL, all MLL fusions lack 
the C-terminal H3K4me3 SET domain. Yet, MLL fusion target genes are enriched 
not only with the H3K79me2 but also with the H3K4me3 chromatin mark [ 66 ,  67 ] 
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suggesting a possible crosstalk of MLL fusions and H3K4me3 HMTs. Although 
there are six different mammalian HMTs (MLL, KMT2B/MLL4, KMT2C/MLL3, 
KMT2D/MLL2, SETD1A and SETD1B) that can all contribute to the H3K4me3 
mark, it is generally believed that MLL fusions may interact with wild-type MLL 
probably through proteins associated with both complexes. Supporting this hypoth-
esis, experimental evidence for roles of PAFc and MEN1 in mediating this crosstalk 
has been reported. Wild-type MLL/PAFc complex is required for the effi cient 
recruitment of MLL fusion to the same loci [ 68 ] as MLL fusion could not bind to 
 Hoxa9  in the absence of wild-type MLL or PAFc recruitment in MEFs. On the other 
hand, it was shown that knockout of  Men1  resulted in not only loss of H3K79me2 
but also H3K4me3 at MLL fusion target genes in KMT2A/MLL fusion transduced 
cells [ 69 ], suggesting that enzymatic activities from wild- type MLL as well as MLL 
fusion complexes are acting in concert simultaneously on the  Hoxa9  gene locus. 
Consistently, wild-type MLL and MLL fusion complexes are recruited to  Hoxa9  in 
a Men1 dependent manner, and a conditional deletion of wild-type MLL inhibited 
MLL fusion mediated leukaemogenesis. While this suggests a critical role of wild- 
type MLL in  MLL  fusion mediated transformation, it should be noted that the con-
ditional  MLL  mouse used in the Thiel et al. study suffered from a much more severe 
haematopoietic phenotype [ 70 ] than what has been reported for another conditional 
 MLL  mouse model [ 71 ]. It is not clear if these cells are generally compromised for 
any transformation. Interestingly, it was very recently reported that  MLL - AF9  AML 
is initiated and propagated normally in MLLΔSET haematopoietic cells [ 72 ] sug-
gesting that the wild- type MLL H3K4me3 activity is dispensable for MLL fusion 
transformation. Furthermore, the leukaemic cell line ML2 [ 73 ], which was derived 
from an AML patient with  MLL - AF6 , lacks wild-type MLL. Further studies includ-
ing comparison of both conditional mouse models and their impact on MLL fusion 
mediated transformation as well as the role of H3M4me3 and other histone modifi -
cations in MLL fusion mediated transformation will further advance our under-
standing of this fascinating crosstalk.   

11.9     Pathways and Downstream Targets Critical 
in MLL Leukaemia 

 While characterizing the oncogenic MLL fusion transcriptional complexes in  MLL  
leukaemia revealed several target genes and transcriptional programmes critical for 
self-renewal of  MLL  LSC [ 45 ,  46 ], recent data suggest that also other pathways and 
molecules which are neither under the direct control nor recruited to MLL fusion 
complexes play important roles in MLL leukaemia. Furthermore, it has been known 
for many years that several mutations such as  FLT3  and RAS genes recurrently 
found in AML and ALL patients also co-exist in MLL leukaemia patients, albeit 
their functional contribution, requirement and therapeutic value is much less clear. 
FLT3 has been reported to cooperate with some MLL fusions (e.g. MLL-ENL, 
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MLL-SEPT6) [ 74 ] and is expressed in high levels in  MLL  leukaemia patients [ 75 , 
 76 ], but patient’s responses in early FLT3 monotherapy clinical trials were rather 
limited both in depth and duration which severely dented the promise of FLT3 inhi-
bition in acute leukaemia treatment [ 77 ]. Consistently, it was more recently shown 
that MLL fusions were able to induce leukaemia in  Flt3  knockout cells with 
expected latency and phenotype as by MLL fusion transformed wild type cells [ 78 ]. 
Moreover, co-expression of Flt3 or its constitutively activated mutant (Flt3-TKD) 
did not cooperate with MLL- AF4 in the transformation of human primary stem/
progenitor cells [ 79 ] adding further doubt to the exact functional role and therapeu-
tic value of Flt3 in  MLL  leukaemia. 

11.9.1     MLL Downstream Targets 

 Identifi cation of the oncogenic transcriptional MLL fusion complexes revealed that 
MLL fusions act as transcriptional activators and enhance gene expression of down-
stream targets. Among them,  Hox ,  Meis1 ,  Pbx3 ,  Myb  and  Mef2c  [ 30 ,  45 ,  80 ] repre-
sent the best characterized MLL downstream targets which are all part of a wider 
transcriptional programme critical for self-renewal of MLL LSCs. Knockdown or 
knockout of  Meis1 / Pbx3  [ 81 ] or  Myb  [ 80 ] resulted in impaired MLL fusion cell 
growth and colony formation, whereas conditional deletion of  Mef2c  [ 82 ] did not 
impair induction or maintenance of MLL fusion mediated leukaemia but affected 
homing and invasiveness of MLL leukaemic cells in vivo. The functional role of 
 Hox  genes in MLL leukaemia remains controversial. While  HOXA9  has been shown 
to be required for human MLL leukaemia cell lines [ 83 ], which is in line with fi nd-
ings that  MLL - ENL  cannot transform  Hoxa9 −/− or  Hoxa7 −/− cells [ 84 ], it is also 
reported that both  MLL - AF9  and  MLL- GAS7   mediated transformations are indepen-
dent of  Hoxa9  [ 85 ,  86 ]. Interestingly, only one microRNA, miR-495, is expressed at 
very low levels in  MLL  leukaemia compared to non- MLL  leukaemia and it has been 
shown to target  Meis1  and  Pbx3  transcripts [ 87 ]. Indeed over-expression of miR-
495 prolonged the latency of  MLL  leukaemia in vivo, providing a potential avenue 
to target the expression of certain MLL fusion downstream target genes. 

 More recently, MLL fusions have been reported to activate expression of the 
DNA demethylase  TET1  gene (ten eleven translocation 1) [ 88 ], and  miR - 9  [ 89 ]. 
Moreover it has been shown that MLL fusions maintain the expression of 
 MECOM / EVI1  [ 90 ] in LSK (Lineage − , Sca1 + , Kit + ) cells. However, expression of 
MLL fusion did not lead to an up-regulation of  MECOM / EVI1  in GMPs that have 
only basal expression levels of  MECOM / EVI1 . Common to these target genes is 
their requirement for MLL fusion mediated leukaemia as knockdown/depletion of 
 Tet1  and  Mecom / Evi1  has been reported to impair cell growth and leukaemia induc-
tion, whereas overexpression of  miR - 9  promotes MLL-AF9 leukaemia in vivo.  

B.B. Zeisig and C.W.E. So



237

11.9.2     Critical Pathways/Molecules Not Directly Regulated 
by MLL Fusions 

11.9.2.1     Canonical WNT/beta-catenin 

 The evolutionarily conserved WNT/CTNNB1 pathway has been implicated in the 
pathogenesis of AML [ 91 ], and is required for the development of  MLL  LSCs [ 26 , 
 92 ]. MLL fusions fail to induce leukaemia in the absence of CTNNB1 and its activa-
tion confers drug resistance to  MLL  LSCs [ 26 ]. Interestingly, deletion of  Ctnnb1  in 
haematopoietic cells has little/no effect on the function of adult haematopoiesis [ 93 , 
 94 ], suggesting a therapeutic window. Consistently, pharmacological inhibition of 
Ctnnb1 by Indomethacin showed effi cacy in inhibiting  MLL  leukaemia in vivo [ 95 ], 
although these experiments were done in serially transplanted animals probably due 
to the drug toxicity. It is noted that CTNNB1 also plays important roles in other 
haematological malignancies including CML-blast crisis [ 96 – 98 ], suggesting its 
broad therapeutic application.  

11.9.2.2     ITGB3 

 In vivo shRNA screen carried out in a  MLL  mouse model identifi ed integrin beta 3 
(Itgb3) signalling amongst others as essential for MLL-AF9 mediated leukaemia 
[ 99 ]. Loss of Itgb3 signalling reversed the transcriptional programmes established 
by  MLL - AF9  such as self-renewal and led to up- regulation of differentiation pro-
grammes. Itgb3 dimerizes with Itgav on the cell surface, and transmits extra-cellular 
signals via a cascade of protein kinases such as Syk, Src and Ptk2b, guanine nucleo-
tide exchange factors such as Vav1, Vav2, Vav3, and GTPases such as Rho and 
Cdc42. In the same study, Syk was identifi ed and validated as a critical mediator of 
Itgb3 signalling in  MLL  leukaemia. Although the functional relationship between 
Itgb3/Syk and MLL fusion proteins in leukaemia are still largely unknown [ 100 ], 
the identifi cation of tractable signalling molecules and the availability of Syk inhibi-
tors that have already been shown effective in various diseases including B cell 
malignancies [ 101 ] add to our expanding repertoire of promising targets for  MLL  
leukaemia.  

11.9.2.3     Polycomb Group Proteins 

 Classically, trithorax and polycomb group proteins have been viewed as antagonis-
tically acting proteins for regulating gene expression and cellular memory during 
normal development. However, increasing evidence suggests that polycomb pro-
teins such as Bmi1 also play an important role in  MLL  leukaemia, which cannot be 
simply explained by their antagonistic functions [ 102 ,  103 ]. In addition, the poly-
comb protein CBX8, which has been shown to interact with the MLL fusion 

11 Cellular and Molecular Basis of KMT2A/MLL Leukaemias: From Transformation…



238

partners ENL and AF9 [ 104 ], is critical for MLL-AF9 mediated transcriptional acti-
vation and transformation [ 105 ]. While it was suggested that CBX8 is critical for 
 MLL  leukaemia because of its recruitment of KAT5/TIP60 to the MLL fusion com-
plex [ 105 ], another study provided evidence that the interaction between ENL and 
CBX8 allows MLL-ENL to inhibit the repressive function of polycomb group pro-
teins on MLL fusion downstream target genes such as  HOX  [ 106 ]. Interestingly, two 
more polycomb group proteins (EZH2 and EED) genes have been reported to play 
key roles in  MLL  leukaemia [ 107 ,  108 ]. While the functional requirement of 
EZH2 in MLL leukaemia is less well defi ned, ablation of Eed impaired MLL-AF9 
leukaemia although it is not clear if Eed is generally required for cell survival.  

11.9.2.4     RUNX1 

 The heterodimeric core binding factors composed of RUNX1/AML1 and CBFB 
subunits are critical for defi nitive and adult normal haematopoiesis. Interestingly, 
RUNX1 and CBFB are also the most frequently translocated genes in acute leukae-
mia resulting in  RUNX1 - RUNX1T1 / AML1 - ETO /t(8;21) or  CBFB - MYH11 /inv(16) 
fusion genes. It has been recently shown that RUNX1 recruits wild-type MLL to 
activate RUNX1 target genes such as  SPI1 / PU.1 , and the MLL- RUNX1 interaction 
prevents RUNX1 proteasome degradation [ 109 ]. Despite the RUNX1 interaction 
domain being located in the C-terminal portion of MLL, the N-terminus seemed 
required for enhancing RUNX1 protein levels, suggesting a differential effect of 
MLL fusion on RUNX1. Indeed a role for RUNX1 in MLL fusion mediated trans-
formation was subsequently suggested since suppression of RUNX1 inhibited the 
growth of various MLL fusion transformed cells [ 110 ,  111 ]. However, it was very 
recently reported that MLL fusion down-regulates  RUNX1 / CBFB  expression [ 112 ]. 
In contrast to the previous reports, down-regulation of  RUNX1 / CBFB  expression 
levels accelerated MLL-AF9 leukaemia, whereas overexpression of  RUNX1  
impaired  MLL  - AF9  leukaemia. Therefore, further studies are needed to defi ne the 
role and exact contribution of RUNX1 in  MLL  leukaemia.  

11.9.2.5     Other Emerging Molecules 

 Involvement of myeloid specifi c transcription factors (such as CEBPA [ 113 ] and 
SPI1/PU.1 [ 114 ]), general transcription factor (NFKB [ 115 ]) and ubiquitin ligase 
(RNF20 [ 116 ]), which are all not under the direct transcriptional control of MLL 
fusion, further highlight a widespread crosstalk of other signalling pathways in  MLL  
leukaemia. Genetic ablation/knockdown of  NFKB ,  Rnf20 ,  Spi1 / Pu.1 , or  Cebpa  
impaired leukaemia growth. Interestingly, CEBPA is only important for the devel-
opment of MLL fusion LSCs but not for their maintenance. While transcription 
factors are poor therapeutic targets to date, signalling cascades upstream of these 
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transcription factors may represent more promising targets. Inhibition of the IKK 
complex, a major upstream regulator of NFKB signalling suppresses cell growth 
and colony formation of murine  MLL  fusion transformed cells, suggesting that ther-
apeutic targeting of this pathway is possible in  MLL  leukaemia. Moreover, a recently 
identifi ed TNFa/NFKB autocrine positive feedback loop critical for the establish-
ment of both MLL and non- MLL LSCs further highlights the role of NFKB, and the 
possibility of targeting TNFa for leukaemia therapy [ 117 ].    

11.10     Current Therapies and Development of Novel 
Targeted Therapies 

 Currently, AML patients with 11q23 aberrations receive standard induction cyto-
toxic therapy “3 + 7” of daunorubicin and cytarabine, and they represent one of the 
worst prognostic subgroups [ 2 ]. Treatment of ALL patients, including those har-
bouring 11q23 abnormalities usually comprise a remission-induction phase, con-
solidation phase and continuation therapy [ 4 ]. While allogeneic HSCT is a key 
element in adult treatment, it confers no survival advantage in infant ALL with 
11q23 aberrations and may only have limited benefi ts in a small subset of 11q23 
patients, which possess additional poor prognostic factors [ 118 ,  119 ]. Strikingly, the 
drugs currently in use for these ALL and AML treatment regimens were developed 
in the 1950s–1970s. Although their dosage and schedule have been optimized 
resulting in higher survival rates accompanied by less general cytotoxicity in the 
majority of ALL cases and some AML cases, patients with 11q23 aberrations in 
general have had little to no benefi ts from these improvements, highlighting the 
need for novel drugs and therapies especially for this poor prognostic subgroup. The 
recent advances in identifying critical molecules, which are mainly part of the onco-
genic MLL fusion complex and essential for  MLL  leukaemia, have provided novel 
targets for effective treatment, some of which are already being developed for early 
phases of clinical trials (Fig.  11.4 ). 

11.10.1     Targets with Enzymatic Activities 

11.10.1.1     DOT1L 

 DOT1L has been identifi ed in several MLL fusion partner complexes (Fig.  11.2 ) 
and is essential for MLL fusion mediated leukaemia as demonstrated by conditional 
knockout of  Dot1l  for in vitro transformation [ 120 ] and in vivo leukaemogenesis 
[ 66 ,  122 ]. Noticeably, loss of Dot1l impaired haematopoiesis in all three different 
conditional knockout models, albeit with different severity possibly due to the use 

11 Cellular and Molecular Basis of KMT2A/MLL Leukaemias: From Transformation…



240

of slightly different gene targeting strategies, Cre recombinases or/and incomplete 
Cre-mediated  Dot1l  deletion. Whereas one study found that loss of Dot1l had lim-
ited effects on haematopoietic progenitors [ 66 ], the others reported an indispensable 
function of Dot1l in the maintenance of adult haematopoiesis as the numbers and 
function of haematopoietic stem and progenitor cells were greatly compromised in 
the absence of Dot1l [ 120 ,  121 ]. Despite this controversy, the essential role of Dot1l 
in MLL leukaemia and its unique HMT enzymatic activity associated with non-SET 
domain makes Dot1l an attractive target. In fact, the fi rst DOT1L inhibitor 
EPZ004777, a competitive analog of the co-factor S-adenosylmethionine (SAM), 
has been developed and shown to selectively kill  MLL  rearranged cells in vitro with 
reported IC50 levels 5–100× higher in non- MLL  cells [ 123 ]. While EPZ004777 was 
tolerated in mice, it had quite poor in vivo pharmacokinetics, which only resulted in 
a very modest survival benefi t in treated animals compared to the controls. The 
structural data on EPZ004777 binding to DOT1L revealed remodelling of the cata-
lytic site of DOT1L, and identifi ed positions of the compound that can be optimized 
to improve its pharmacokinetics and potency [ 124 ]. Indeed SGC0946, a brominated 
analogue of EPZ00477, has been reported to improve molecular effects on 
H3K79me2 level as well as selectively killing of  MLL  leukaemia cells. Another 
molecule evolved from EPZ004477 with improved potency is EPZ-5676 that has 
recently entered into phase I clinical trial [ 125 ]. Although future studies are needed 
to clarify their in vivo pharmacokinetic and effi cacy on  MLL  leukaemia in the clin-
ics, these studies demonstrate the promise of translating basic research results into 
potential patient’s benefi ts.  
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  Fig. 11.4     Novel players in KMT2A/MLL leukaemia and development of targeted therapies . 
Schematic generic MLL fusion complex together with wild-type MLL complex at target gene 
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ecules that have been shown important for MLL fusion-mediated transformation and have been 
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MLL fusion protein transcriptional programmes. Small molecule inhibitors with already reported 
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11.10.1.2     PRMT1 

 Protein arginine methyltransferase 1 (PRMT1) with H4R3me2 specifi city has been 
identifi ed to be critical for MLL-EEN mediated transformation [ 64 ] as knockdown 
of PRMT1 resulted in impaired MLL-EEN in vitro transformation. Moreover, direct 
fusion of PRMT1 but not a catalytic dead mutant to the truncated MLL resulted in 
oncogenic transformation of primary murine haematopoietic stem/progenitor cells. 
While the role of  Prmt1  in other leukaemia remains to be determined, a small mol-
ecule inhibitor targeting PRMT1 has shown promising in vivo effi cacy in a  MLL  
fusion leukaemia model (N.C., B.B.Z. and C.W.E.S. unpublished data). Although 
EEN is a rare translocation partner of MLL, it is evident that transformation medi-
ated by other MLL and non-MLL fusions may also depend on Prmt1 (N.C., B.B.Z. 
and C.W.E.S. unpublished data). Future studies using Prmt1 conditional knockout 
mouse and additional pharmacological PRMT1 inhibitors will be critical to clearly 
defi ne the role of PRMT1 in  MLL  leukaemia and as a therapy target.  

11.10.1.3     KDM1A/LSD1 

 Although LSD1 (KDM1A) mono- and di-demethylase does not directly associate 
with either wild-type MLL or MLL fusion complexes, shRNA mediated knock-
down and pharmacological inhibition of LSD1 impaired in vitro growth and in vivo 
leukaemogenesis of cells transformed by various MLL fusions [ 126 ]. While inhibi-
tion of LSD1 induced differentiation of  MLL - AF9  transformed cells and spared nor-
mal bone marrow cells in vitro, its in vivo effi cacy and the specifi city (if any) 
towards MLL fusions remains unclear. Interestingly, another study reported that 
knockdown or pharmacological inhibition of LSD1 potentiated all-trans retinoic 
acid (ATRA) induced differentiation of non- MLL  AML cells and reduced the 
engraftment ability of human primary AML samples in recipient mice [ 127 ]. These 
results suggest that inhibition of LSD1 alone or in combination with ATRA may 
have therapeutic value in treatment of other AMLs including those with 11q23 
aberrations.   

11.10.2     Targeting the Protein-Protein Interactions 

11.10.2.1     BRD4 

 BRD4 is a member of the bromodomain containing proteins of the BET family that 
binds to acetylated histone, and may be recruited to MLL fusion complexes via its 
interaction with P-TEFb or PAF1. Its functional requirement in  MLL  leukaemia has 
recently been demonstrated in a shRNA screen [ 128 ]. Although BRD4 itself does 
not possess an enzymatic activity, small molecule inhibitors JQ1 [ 129 ] and i-BET 
[ 130 ] have been reported to competitively interfere with the binding of the 
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bromodomain to acetylated histones. In murine  MLL  fusion leukaemia models, 
treatment with JQ1 [ 128 ] or i-BET [ 60 ] has been very encouraging as it increased 
the survival of the treated animals compared to controls. Gene expression analysis 
showed that JQ1/i-BET treatment resulted in down- regulation of the LSC signature 
and reduced expression of  BCL2  and  MYC . Transcriptional programmes master-
minded by MYC have important roles in a variety of LSCs [ 131 ], suggesting that 
BRD4 inhibitors may have a broader effi cacy and effects also in non  MLL  leukae-
mia. Indeed two recent reports highlighted the effi cacy of i-BET in non- MLL  AML 
[ 132 ] and in  JAK2  V617F  driven MPN [ 133 ]. They also observed down-regulation of 
 BCL2  and  MYC  upon treatment, suggesting that BET proteins control transcription 
of key targets such as MYC and BCL2, independently of the presence of MLL 
fusions proteins. Nevertheless, these studies provide a strong rationale to use BET 
inhibition as a novel experimental treatment for AML with and without 11q23 
aberrations.  

11.10.2.2     MEN1/MENIN 

 Another molecule associated with wild-type MLL as well as MLL fusion com-
plexes is MEN1, which bridges MLL with the chromatin factor LEDGF. Interestingly, 
while MEN1 was originally identifi ed as the product of the tumour suppressor gene 
 MEN1 , whose loss of function mutation causes sporadic neoplasm of various endo-
crine organs [ 134 ], it is critical for  MLL  fusion mediated transformation [ 61 ]. In its 
dual role as tumour suppressor and tumour promoting protein, structural analysis 
of free Men1 as well as Men1- MLL or Men1-JunD complexes revealed both MLL 
and JunD bind Men1 in the same pocket. However while Men1-JunD binding 
results in suppressing JunD-mediated transcription, Men1-MLL binding promotes 
MLL transcriptional activity [ 135 ]. Consequentially, MI-2, a small molecule inhib-
itor disrupting the Men1-MLL interaction was developed and showed in vitro effi -
cacy in  MLL  fusion expressing cells [ 136 ]. Although the vivo effi cacy has yet to be 
demonstrated, in vitro treatments of  MLL  fusion cells with MI-2 led to differentia-
tion and down-regulation of MLL target genes with little effects on non- MLL  trans-
formed cells. Based on the high-resolution crystal structure of the Men1-MI-2 
complex, a second generation inhibitor MI-2-2 has been developed and shows 
7–9× higher affi nity to Men1 compared to MI-2. Crucially, MI-2-2 displayed fur-
ther enhanced cellular activities and more potent inhibition of MLL fusion har-
bouring human cell lines [ 137 ] although its in vivo effi cacy has not been reported. 
It is noted that targeting the Men1-MLL interaction could potentially also amongst 
others inhibit the Men1-JunD interaction resulting in the conversion of prolifera-
tion suppressing JunD to proliferation promoting JunD with adverse consequences. 
Although targeting the Men1-MLL interaction may have therapeutic value in  MLL  
leukaemia, Men1 is also a tissue specifi c tumour suppressor and small molecules 
targeting Men1-MLL or Men1 in general may have undesirable consequences in 
other tissues, which may result in the development of endocrine tumours. Future 
in vivo studies undoubtedly will shed lights onto these important issues.  
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11.10.2.3    WDR5 

 WDR5 is a component of the mammalian COMPASS-like MLL complex, which is 
not only absolutely required for its integrity but also for optimal MLL H3K4me3 
activity [ 138 ]. Recently, a small molecule inhibitor MM-401 targeting the MLL1-
WDR5 interaction has been reported and shows in vitro effi cacy towards different 
MLL fusion proteins in primary cell line models and in patient samples [ 139 ]. 
Interestingly, while WDR5 is also found in other mammalian COMPASS and 
COMPASS-like complexes associated with different H3K4me3 methyltransferases 
(e.g., SETD1A, SETD1B, MLL, MLL2, MLL3, MLL4), MM-401 specifi cally 
inhibits the MLL1 COMPASS-like complex histone methyltransferase activity. 
Although its in vivo effi cacy has yet to be demonstrated, the in vitro inhibition data 
provide further evidence that  MLL  fusion mediated transformation may be depen-
dent on the presence of functional wild-type MLL COMPASS-like complex.  

11.10.2.4    PAF1/PAFc 

 Polymerase associated factor complex (PAF1/PAFc) is recruited via MLL N-terminal 
sequences including its CXXC domain to both wild-type MLL and MLL fusion 
proteins. It has been reported that knockdown of CDC73 or CTR9, critical compo-
nents of PAFc, inhibits MLL fusion transformation in vitro and that the interaction 
with PAF1 is necessary for MLL fusion transformation [ 59 ]. The use of a genetic 
model to delete  Cdc73  confi rmed the initial fi ndings, however it also affected non-
 MLL  transformed cells raising questions about the specifi city towards the MLL 
fusion [ 140 ]. Nevertheless, a competitive peptide that disrupts the binding of MLL 
fusion with PAF1 suppressed MLL fusion activity and did not adversely affect nor-
mal haematopoiesis [ 140 ]. These results suggest disruption of PAF1/MLL may also 
be a potential therapeutic avenue although its in vivo effi cacy and potential transla-
tion into small molecule inhibitors need further investigations.    

11.11     Concluding Remarks and Perspective 

 In the past decade, our understanding of the mechanisms mediating MLL fusion 
transformation of normal haematopoietic cells into leukaemic stem cells has dra-
matically expanded. Novel insights into the underlying molecular mechanisms and 
their crosstalk with other pathways/molecules have helped to identify a number of 
new therapeutic targets. Although development of small molecule inhibitors target-
ing these molecules with critical functions in  MLL  leukaemia is still in a very early 
stage, the successful application of DOT1L inhibitor, EPZ-5676 into phase I clinical 
trial for  MLL  leukaemia demonstrates the promise of  translating our knowledge into 
novel treatments. Therefore continuous efforts in characterizing the molecular and 
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cellular basis of  MLL  leukaemia is expected to provide further important biological 
insights and more effective novel treatments for  MLL  leukaemia.   

11.12    Appendix 

 During the production of this book chapter the fi rst in vivo studies of MENIN inhi-
bition in solid tumors and leukemia had been published [ 141 ,  142 ]. Using MI-2- 2, 
a structure-based design combined with medical chemistry resulted in the develop-
ment of MI-463 and MI-503 which improved survival of MLL leukaemic mice 
in vivo. Conversely, MI-463 or MI-503 had little impact on normal haematopoietic 
development. Although long-term experiments interrogating the effect of MI-463 
and MI-503 on the MENIN-JunD interaction have not been performed, this work 
demonstrates the feasibility of targeting MENIN in MLL leukaemia.   
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  Abstract     Acute promyelocytic leukaemia (APL) biology started by the discovery 
of the driving t(15;17) translocation in 1977, followed by the unexpected ex vivo 
differentiation by a hormone, retinoic acid (RA), and the miraculous complete 
remissions that this drug yields in patients. This led to 25 years of extensive molecu-
lar explorations of the pathogenesis of this disease, starting with the identifi cation 
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of the retinoic acid receptor alpha (RARA) as the central target of all APL-associated 
translocations. The t(15;17) translocation associated with over 98 % of APL drives 
the expression of the PML-RARA fusion protein. The clinical activity of RA in a 
disease caused by an altered retinoic acid receptor constituted the fi rst example of 
targeted therapy. How PML-RARA blocks differentiation and promotes self- 
renewal, but also how it confers RA-sensitivity, was the focus of intense investiga-
tions. While the fi rst models emphasized the key role of transcriptional repression 
of RARA targets and subsequent reactivation by RA, further studies performed in 
animal models progressively lent weight to interference with PML function in trans-
formation and PML-RARA degradation by RA in therapy response. The central 
role of PML-RARA degradation in therapy response was further supported by the 
discovery of the therapeutic activity of arsenic, a highly effi cient APL drug, which 
also initiates PML-RARA degradation by targeting the PML moiety. Many studies 
investigated the pathogenesis of the most common variant t(11;17) translocations 
that yield a PLZF/RARA fusion. These rare APLs are distinctly much less sensitive 
to RA and completely resistant to arsenic. Finally, based on mouse models, clinical 
trials associating frontline RA and arsenic have demonstrated an extraordinary 
potency, defi nitively curing almost all cases of standard risk APL without any che-
motherapy. Thus, through decades of basic research, cytogenetic analysis paved the 
way for the identifi cation of the key PML-RARA driver, and molecular modelling 
of APL pathogenesis ultimately led to cure.  

  Keywords     Retinoic acid   •   Arsenic   •   Proteolysis   •   SUMO   •   Targeted therapy  

12.1         Introduction 

 Chromosomal translocations are primary events underlying the development of 
many cancers and have been identifi ed in almost all tumour types, in addition to 
other non-malignant disorders such as schizophrenia and infertility [ 1 ]. The resulting 
rearrangement of genetic material between non-homologous chromosomes leads to 
the production of gene fusions which are estimated to be causal in ~20 % of human 
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cancers [ 1 ]. Since the fi rst molecular characterization of a translocation in 1982 by 
Croce and Leder, which led to the identifi cation of the   MYC    oncogene in Burkitt 
lymphoma, numerous genes with critical roles in cell growth and haematopoiesis 
have been identifi ed by studying translocation breakpoints [ 2 ,  3 ]. Subsequent func-
tional analyses in animal models revealed that the products of these translocations 
are often drivers of disease, although the acquisition of secondary, cooperating 
mutations is likely necessary for full malignant transformation [ 4 ]. 

 The clinical importance of translocations extends far beyond their role in disease 
initiation, since they are often used in the classifi cation of specifi c disease subtypes, 
with major prognostic value. They are also used for the monitoring of residual dis-
ease upon therapy. The advent of the genomic era, which saw the complete sequenc-
ing of cancer genomes and global analyses of transcription factor binding, changes 
in the epigenetic landscape and gene expression patterns and copy number varia-
tion, has enabled unprecedented insights into the anatomy of the cancer genome. 
Such information has been essential for deciphering the consequences of gene 
translocations on a genome-wide level. 

 While recurrent chromosomal translocations have been identifi ed across many 
tumour types, the great majority of them are associated with haematological 
 malignancies. Indeed, 75 % of all translocations documented in human cancers per-
tain to haematological disorders [ 1 ]. In particular, translocations associated with 
acute myeloid leukaemia (AML) are well documented, with 267 recurrent balanced 
rearrangements, predominantly translocations, currently identifi ed in AML, high-
lighting the signifi cant infl uence of translocations in the aetiology of these leukae-
mias. It should be noted however, that while several AML subtypes are defi ned by 
one type of gene fusion, for example   BCR-ABL1    which is observed in near 100 % 
of chronic myelogenous leukaemia (CML) and   PML-RARA    which is expressed in 
~98 % of acute promyelocytic leukaemia ( APL  ), overall only ~20 % of AML are 
characterized by translocations or other balanced exchanges. The targets of these 
translocations include genes encoding tyrosine kinases (e.g.  ABL1 ,  ALK ,  JAK2 ) and 
nuclear transcription factors (e.g.   RUNX1   ,  RARA ,  HOX11 ), among others (e.g., 
 KMT2A/MLL ,  PML ,  NUP98 ). Many of these are known to regulate critical cellular 
processes such as self-renewal, proliferation, apoptosis, senescence and differentia-
tion, strengthening the idea that translocation products are key determinants of 
leukaemogenesis. 

 Two major outcomes of chromosomal translocations have been associated with 
malignancies. The fi rst involves the activation of oncogenes by promoter insertion, 
typically due to aberrant rearrangements involving the T-cell receptor ( TCR  ) or 
immunoglobulin (IG) loci, leading to the ectopic overexpression of a normal pro-
tein. The  t(8;14)  (q24.2;q32.3) translocation observed in the majority of Burkitt 
lymphoma is a classic example, whereby the   MYC    coding sequence is juxtaposed to 
the   IGH    enhancer. The second involves the production of chimeric fusion proteins 
with oncogenic properties, often due to modifi ed gain of function, for example the 
 PML-RARA   fusion protein associated with the t(15;17) translocation in  APL  , as 
detailed below.  
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12.2      APL  : A Success Story of Targeted Therapy 

  APL   is a rare subtype of AML, whose story has gained signifi cant attention in recent 
years, due to an unprecedented level of understanding of the physiopathology of the 
disease [ 5 ,  6 ] and also defi nitive cure rates that may be attributed to the use of two 
targeted therapies [ 7 ]. Since its association with the t(15;17)(q24.1;q21.1) translo-
cation by Janet  Rowley   in 1977 [ 8 ], which was later shown to involve the 
 Promyelocytic Leukaemia  ( PML ) and  Retinoic Acid Receptor Alpha  ( RARA ) genes 
[ 9 – 11 ], APL has gone on to become one of the most well understood leukaemias, 
and a paradigm for personalized medicine. While treatment with chemotherapy led 
to remission in some patients, it was the introduction of retinoic acid (RA) and 
arsenic trioxide (ATO), two serendipitously discovered targeted agents, into standard 
of care regimes that progressively revolutionized the treatment of APL. Although 
the exquisite sensitivity of APL to these agents was discovered prior to our under-
standing of APL genetics and biology [ 12 – 14 ], the mechanisms underlying the 
therapeutic response to RA and ATO have now been extensively dissected, and they 
will likely have far reaching effects in the treatment of other malignancies. 

12.2.1      APL   Translocations: A Common Theme 
of Dysregulated Retinoid Signalling 

  APL   is characterized by the aberrant self-renewal of cells blocked at the promyelo-
cyte stage of differentiation. More than 98 % of patients harbour the t(15;17) 
translocation, generating the   PML-RARA    fusion transcript, giving rise to a protein 
containing a variable portion of PML, including the RING fi nger, B boxes and at 
least two coiled coil domains, joined to an invariant portion of RARA containing the 
DNA- and ligand-binding domains (Fig.  12.1 ).

   Variability in the PML portion is dependent on the location of the breakpoints in 
the  PML  gene and alternative splicing, with most patients containing either the 
  PML-RARA    long (bcr1, intron 6) (~55 %) or short (bcr3, intron 3) forms (~40 %), 
whereas only a minority of patients contain the variable (bcr2, exon 6) form (~5 %) 
[ 15 ,  16 ].  RARA  breakpoints all occur upstream of exon 4 (either in introns 1, 2 or 3), 
such that all fusion products contain RARA domains B-F [ 17 ]. In cases of  APL   
arising after therapy, DNA breaks are likely mediated by topoisomerase II, activated 
by chemotherapeutic agents such as mitoxantrone. Therapy-linked APL is associated 
with a translocation breakpoint hotspot in intron 6 of  PML  [ 18 ]. In certain APL 
cases lacking the classical t(15;17) translocation, the  PML-RARA  fusion transcript 
may be generated by cryptic insertion events, whereby  RARA  is inserted into 
 PML  on 15q, or alternatively,  PML  is inserted into  RARA  on 17q [ 19 ]. Although 
reports vary, it appears that the incidence of cryptic rearrangements, deletion and 
complex variants leading to expression of  PML-RARA  may be as high as 14 % [ 20 ]. 
The identifi cation of such cases highlight the utility of using reverse transcription- 
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polymerase chain reaction (RT-PCR) to aid diagnosis, since  PML-RARA  transcripts 
may be present in patients in the absence of detectable cytogenetic changes. 

 The remaining 2 % of  APL   cases involve the fusion of RARA with other protein 
partners including ZBTB16 [ 21 ], NPM1 [ 22 ], NUMA1 [ 23 ], PRKAR1A [ 24 ], 
FIP1L1 [ 25 ], BCOR [ 26 ], STAT5B [ 27 ] and NABP1/OBFC2A [ 28 ], highlighting 
the role of dysregulated RARA and RA signalling in this specifi c subtype. 

 The importance of RA signalling in normal granulopoiesis is exemplifi ed by 
studies of mice deprived of vitamin A [ 29 ] or treated with a pan RAR antagonist 
[ 30 ], who exhibit an expansion of the myeloid compartment in the bone marrow, 
spleen and peripheral blood. In vitamin A defi cient mice, this is presumably the 
result of impaired apoptosis, and was reversible by addition of RA [ 29 ]. Although 
RARA is signifi cantly expressed in granulocytes,  RARA  knockout mice do not 
appear to have defects in either the haematopoietic stem cell (HSC) compartment 
[ 31 ] or in normal granulopoiesis [ 30 ]. However, although RARA may be dispensable 
for normal granulopoiesis, RARA and its ligand, RA, clearly modulate differentiation 
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  Fig. 12.1    ( a ) Chromosomal translocations in  APL  . Reciprocal chromosomal translocations lead 
to the generation of fusion proteins containing the amino terminal region of ( X ) proteins containing 
a self-association domain ( red box ) to the B-F domains of RARA, including the DNA and ligand 
binding domains. The reciprocal fusion protein containing the A domain of RARA may also be 
generated. Translocation breakpoints are indicated by  arrows . ( b ) Major  PML-RARA   fusion pro-
teins. PML-RARA fusions contain a variable portion of PML depending on the translocation 
breakpoint, leading to the production of PML-RARA long (bcr1), PML-RARA short (bcr3, intron 
3) or PML-RARA variable (bcr2, exon 6) forms (not shown). All breakpoints in RARA occur 
upstream of exon 4 such that all fusion proteins contain RARA B-F domains. Notably, the PML- 
RARA short form does not contain the putative nuclear localization signal ( NLS )       
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of this lineage, acting as a bidirectional regulator of granulopoiesis, limiting 
differentiation in the absence of RA and promoting differentiation in the presence 
of RA [ 30 ]. Based on this, it was postulated that  APL   fusion proteins may exert their 
oncogenic effects via enhancement of the normal inhibitory function of unliganded 
RARA receptors. 

 In non- APL   cells, RARA binds DNA as a heterodimer with the retinoid X receptor 
(RXR) on to specifi c retinoic acid response elements (RAREs) present in the regula-
tory elements of target genes [ 32 ]. These elements are typically composed of two 
hexad half sites ((A/G)G(G/T)TCA) arranged in tandem repeats, separated by two 
to fi ve nucleotides, although more complex variations on this theme have been 
observed [ 32 – 34 ]. In the unliganded state, RAR/RXR heterodimers interact with 
corepressors NCOR1 or NCOR2/SMRT, leading to recruitment of Sin3A and histone 
deacetylases (HDACs). The subsequent removal of acetyl groups from histones 
leads to condensation of chromatin and gene repression. Upon binding of ligand, 
however, interactions with these corepressors are destabilized, leading to their 
release and the recruitment of coactivators with intrinsic histone acetyltransferase 
(HAT) activity, including CREBBP, EP300, KAT2B/PCAF and SRC-1-3 [ 35 ,  36 ], 
culminating in gene activation. 

 Overexpression of  PML-RARA   in cell lines or primary mouse haematopoietic 
progenitors has pleiotropic effects that pertain to human  APL  , including inhibition 
of differentiation, block in apoptosis and increased self-renewal [ 37 ,  38 ]. In the 
classical scenario of APL pathogenesis, PML-RARA acts as a deviant retinoid 
receptor, forming oligomeric complexes via the coiled coil domain of PML, that are 
capable of enhanced recruitment of transcriptional corepressors and HDACs to 
RARA/RXR target promoters. In this model, the PML-RARA complex is rendered 
insensitive to physiological levels of RA due to the increase in corepressor stoichi-
ometry, culminating in a block in myeloid differentiation that can only be released 
by treatment with pharmacological levels of RA. Yet, while this model recapitulated 
many features of RA response, it failed to explain the key role of arsenic in promoting 
APL cure [ 39 ].  

12.2.2     The Changing Face of  APL   Pathology: Mechanisms 
Underlying  PML-RARA  -Induced APL 

 That  PML-RARA   drives transformation in t(15;17)  APL   is strongly supported by 
two lines of evidence. Firstly, the t(15;17) translocation represents the consistent 
genetic abnormality in the majority of APL, indicating that chimeric proteins pro-
duced by this translocation are key effectors of leukaemia initiation. Secondly, over-
expression of PML-RARA in the myeloid compartment induces an APL-like 
disease in mice, albeit after a long latency [ 40 – 42 ]. However, the rather simplifi ed 
model of APL pathogenesis described above has since evolved, and it is now clear 
that the oncogenic capacity of PML-RARA involves additional partner proteins, 
specifi c post-translational modifi cations and dysregulation of multiple pathways, 
particularly those involving PML (Fig.  12.2 ).
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12.2.2.1        APL   Mouse Models 

 The evolution of murine models of leukaemia from retroviral bone marrow trans-
duction and transplantation manipulations to more complex xeno-graft and trans-
genic models, has signifi cantly enhanced our ability to understand how gene 
products from aberrant rearrangement events drive disease [ 43 ,  44 ]. 

 Mouse models of  APL   have been particularly gratifying in this respect, yielding 
unique insights into the hierarchy of leukaemogenesis and treatment response. The 
fi rst convincing evidence that  PML-RARA   drives transformation in t(15;17) APL 
came from transgenic mouse models demonstrating that overexpression of PML- 
RARA in the myeloid compartment under the hMRP8 [ 40 ] or cathespin G (CTSG) 
[ 41 ,  42 ] promoters, induced APL-like diseases. Although co-expression of the 
reciprocal RARA-PML fusion increased the penetrance of APL development in 
transgenic mice, expression alone did not alter myeloid development or yield 
APL, suggesting that it acts to potentiate PML-RARA-driven APL, but not as an 
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  Fig. 12.2    Mechanisms of  PML-RARA  -induced  APL  . The PML-RARA fusion protein exerts mul-
tiple effects that may contribute to leukaemic transformation. PML-RARA may inhibit the func-
tions of wild-type PML and disrupt PML nuclear bodies (NBs), which play important roles in 
mediating  TP53   function, and have been associated with apoptosis, senescence and DNA-damage 
response. Functional PML-RARA complexes contain RXRA and exhibit a more relaxed DNA 
binding specifi city when compared to wild-type RARA complexes, to include more widely spaced 
direct repeats. PML-RARA oligomers are capable of enhanced recruitment of co-repressors to 
target promoters, rendering these complexes insensitive to physiological concentrations of retinoic 
acid. PML-RARA may also recruit or affect the expression of chromatin modifying enzymes, lead-
ing to epigenetic deregulation of target genes. In addition to affecting RARA signalling, PML-
RARA affects the thyroid receptor (TR), vitamin D3 receptor (VDR) and peroxisome proliferator 
activated receptor (PPARA) by titration of RXRA       
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oncogene itself [ 45 ]. Indeed, the RARA-PML fusion is not consistently detected in 
patients harbouring the t(15;17) translocation [ 46 ], and in APL cases with cryptic 
 PML-RARA  rearrangements,  RARA-PML  transcripts were not detected [ 19 ]. 
Importantly, leukaemias derived from APL transgenic mice responded to treatment 
with RA, and this was associated with a disappearance of immature cells from the 
peripheral blood (PB) and restoration of normal PB parameters [ 47 ]. However, 
these mice relapsed soon after treatment was discontinued. Similarly, in the Kogan 
model, treatment of mice with RA was associated with loss of leukaemic cells 
(Gr-1 low /Mac-1 low ) and the appearance of mature neutrophils in blood and bone mar-
row; however, survival was not increased [ 40 ]. Thus, while treatment of APL blasts 
is associated with differentiation, clear-cut evidence that RA-induced  differentiation 
underlies the clinical response of patients to RA was lacking. For example, in the 
Ley model, treatment of mice with RA was associated with apoptosis rather than 
differentiation [ 41 ]. Subsequent analysis of these mice using various transplantation 
and treatment protocols revealed novel insights into the mechanisms underlying 
treatment response, to be discussed in detail below [ 38 ,  48 ,  49 ]. 

 While these experiments provide undisputed evidence that  PML-RARA   drives 
disease initiation, APLs developed after a long latency, suggesting that additional 
changes (mutations, epigenetic modifi cations, post-translational modifi cations) 
acquired during the ‘preleukaemic’ phase are required for overt leukaemia. Indeed, 
in transgenic mice where PML-RARA expression was driven from the mouse 
 Pml  promoter in the context of Pml haploinsuffi ciency,  APL   was not observed, and 
instead, expression of PML-RARA led to an increase in the self-renewal capacity of 
a pool of haematopoietic progenitors. It was hypothesized that these cells may be 
more susceptible to acquiring secondary mutations, pushing them to the leukaemic 
phase [ 50 ]. Indeed, sequencing of an APL mouse genome identifi ed a point mutation 
in  Jak1  ( Jak1   V657F  ) which was identifi ed in other APL mice, and deletion involving 
the histone demethylase,  Kdm6a  ( Utx ), which was also identifi ed in other APL mice 
and a single case of human AML [ 51 ]. Thus, progression events are only partially 
shared between mice and humans, and this may refl ect differences in the affi nity or 
abundance of murine partners of PML-RARA as suggested by a recent study [ 52 ]. 
The distinct outcomes of these models may also refl ect differences in the timing 
and/or level of PML-RARA expression, and provide an important basis for decon-
structing the hierarchy of oncogenic events underlying APL. 

 Murine models have also been important for studying the more rare forms of 
 APL  , in particular that associated with t(11;17)(q23.2;q21.1) translocation, leading 
to the expression of the  PLZF  -RARA and reciprocal RARA-PLZF fusion proteins. 
In contrast to  PML-RARA  -driven APL, this subtype is less responsive to ATRA and 
patients have a poorer prognosis [ 53 ,  54 ]. Various hypotheses exist to explain 
why PLZF-RARA-driven APL is more refractory to treatment with pharmaco-
logic levels of RA. Unlike PML-RARA, where the association with corepressors 
and HDACs is via the CoR box in the RARA moiety of the fusion, PLZF-RARA 
binds these factors via the POZ/BTB domain contained in the PLZF moiety, in addi-
tion to the CoR box, and this former association is associated with insensitivity to 
ATRA at high doses [ 55 ]. 
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 Whereas expression of  PML-RARA   alone from the  CTSG  promoter yielded an 
 APL  -like leukaemia in transgenic mice, overexpression of  PLZF  -RARA alone from 
the same promoter led to development of a more CML-like disease [ 47 ]. In keeping 
with the clinical observations, murine PLZF-RARA-driven APLs were more refrac-
tory to RA treatment compared to PML-RARA APL; however, some differentiation 
was still observed and survival was prolonged [ 47 ]. Interestingly, high dose RA 
treatment of PLZF/RARA APLs did lead to clinical remission, however, and this 
was attributed to the release of NCOR2 corepressor complexes [ 47 ]. The role of 
the reciprocal RARA-PLZF fusion was subsequently investigated. Generation of 
mice expressing both PLZF-RARA and RARA-PLZF led to a development of 
leukaemia with prominent APL features, including accumulation of immature 
promyelocytes in the BM [ 56 ]. Both single transgenic (ST) and double transgenic 
(DT) PLZF- RARA mice were signifi cantly more refractory to RA treatment than 
PML-RARA- driven ones, however, interestingly, DT mice exhibited shorter sur-
vival after treatment, suggesting that the RARA-PLZF fusion protein modulates 
the response to RA [ 56 ]. In keeping with these observations, patients expressing 
both PLZF- RARA and RARA-PLZF were shown to be resistant to RA, whereas 
complete haematologic remission was observed in a patient expressing only 
PLZF-RARA [ 57 ].  

12.2.2.2     Cooperating Events in Human  APL   

 Although murine models of  APL   clearly demonstrated that the  PML-RARA   and 
 PLZF  -RARA fusion proteins are necessary for disease initiation, the preleukaemic 
phase observed in these mice suggests that at least some additional lesions are 
needed for malignant transformation. Analysis of human APL genomes using high- 
density single nucleotide polymorphism arrays revealed that ~40 % of patients have 
leukaemic cells with secondary abnormalities [ 58 ]. Among the potential candidates 
for cooperating secondary events identifi ed by detailed analysis of murine and 
human APL genomes [ 51 ,  59 ,  60 ],   MYC    is particularly attractive, since even modest 
changes in  MYC  expression have been associated with signifi cant phenotypic effects 
[ 61 ]. Indeed, complete or partial trisomy 8 is observed in ~12 % of human APL [ 59 ], 
and gain of  Myc  via trisomy for mouse chromosome 15 is observed in a signifi cant 
number of transgenic APL mice (64 %) [ 59 ]. Furthermore, overexpression of  MYC  
cooperated with PML-RARA in leukaemic transformation and suppressed gain of 
chromosome 15, highlighting a role for gain of chromosome 8 in APL [ 62 ]. 

 Whole exome sequencing of  APL   patients also identifi ed recurrent mutations in 
 FLT3 ,  WT1 ,  KRAS ,  CALR ,  CSMD1 ,  DDR2 ,  REV3L  and  TCERG1L , with  FLT3  and 
 WT1  most often involved [ 60 ]. Mutations affecting  FLT3  are observed in 12–38 % 
( FLT3 -ITD) and 2–20 % ( FLT3  TKD) of APL patients [ 63 ,  64 ], and mutant FLT3 
has been shown to cooperate with  PML-RARA   in mouse APL models [ 65 ]. In addi-
tion to cooperating with PML-RARA for disease onset, aberrant FLT3 signalling 
may also impair response to therapy. Indeed, patients with a high  FLT3-ITD  burden 
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exhibited worse prognosis following treatment with RA and chemotherapy [ 66 ]. 
 KRAS  mutations are also observed in ~10 % of APL patients and coexpression with 
PML-RARA led to the development of highly penetrant APLs with short latency [ 67 ].  

12.2.2.3      PML-RARA   Effects on RXR Signalling 

 Unlike wild type RARA which requires RXR for effi cient DNA binding,  PML- 
RARA     homodimers effi ciently bind a variety of response elements in the absence of 
RXR [ 68 ], questioning the importance of RXR in  APL   development. However, 
accumulating evidence now indicates that RXRA plays a key role in PML-RARA- 
induced transformation. Firstly, PML-RARA oligomeric complexes have been 
shown to contain RXRA, and PML-RARA mutants defective for RXR binding 
were incapable of initiating APL in mice [ 69 ]. These in vitro observations were 
subsequently confi rmed by genome-wide analysis of DNA binding by chromatin 
immuno-precipitation (ChIP) sequence analysis, which revealed near complete 
colocalization of PML-RARA and RXRA binding sites in APL cells [ 70 ]. 
Furthermore, RXR agonists are capable of activating transcription and initiating 
differentiation from PML-RARA responsive elements [ 71 – 73 ]. 

 The  PML-RARA  /RXRA interaction has important biochemical consequences, 
since this complex has at least four DNA binding domains, thus affecting target 
specifi city by allowing binding onto highly degenerate RAREs, representing a 
major gain of function [ 71 ]. Indeed, subsequent global ChIP analyses revealed that 
further to binding RAREs present in the promoters of RARA/RXR target genes, 
PML-RARA-complexes also bound, somewhat promiscuously, to various non- 
canonical RAREs, thus greatly extending the repertoire of genes regulated during 
normal retinoic acid signalling [ 70 ]. In addition to this novel gain of function, 
disruption of nuclear receptor signalling via titration of RXRs may also be a conse-
quence of PML-RARA overexpression. PML-RARA was shown to sequester 
RXRA in cells [ 68 ], limiting the availability of RXRA required for other nuclear 
receptors. Indeed, RXRs enhance binding to several other nuclear receptors, in 
addition to RARA, to their specifi c response elements including the thyroid 
receptor (TR), vitamin D3 receptor (VDR) and peroxisome proliferator activated 
receptor (PPARA), highlighting the potentially far-reaching effects of PML-RARA 
overexpression on nuclear signalling.  

12.2.2.4      PML-RARA   and Epigenetics 

 The ability of  PML-RARA   complexes to induce epigenetic changes that contribute 
to malignant transformation is of particular interest, since unlike mutations, these 
marks are reversible, and may therefore be therapeutically targeted. Previous stud-
ies have shown that PML-RARA is capable of recruiting multiple chromatin modi-
fying enzymes to the promoters of target genes, including HDACs [ 74 ], DNMTs 
[ 75 ] and polycomb repressive complexes (PRCs) [ 76 ], culminating in the repression 
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of specifi c gene promoters, and such activities have been linked to differentiation 
arrest and aberrant self-renewal. In the case of HDACs, genome-wide analysis 
revealed a correlation between ATRA-induced loss of PML-RARA/RXR binding, 
transcriptional activation and increased H3 acetylation [ 70 ]. Interestingly, similar 
observations were made upon RXRA excision [ 77 ]. Yet, evidence for a major modi-
fi cation on histone acetylation at PML-RARA binding sites in a non-overexpressing 
system is still lacking. Recent studies have further refi ned our understanding of the 
role of HDACs in the oncogenic complex. Intriguingly, in  APL   mice, Hdac1 was 
shown to have a dual role as an onco-suppressor in the pre- leukaemic phase, later 
playing an oncogenic role at the fully leukaemic stage [ 78 ]. This suggested that 
Hdac1 may have different functions within specifi c APL subpopulations and 
explained the ability of HDAC inhibitors such as valproic acid, to target the bulk 
population of APL cells while sparing leukaemia stem cells [ 79 ]. These fi ndings 
clearly have implications for the clinical use of HDAC inhibitors, which have dem-
onstrated some activity in APL [ 80 ]. 

 The relationship between  PML-RARA   and DNA and histone methylation, is 
similarly unclear. While recruitment of DNMTs [ 75 ] and PRCs [ 76 ] to specifi c 
model promoters, such as the  RARb2  promoter, has been associated with changes in 
DNA and histone methylation, respectively, this relationship was not so evident on 
a global scale or in primary patient samples [ 81 ]. Indeed, genome-wide analyses of 
DNA and histone methylation in  APL   cells revealed only modest changes at PML- 
RARA binding sites in response to RA [ 70 ]. Treatment of APL cells with RA was 
associated with signifi cant changes in K27 methylation, K9 methylation and DNA 
methylation, however only a minority of these differentially methylated regions 
overlapped with PML-RARA binding peaks [ 70 ] (Coline Gaillard, unpublished 
data). This could suggest that these changes are induced by differentiation and/or 
other chromatin modifying enzymes regulated by PML-RARA (such as JMJD3, 
SETDB1, JMJD1A and DNMT3A), as opposed to direct release of chromatin modi-
fying enzymes from the PML-RARA/RXRA complex [ 70 ]. 

 Another interesting outcome of global DNA binding analyses was the fi nding 
that a signifi cant number of  PML-RARA   binding sites contained canonical 
SPI1/PU.1 motifs, many of which were in close proximity to RARE half sites [ 82 ]. 
PML- RARA repressed SPI1/PU.1-mediated transactivation of such sites, indicating 
that disruption of SPI1/PU.1-regulated genes by PML-RARA could constitute a 
major mechanism contributing to  APL   pathogenesis [ 82 ].  

12.2.2.5     PML-RARA   Control by Post Translational Modifi cations 

  Sumoylation   of  PML-RARA   has also been shown to affect its transforming activity. 
Transcriptional repression by PML-RARA was dependent on sumoylation within the 
B1 box of PML, and mutation of this site abrogated recruitment of the death domain 
associated protein DAXX repressor, impairing leukaemia development in vivo [ 83 ]. 
Binding of PML-RARA to RXRA has also been shown to enhance RXRA 
sumoylation [ 69 ] and this likely contributes to transcriptional repression [ 77 ].  
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12.2.2.6    Impact of  PML-RARA   on the Normal Function of PML 

 In normal cells, PML is distributed throughout the nucleoplasm, but is also localized 
in distinct intra-nuclear domains, referred to as PML nuclear bodies (NBs) [ 84 ]. 
Immuno-histochemical analysis of normal bone marrow revealed that PML expression 
is predominantly restricted to myeloid cells, where distinct PML ‘speckles’ were 
observed throughout all stages of granulocytic differentiation [ 85 ]. In  APL   cells, 
these structures are disrupted, leading to a distinct micro-granular pattern that is 
reversed upon treatment with RA, suggesting that interference with normal PML 
function may contribute to pathogenesis [ 85 – 87 ]. This pattern was also normalized by 
arsenic, providing a major and unexpected convergence between the two drugs [ 88 ]. 

 PML NBs are intra-nuclear domains that recruit numerous regulatory proteins 
(including  TP53   and DAXX) and are associated with important processes, includ-
ing DNA damage response, transcription, apoptosis and senescence [ 84 ]. These 
structures are assembled in response to oxidant stress [ 89 ], which may partially 
explain their association with sites of infl ammation or transformation [ 90 – 92 ]. 
A central feature of many NB-associated proteins, including PML, is their modifi -
cation by SUMO, which modulates protein function by affecting protein stability or 
stabilizing interactions [ 93 ]. In particular, the activity of TP53, a key regulator of 
cell senescence and apoptosis, is regulated by recruitment onto PML NBs, which 
are platforms for TP53 acetylation and activation [ 94 ]. PML may also function to 
precisely regulate TP53 activity by phosphorylation of CHEK2 in NBs [ 95 ] or by 
sequestering MDM2 to the nucleolus [ 96 ]. Recent studies showed that PML- 
induced senescence involved sequestration of RB1 and E2F proteins onto NBs, 
thereby inhibiting E2F transcription [ 97 ]. Mechanistically, this may occur by 
recruitment of E2F target promoters into close proximity to heterochromatin factors 
and HDACs in PML NBs. 

 Given the involvement of PML NBs in controlling key tumour suppressor pro-
cesses, it is likely that disruption of NB-specifi c functions contributes to the onco-
genic capacity of  PML-RARA  . Indeed, expression of PML-RARA in primary 
murine bone marrow allowed cells to bypass a senescence checkpoint and this was 
associated with disruption of a Pml NB-associated complex containing Daxx and 
Atrx [ 52 ]. Importantly, this was more pronounced when using a murine Pml within 
the PML-RARA fusion, suggesting that species-specifi c, Pml-dependent cellular 
interactions are key to the transformation process. Furthermore, studies comparing 
the potencies of different dimerization domains fused to RARA in initiating  APL  , 
demonstrated that only the PML coiled coil drives effi cient transformation in vivo 
[ 98 ]. Similarly, the recent fi nding that a Pml-Tp53 checkpoint is required to eradi-
cate leukaemia-initiating cells in a mouse model of APL [ 49 ] further strengthens the 
notion that interference of PML-RARA with the normal tumour suppressor func-
tions of PML is key to both APL initiation, but also therapy (see below). However, 
whether disruption of PML NBs per se is absolutely required for APL remains 
unclear, particularly since these structures are not disrupted in  PLZF  -RARA- 
associated  APL [ 19 ]. Other genetic alterations may compensate for this in this APL 
subset.   
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12.2.3     Novel Insights into  APL   Cure 

12.2.3.1    RA-Induced Differentiation and Cure: Revisiting the Paradigm 

 Although the in vitro differentiating effects of ATRA on  APL   cells were observed in 
1981 [ 99 ], the clinical benefi t of ATRA was not realized until 1988, following the 
discovery that ATRA alone, and not synthetic agonists, could induce complete hae-
matological remission in APL patients [ 12 ]. However, these patients eventually 
relapsed, and the detection of   PML-RARA    transcripts in blood from these patients 
[ 100 ], indicated that while ATRA alone could eliminate the bulk of leukaemic cells, 
an effect associated with differentiation of APL blasts, this was not suffi cient to 
eliminate leukaemia initiating cells (LICs) capable of reinitiating disease. 

 A detailed investigation of the effect of RA on  APL   cell differentiation and 
clonogenicity ensued, and the results of these studies progressively challenged our 
view of APL as only a ‘differentiation paradigm’. Indeed, in a murine model of 
t(15;17) APL, treatment of mice with increasing doses of RA induced morphologi-
cally similar levels of differentiation; however, loss of LICs (as assessed by the 
ability of treated APL cells to reinitiate APL in secondary recipients) was only 
observed at high doses of RA, indicating that the process of differentiation and cure 
could be, at least in part, uncoupled [ 38 ]. This distinction between differentiation 
and disease cure was also highlighted by the fi nding that APL blasts from  PLZF  - 
RARA  DT mice (expressing PLZF-RARA and the reciprocal RARA-PLZF fusion) 
were sensitive to RA-induced differentiation, but that mice were almost completely 
resistant to treatment, even at high RA doses [ 38 ,  49 ]. Treatment of murine APLs 
with synthetic retinoids (acitretin and NRX195183) capable of activating  PML-
RARA    - dependent  transcription and inducing differentiation, but defective in their 
ability to degrade PML-RARA, also impaired LIC loss, highlighting the importance 
of PML-RARA degradation in disease clearance [ 101 ]. Subsequent analyses 
revealed that while both low and high RA doses induced differentiation of APL 
blasts, only high dose RA activated a senescence-like programme in leukaemic 
blasts and this was paralleled by PML-RARA degradation, Pml NB reformation and 
stabilization of p53 [ 49 ]. Indeed, loss of LIC activity was critically dependent on the 
presence of Pml and Tp53, directly implicating a Tp53-Pml axis in disease cure. 

 This model was recently substantiated in a resistant  APL   patient, following the 
identifi cation of a mutation in the remaining allele of PML (A216V, adjacent to the 
arsenic binding site) that impedes arsenic-induced NB formation (Lehmann-Che, 
NEJM, in press). Truncated PML proteins incapable of forming NBs have also been 
identifi ed in APL patients exhibiting RA resistance [ 102 ]. That treatment of patients 
with RA alone does not yield cure may refl ect the fact that optimal concentrations 
of ATRA are not usually reached in patients. Notably, APL cure was observed in 
several patients treated intravenously with a liposomal form of ATRA, which may 
refl ect higher intracellular concentrations of ATRA, paralleling these observations 
in mice [ 103 ]. Collectively these studies point to a model whereby degradation of 
 PML-RARA   and activation of PML and Tp53-dependent pathways are major fac-
tors underlying the success of RA therapy. 
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 In the case of  PLZF  -RARA, the link between protein degradation and LIC 
clearance remains unclear. Indeed, similar to  PML-RARA  , PLZF-RARA is 
degraded following RA treatment [ 49 ,  104 ], however both patients and mice are 
refractory to ATRA treatment even at high doses of RA [ 49 ]. This resistance may be 
mediated by induction of genes by the reciprocal RARA-PLZF fusion, such as 
 CRABP1 , which plays a role in the catabolism of retinoids and has been associated 
with retinoic acid resistance [ 105 ,  106 ] or by PLZF-RARA, such as   MYC    [ 107 ]. 
PLZR-RARA has also been shown to recruit epigenetic machinery to target promot-
ers [ 108 ], and this may lead to permanent silencing of genes, abrogating loss of 
LICS even following complete degradation of PLZF-RARA.  

12.2.3.2    Arsenic Frequently Cures  APL   

 Treatment of  APL   patients with arsenic trioxide as a single agent cures over 70 % of 
patients [ 39 ,  109 ]. Initial ex vivo studies in APL cells revealed a dose-dependent 
effect of arsenic, with high doses inducing apoptosis and low doses yielding partial 
differentiation [ 110 ], although differentiation becomes complete when cyclic-AMP 
[ 111 ] or CSF2/GM-CSF [ 112 ] are added. In vivo, treatment with arsenic was asso-
ciated with differentiation and apoptosis, suggesting that the combination of these 
two processes may underlie the curative effect of arsenic on APL cells [ 39 ,  110 ]. 

 Subsequent investigation into the mechanisms underlying this phenomenon 
revealed that arsenic, like RA, induces  PML-RARA   degradation, although via a 
biochemically distinct pathway [ 88 ]. At the molecular level, arsenic induces reac-
tive oxygen species ( ROS  ) that initiate the formation of PML intermolecular disul-
phide crosslinks, leading to PML oligomerization and NB formation [ 113 ]. Arsenic 
also binds cysteine residues in the RBCC domains of PML-RARA and PML, and 
this was proposed to facilitate UBE2I/UBC9 binding and subsequent sumoylation 
of PML [ 89 ,  114 ,  115 ]. PML hyper-sumoylation leads to the recruitment of RING 
fi nger protein 4 (RNF4), ultimately enforcing PML poly-ubiquitination and 
proteasome- mediated degradation [ 116 ,  117 ]. Importantly, these biochemical fi nd-
ings fi t with the sequential wave of PML staining following arsenic treatment of 
primary  APL   cells or cell lines, starting with the reformation of PML NBs, the 
appearance of large PML staining aggregates and the later disappearance of these 
structures [ 88 ,  110 ]. The identifi cation of arsenic resistant patients harbouring 
mutations in the B2 domain of PML-RARA that affect arsenic binding, sumoylation 
and degradation further highlights the link between PML-RARA degradation and 
APL cure [ 118 ,  119 ]. In the case of RA, PML-RARA degradation may occur either 
through the proteasome following ligand-dependent transcriptional activation [ 120 ], 
via a caspase 3-like activity targeting the PML portion of the PML-RARA fusion 
[ 121 ] or by autophagy [ 122 ]. Hence, the unexpected observation that both RA and 
arsenic target PML-RARA stability reinforces a model in which degradation of 
PML-RARA is the critical factor underlying APL cure [ 48 ,  123 ] (Fig.  12.3 ).
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   Comparison of the transcriptomic response of NB4 cells to RA and arsenic 
revealed that arsenic regulates signifi cantly fewer genes compared to RA and the 
extent of regulation was also less profound [ 124 ]. Many genes were commonly 
regulated by both compounds suggesting that the differentiation enforced by As 2 O 3  
may be secondary to  PML-RARA   protein loss [ 39 ,  77 ]. Given that RA and As 2 O 3  
target PML-RARA degradation via distinct pathways, it was envisaged that these 
drugs would act synergistically to cure  APL  . Indeed a dramatic synergy was 
observed in murine models [ 125 ,  126 ] and was further substantiated by several clin-
ical trials demonstrating that combined treatment of APL patients with RA and 
As 2 O 3  leads to cure in virtually all patients, even in the absence of cytotoxic chemo-
therapy [ 7 ,  127 ].   
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  Fig. 12.3    Synergy of retinoic acid and arsenic for  APL   cure. Retinoic acid ( RA ) binds the ligand- 
binding domain within the RARA portion of  PML-RARA  , leading to release of co-repressor com-
plexes, and transcriptional activation, accompanied by differentiation. PML-RARA is subsequently 
degraded, allowing the reformation of PML nuclear bodies ( NBs ) and activation of pathways cul-
minating in leukaemia initiating cell ( LIC ) loss. Arsenic induces reactive oxygen species (  ROS   ), 
enforcing PML and PML-RARA multimerization. Arsenic also binds to the B box 2 contained in 
the PML portion of PML-RARA, facilitating sumoylation by UBE2I/UBC9, ubiquitination by 
RNF4, targeting it for degradation by the proteasome       
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12.2.4     The  APL   Miracle: What Lessons Have We Learned? 

 Malignancy is a multistep process that involves an initiating step, involving the 
dysregulation of a master transcriptional regulator afforded by recurrent balanced 
chromosomal translocations. That gene fusions arising from chromosomal translo-
cations may represent an Achilles heel for cancers is substantiated by the sensitivity 
of certain subtypes of leukaemia, such as  APL  , to treatments targeting protein sta-
bility. Indeed, APL burden was signifi cantly reduced in mouse APLs following tar-
geted knockdown of the  PML-RARA   fusion protein, highlighting the dependency 
of leukaemic cells on continued PML-RARA expression [ 77 ] and further substanti-
ating the role of therapy-induced degradation. 

 How applicable is the  APL   success story to other translocation-driven leukae-
mias? Is targeting oncoprotein degradation in other leukaemias a viable strategy? 
Can enforced PML NB reformation be harnessed to treat other malignancies? Some 
studies of adult T-cell leukaemia/lymphoma (ATL), an aggressive disease caused by 
infection with human T-lymphotropic virus type I (HTLV-I), and initiated by the 
viral regulatory protein, Tax [ 128 ] suggest that it might be the case. Indeed, com-
bined IFN/arsenic treatment induces Tax degradation [ 129 ]. Importantly, the IFN/
arsenic combination cures Tax-driven ATL in mice [ 130 ] or in newly diagnosed, 
chronic ATL patients [ 131 ], suggesting that targeted degradation of Tax may under-
lie therapy response. Moreover the biochemical mechanisms of Tax degradation 
appear largely similar to those of  PML-RARA  . Thus APL is not an exception, but 
the lessons that we have learnt pave the way to benefi t the treatment of other 
diseases.      
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  Abstract     Acute myeloid leukaemia (AML) is a neoplastic disease developing as a 
result of accumulation of somatic genetic alterations, both detectable microscopically 
as structural and numerical chromosome abnormalities and submicroscopic, such as 
gene mutations and changes in gene and microRNA expression, in haematopoietic 
progenitor cells. The cytogenetic landscape of AML is very heterogeneous with more 
than 300 recurrent abnormalities identifi ed to date. Several of these abnormalities are 
now used to delineate separate disease entities in the World Health Organization 
Classifi cation of AML. Moreover, pretreatment cytogenetic fi ndings are among the 
most important, independent prognostic factors in both adults and children with AML.  

  Keywords     Acute myeloid leukaemia   •   Cytogenetics   •   Mutation   •   Leukaemia 
 diagnosis   •   Prognostication     

        K.   Mrózek    •    C.  D.   Bloomfi eld      (*) 
  The Ohio State University Comprehensive Cancer Center ,   Columbus ,  OH ,  USA   
 e-mail: krzysztof.mrozek@osumc.edu; clara.bloomfi eld@osumc.edu  

mailto:clara.bloomfield@osumc.edu
mailto:krzysztof.mrozek@osumc.edu


276

13.1      Introduction 

 Cytogenetic analyses of leukaemic blasts from patients diagnosed with acute 
myeloid leukaemia (AML) have been instrumental in determining the genetic basis 
of this disease, and greatly increased our understanding of its extraordinary histo-
pathologic, immunophenotypic and clinical heterogeneity. Since 1973, when Janet 
D.  Rowley   employed the then newly introduced chromosome Q-banding technique 
[ 1 ] to describe the  t(8;21)   (q22;q22) [ 2 ], the translocation that turned out to be one 
of the more frequent and clinically important chromosome abnormalities in AML, 
more than 300 numerical and structural abnormalities, both balanced and unbal-
anced, have been identifi ed as recurring [ 3 – 5 ]. Importantly, molecular dissection of 
breakpoints in numerous AML-associated translocations and inversions has led to 
cloning of genes that play a pivotal role in leukaemogenesis through deregulation of 
differentiation, proliferation and/or apoptosis (programmed cell death) of haemato-
poietic progenitor cells [ 6 ,  7 ]. However, it has become clear that a single cytoge-
netic abnormality is usually not suffi cient to cause overt AML, whose development 
is usually a result of acquisition of multiple somatic alterations affecting different 
pathways within the same cell [ 8 ]. These include mutations activating genes 
involved in signal transduction of proliferation pathways that bestow a survival 
advantage and cause increased rate of cell proliferation. The other kind of leukaemia- 
associated rearrangements, often occurring in the form of intragenic mutations or 
gene fusions generated by reciprocal chromosome translocations or inversions, dis-
rupt genes involved in the process of normal cell differentiation [ 9 ]. 

 Even though abnormalities detectable using cytogenetic methodology constitute 
only a fraction of acquired genetic alterations in AML, chromosome abnormalities, 
both those that have been characterized molecularly and those that have not, constitute 
tumour markers with diagnostic and prognostic signifi cance. Thus, several chromo-
some abnormalities and their molecular counterparts are now used to delineate separate 
disease entities in the World Health Organization (WHO) Classifi cation of Tumours of 
Haematopoietic and Lymphoid Tissues [ 10 ]. Moreover, pretreatment karyotype has 
been repeatedly shown to be among the most important, independent prognostic fac-
tors for achievement of complete remission (CR), and duration of disease-free (DFS) 
and overall (OS) survival in both adults [ 11 – 23 ] and children with AML [ 24 – 26 ]. 

 In this chapter, after a brief overview of general cytogenetic features of AML, we 
will present the role that cytogenetic fi ndings play in establishing diagnosis of dis-
tinct disease subsets, and then discuss correlations between karyotype and clinical 
outcome of patients with AML.  

13.2     General Cytogenetic Characteristics of AML 

 Following short-term, i.e., 24- or 48-h, unstimulated in vitro culture of bone marrow 
(or, less preferably, blood) samples aspirated before the start of therapy, suffi cient 
numbers of good quality metaphase cells are obtained in a vast majority of patients, 
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with failure rates usually below 10 % [ 3 ,  12 ,  14 ,  23 ,  27 ]. Unsuccessful pretreatment 
cytogenetic investigation has been reported to portend an adverse prognosis in a recent 
study, in which 6 % of almost 1,500 AML patients whose samples were subjected 
to standard chromosome analysis had results deemed to be unacceptable [ 28 ]. 
Similarly, cytogenetic analysis failed in 7 % of over 700 children treated on the 
United Kingdom Medical Research Council (MRC) protocols [ 25 ]. 

 Among patients with de novo AML, an abnormal karyotype containing one or 
more clonal chromosomal aberrations, namely, the same structural alteration or an 
extra copy of the same chromosome (trisomy) present in ≥2 metaphases or a loss of 
the same chromosome (monosomy) seen in ≥3 metaphases, is detected in 55–61 % 
of adult [ 14 – 16 ,  22 ,  23 ] and 76–78 % of paediatric cases [ 25 ,  26 ,  29 ,  30 ]. Although 
the reasons for this age discrepancy are unknown, they likely refl ect biologic differ-
ences between adult and paediatric disease, as exemplifi ed by age-related disparities 
in the incidence of specifi c chromosome abnormalities. For instance, reciprocal 
translocations, insertions and inversions involving chromosome band 11q23 that 
lead to rearrangements of the  KMT2A  gene (formerly known as  MLL  [ 31 ]) are 
approximately four times more frequent in children than in adults [ 17 ]. Moreover, 
their frequency diminishes substantially with age, being the highest, 51–58 %, in 
infants with AML below the age of 12 months [ 32 – 34 ], followed by 39 % of chil-
dren aged from 13 to 24 months [ 35 ], 8–9 % of children older than 24 months [ 30 , 
 35 ], and 4–7 % of adults [ 15 ,  16 ,  22 ], among whom only ≤3 % of those aged 
60 years or older harbour 11q23/ KMT2A  (MLL)  alterations [ 19 ,  20 ]. Likewise, a 
cryptic, i.e., not detectable by a routine cytogenetic study, translocation (5;11)
(q35.2;p15.4), creating the  NUP98 - NSD1  fusion gene, is found seven times more 
often in paediatric as opposed to adult AML patients [ 36 ]. Additionally, there are 
rare abnormalities that have been hitherto detected in children only. These include 
another cryptic translocation, t(7;12)(q36;p13), resulting in the  MNX1 - ETV6     fusion 
gene [ 37 ,  38 ], and the t(1;22)(p13;q13), creating the  RBM15 - MKL1     fusion gene 
[ 39 ]. The latter translocation has been hitherto found almost exclusively in young 
children under the age of 24 months [ 5 ,  39 ]. 

 Conversely,  t(8;21)   and t(15;17)(q22-24;q12-21), the two most frequent translo-
cations in both older children and adults diagnosed with AML [ 17 ], have not been 
detected in infants younger than 12 months [ 26 ,  35 ], although the incidence of 
t(8;21) is twice as high in older children as it is in adults. In contrast, inv(3)
(q21;q26.2) and t(3;3)(q21;q26.2), as well as del(5q) and other unbalanced struc-
tural abnormalities leading to loss of material from the long arm of chromosome 5 
(5q), are more frequent in adult rather than paediatric AML, as is complex karyo-
type with fi ve or more chromosome aberrations. Finally, the incidence of certain 
abnormalities, such as inv(16)(p13.1q22) or t(16;16)(p13.1;q22), or trisomy of 
chromosome 8 (+8) is comparable in childhood and adult AML [ 5 ,  17 ]. 

 Based on presumed signifi cance, recurrent chromosome aberrations have been 
separated into primary and secondary ones. The former are considered to be most 
important and deemed to play an essential role in the early stages of leukaemogen-
esis. Primary abnormalities are quite specifi c for AML; that is, they are seldom (or 
never) found in other types of haematologic neoplasms or solid tumours, and can be 
found as the only microscopically detectable rearrangements in some patients [ 40 ]. 
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They may have a profound infl uence on clinical characteristics of patients that 
harbour them, and thus several primary abnormalities have been chosen to denote 
distinct disease categories of AML (please see Sect.  13.3  below). Balanced rear-
rangements, such as reciprocal translocations, insertions and inversions, with pre-
sumed primary signifi cance, which are currently known to be recurrent, are 
presented in Table  13.1  together with the genes they alter (whenever known) and the 
numbers of patients reported to carry these abnormalities in the literature and 
indexed in the Mitelman Database [ 5 ].

   In addition to balanced abnormalities, a number of unbalanced aberrations, e.g., 
deletions, unbalanced translocations and isochromosomes, have been detected 
recurrently as a sole abnormality in AML patients, and consequently might repre-
sent rearrangements of primary importance in these patients. The most frequent of 
those are del(5q), del(7q), del(9q), del(12p), del(20q) and del(13q) [ 3 ,  5 ]. In con-
trast to reciprocal translocations or inversions, which result in rearrangements of 
specifi c genes, the molecular consequences of recurrent deletions do not seem to be 
restricted to a loss of and/or mutation in a single tumour suppressor gene, but rather 
to haploinsuffi ciency of multiple genes located in a deleted chromosome segment, 
i.e., diminished gene expression caused by the presence of only one functional 
allele remaining after a deletion of the second allele. However, it is possible that 
some of the deleted and/or underexpressed genes may still be more important than 
others, and recent studies have identifi ed  CTNNA1  [ 41 ] and  EGR1  [ 42 ] as candidate 
tumour suppressor genes (TSGs) in AML with del(5q), and  CUX1  [ 43 ] and  KMT2C  
( MLL3 ) [ 44 ] as TSGs in AML with del(7q). 

 Numerical chromosome changes can also be considered of potential primary 
import when they are found as the only cytogenetic alteration. The most frequent 
isolated numerical aberration in AML is +8, detected in ~4 % of adults with de novo 
AML, followed by recurrent, albeit less frequent, monosomy 7 (−7; 1 %), +11 
(1 %), +13 (1 %), loss of chromosome Y (–Y; 1 %), +21 (0.5 %), and +4 (0.3 %) 
[ 45 ]. The molecular mechanisms whereby recurrent trisomies contribute to leukae-
mogenesis are mostly unknown. To date, only isolated +11 and +13 have been 
linked with particular molecular defects occurring in a high proportion of patients 
with these trisomies, namely, a partial tandem duplication of the  KMT2A(MLL)  
gene [  KMT2A(MLL)   -PTD  ] associated with +11 [ 46 ] and   RUNX1    mutations associ-
ated with +13 [ 47 ]. Recently patients with +8 were shown to harbour recurrent gene 
mutations but the most frequent of them were each detected in ~30 % of patients 
[mutations in  RUNX1  and  ASXL1 , and the internal tandem duplication of the  FLT3  
gene ( FLT3 -ITD)]; also common were  IDH2 ,  DNMT3A  and  NPM1  mutations found 
in around 25 % of the patients [ 48 ]. 

 Secondary abnormalities, which can accompany a primary abnormality either in 
all cells or be present in only a fraction of cells that harbour a primary aberration, 
are predominantly unbalanced, and include both numerical (trisomy, monosomy) 
and structural alterations (deletion, unbalanced translocation) [ 49 ]. Secondary 
abnormalities are generally less specifi c, and the same one can be recurrently found 
together with diverse primary aberrations in AML as well as in other types of 
 leukaemia or even in non-haematologic malignancies. A prime example of such an 
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     Table 13.1    Chromosome aberrations of presumed primary signifi cance in AML   

 Cytogenetic abnormality a   Gene(s) involved 

 Number of 
AML cases 
with the 
abnormality b  

 No. (%) of AML 
cases with the 
abnormality occurring 
as a sole alteration b  

 Rearrangements involving band 1p36 and the  PRDM16  gene 
 t(1;3)(p36.3;q21.3)   RPN1 - PRDM16   49  32 ( 65  %) 
 t(1;17)(p36;q21)   PRDM16   3  2 ( 67  %) 
 Rearrangement involving band 1p36 
 t(1;7)(p36;q34)  –  3  2 ( 67  %) 
 Rearrangement involving band 1p13 and the  RBM15  gene 
 t(1;22)(p13;q13)   RBM15 - MKL1   41  33 ( 80  %) 
 Rearrangement involving band 2p23 
 t(2;4)(p23;q25)  –  2  2 ( 100  %) 
 Rearrangement involving band 2p13 
 t(2;12)(p13;p13)  –  3  1 ( 33  %) 
 Rearrangement involving band 3p21 
 t(3;7)(p21;q35)  –  4  2 ( 50  %) 
 Rearrangements involving band 3q26 and the  MECOM  ( EVI1 ) gene 
 t(2;3)(p15-21;q26-27)   MECOM   22  10 ( 45  %) 
 inv(3)(q21q26.2)   RPN1 - MECOM   306  111 ( 36  %) 
 t(3;3)(q21;q26.2) c    RPN1 - MECOM   139  62 ( 45  %) 
 t(3;8)(q26;q24)   MECOM   9  4 ( 44  %) 
 Rearrangements involving band 5q31 
 t(5;6)(q31;q21)  –  3  3 ( 100  %) 
 t(5;21)(q31;q22)  –  2  1 ( 50  %) 
 Rearrangement involving band 5q35 and the  NPM1  gene 
 t(3;5)(q25;q35) d    MLF1 - NPM1   71  58 ( 82  %) 
 Rearrangement involving band 6q23 and the  MYB  gene 
 t(X;6)(p11;q23)   MYB - GATA1   4  4 ( 100  %) 
 Rearrangements involving band 8p11 and the  KAT6A  gene 
 inv(8)(p11q13)   KAT6A - NCOA2   7  6 ( 86  %) 
 t(8;16)(p11;p13)   KAT6A - CREBBP   115  68 ( 59  %) 
 t(8;19)(p11;q13.3)   KAT6A   3  3 ( 100  %) 
  t(8;22)(  p11;q13)   KAT6A - EP300   4  3 ( 75  %) 
 Rearrangements involving band 8p11 and the  FGFR1 gene 
 t(6;8)(q27;p11)   FGFR1OP - FGFR1   4  3 ( 75  %) 
 t(8;9)(p11;q33)   CNTRL - FGFR1   2  0 
 Rearrangement involving band 8q24 
  t(8;14)(  q24;q32)  –  5  1 ( 20  %) 
 Rearrangement involving band 9p24 and the  JAK2  gene 
 t(8;9)(p22;p24)   PCM1 - JAK2   4  2 ( 50  %) 
 Rearrangement involving band 9q34 and the  NUP214  gene 
 t(6;9)(p23;q34)   DEK - NUP214   94  78 ( 83  %) 

(continued)
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Table 13.1 (continued)

 Cytogenetic abnormality a   Gene(s) involved 

 Number of 
AML cases 
with the 
abnormality b  

 No. (%) of AML 
cases with the 
abnormality occurring 
as a sole alteration b  

 Rearrangement involving band 9q34 and the  ABL1  gene 
  t(9;22)(q34;q11.2)      BCR - ABL1     230  94 ( 41  %) 
 Rearrangement involving band 9q34 
 t(9;13)(q34;q12)  –  2  2 ( 100  %) 
 Rearrangement involving band 10q22 and the  KAT6B  gene 
 t(10;16)(q22;p13)   KAT6B - CREBBP   2  1 ( 50  %) 
 Rearrangements involving band 11p15 and the  NUP98  gene 
 t(1;11)(q24;p15)   NUP98 - PRRX1   3  1 ( 33  %) 
 t(2;11)(q31;p15)   NUP98 - HOXD11  or 

 NUP98 - HOXD13  
 6  5 ( 83  %) 

 t(3;11)(p11;p15)   NUP98 - POU1F1   2  2 ( 100  %) 
 t(3;11)(q12;p15)   NUP98 - LNP1   3  3 ( 100  %) 
 t(4;11)(q23;p15)   NUP98 - RAP1GDS1   4  2 ( 50  %) 
 t(5;11)(q35.2;p15.4)   NUP98 - NSD1  or 

 STIM1 - NSD1  
 34  26 ( 77  %) 

 t(7;11)(p15;p15)   HOXA9 - NUP98  or 
 HOXA11 - NUP98  or 
 HOXA13 - NUP98  

 67  58 ( 87  %) 

 t(7;11)(q22;p15)   NUP98   3  2 ( 67  %) 
 t(8;11)(p11;p15)   NUP98 - WHSC1L1   5  2 ( 40  %) 
 t(9;11)(p22;p15)   NUP98 - PSIP1   5  5 ( 100  %) 
 t(9;11)(q34;p15)   NUP98 - PRRX2   2  2 ( 50  %) 
 t(10;11)(q23;p15)   NUP98 - HHEX   4  2 ( 50  %) 
 inv(11)(p15q22)   NUP98 - DDX10   10  7 ( 70  %) 
 t(11;11)(p15;q22)   NUP98 - DDX10   2  2 ( 100  %) 
 inv(11)(p15q23)   NUP98 - KMT2A(MLL)     13  9 ( 69  %) 
 t(11;12)(p15;p13) e    NUP98 - KDM5A   6  1 ( 17  %) 
 t(11;12)(p15;q13)   NUP98 - HOXC11  or 

 NUP98 - HOXC13  
 13  12 ( 92  %) 

 t(11;17)(p15;q21)   NUP98   3  3 ( 100  %) 
 t(11;17)(p15;q23)   NUP98   3  0 
 t(11;20)(p15;q12)   NUP98 - TOP1   13  10 ( 77  %) 
 Rearrangement involving band 11p15 
 t(X;11)(q13;p15)  –  3  1 ( 33  %) 
 Rearrangements involving band 11q13 
 t(9;11)(p22;q13)  –  6  6 ( 100  %) 
 t(11;12)(q13;p13)  –  4  1 ( 25  %) 
 Rearrangement involving band 11q14 and the  PICALM  gene 
 t(10;11)(p12;q14)   MLLT10 - PICALM   72  36 ( 50  %) 
 Rearrangements involving band 11q23 and the  KMT2A(MLL)    gene 
 t(X;11)(q13;q23)   KMT2A(MLL)-FOXO4     3  3 ( 100  %) 

(continued)
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Table 13.1 (continued)

 Cytogenetic abnormality a   Gene(s) involved 

 Number of 
AML cases 
with the 
abnormality b  

 No. (%) of AML 
cases with the 
abnormality occurring 
as a sole alteration b  

 t(X;11)(q24;q23)   KMT2A(MLL)   - SEPT6   4  4 ( 100  %) 
 ins(11;X)(q23;q28q12)   KMT2A(MLL)   - FLNA   2  2 ( 100  %) 
 t(1;11)(p32;q23)   KMT2A(MLL)-EPS15     11  6 ( 55  %) 
 t(1;11)(q21;q23)   KMT2A(MLL)-MLLT11     26  20 ( 77  %) 
 t(2;11)(p21;q23)   KMT2A(MLL)     22  11 ( 50  %) 
 t(2;11)(q37;q23)   KMT2A(MLL)   - SEPT2   6  3 ( 50  %) 
 t(4;11)(q21;q23)   KMT2A(MLL)-AFF1     29  18 ( 62  %) 
 t(5;11)(q31;q23)   KMT2A(MLL)   - 

ARHGAP26      
 5  5 ( 100  %) 

 t(6;11)(q15;q23)   KMT2A(MLL)   - 
CASP8AP2      

 3  2 ( 67  %) 

 t(6;11)(q21;q23)   KMT2A(MLL)-FOXO3     5  2 ( 40  %) 
 t(6;11)(q27;q23)   KMT2A(MLL)-MLLT4     93  83 ( 89  %) 
 t(9;11)(p22;q23)   KMT2A(MLL)-MLLT3     264  177 ( 67  %) 
 t(9;11)(q21;q23)   KMT2A(MLL)     3  3 ( 100  %) 
 t(9;11)(q22;q23)   KMT2A(MLL)     6  5 ( 83  %) 
 ins(10;11)
(p11-13;q23q13-25) 

  KMT2A(MLL)   - MLLT10   35  19 ( 54  %) 

 ins(11;10)
(q23;p12-13p11-15) 

  KMT2A(MLL)   - MLLT10   4  2 ( 50  %) 

 t(10;11)(p12;q13-23)   KMT2A(MLL)-MLLT10     47  28 ( 60  %) 
 t(10;11)(p12;q23)   KMT2A(MLL)   - ABI1   3  3 ( 100  %) 
 t(10;11)(q21;q23)   KMT2A(MLL)   - TET1   5  2 ( 40  %) 
 t(11;11)(q13;q23)   KMT2A(MLL)   - 

ARHGEF17      
 3  2 ( 67  %) 

 del(11)(q23q23) f    KMT2A(MLL)   - 
ARHGEF12      

 2  0 

 t(11;12)(q23;q13)   KMT2A(MLL)   - SARPN   2  2 ( 100  %) 
 t(11;14)(q23;q23)   KMT2A(MLL)   - GPHN   3  3 ( 100  %) 
 t(11;14)(q23;q32)   KMT2A(MLL)   - CEP170B       3  3 ( 100  %) 
 t(11;15)(q23;q15)   KMT2A(MLL)   - CASC5  or 

 KMT2A(MLL)   - ZFYVE19      
 8  1 ( 13  %) 

 t(11;16)(q23;p13.3)   KMT2A(MLL)   - CREBBP   10  5 ( 50  %) 
 t(11;17)(q23;p13.1)   KMT2A(MLL)   - GAS7   2  ?1 (? 50  %) g  
 t(11;17)(q23;q12-21)   KMT2A(MLL)   - MLLT6   42  34 ( 81  %) 
 t(11;17)(q23;q23)   KMT2A(MLL)     4  2 ( 50  %) 
 t(11;17)(q23;q25)   KMT2A(MLL)   - SEPT9   34  22 ( 65  %) h  
 t(11;19)(q23;p13.1)   KMT2A(MLL)   - ELL   69  58 ( 85  %) h  
 t(11;19)(q23;p13.3)   KMT2A(MLL)   - MLLT1   47  19 ( 41  %) 
 t(11;19)(q23;p13.2-13.3)   KMT2A(MLL)   - MYO1F   4  1 ( 25  %) 
 t(11;22)(q23;q11)   KMT2A(MLL)   - SEPT5   8  5 ( 63  %) 
 t(11;22)(q23;q13)   KMT2A(MLL)   - EP300   6  4 ( 67  %) 

(continued)
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Table 13.1 (continued)

 Cytogenetic abnormality a   Gene(s) involved 

 Number of 
AML cases 
with the 
abnormality b  

 No. (%) of AML 
cases with the 
abnormality occurring 
as a sole alteration b  

 Rearrangements involving band 12p13 and the  ETV6  gene 
 t(1;12)(q25;p13)   ETV6 - ABL2   2  1 ( 50  %) i  
 t(3;12)(q26;p13)   ETV6 - MECOM   36  23 ( 64  %) 
 t(4;12)(q12;p13)   CHIC2 - ETV6   25  17 ( 68  %) 
 t(5;12)(q13;p13)   ETV6   3  2 ( 67  %) 
 t(5;12)(q31;p13)   ACSL6 - ETV6   4  2 ( 50  %) 
 t(7;12)(p15;p13)   ETV6   7  1 ( 14  %) 
 t(7;12)(q36;p13)   MNX1 - ETV6   20  2 ( 10  %) 
 t(10;12)(q24;p13)   ETV6 - GOT1   6  2 ( 33  %) 
 inv(12)(p13q24)   ETV6   2  0 
 t(12;12)(p13;q13)   ETV6   3  0 
 t(12;13)(p13;q12)   ETV6 - CDX2  or 

 FLT3 - ETV6  
 4  2 ( 50  %) 

 t(12;22)(p12-13;q11-13)   ETV6 - MN1   22  5 ( 23  %) 
 Rearrangements involving band 16q22 and the  CBFB  gene 
 inv(16)(p13.1q22)   MYH11 - CBFB   848  581 ( 69  %) 
 t(16;16)(p13.1;q22)   MYH11 - CBFB   45  37 ( 82  %) 
 Rearrangements involving band 16q24 and the  CBFA2T3  gene 
 inv(16)(p13.3q24.3) j    CBFA2T3 - GLIS2   32  22 ( 69  %) 
 t(16;21)(q24.3;q22)   CBFA2T3 -  RUNX1     23  6 ( 26  %) 
 Rearrangement involving band 17q11 and the  TAF15  gene 
 t(12;17)(p13;q11-12)   TAF15 - ZNF384   4  4 ( 100  %) 
 Rearrangements involving bands 17q12-21 and the  RARA  gene 
 t(4;17)(q12;q21)   FIP1L1 - RARA   2  0 
 t(5;17)(q35;q12-21)   NPM1 - RARA   4  1 ( 25  %) 
 t(11;15;17)(q13;q22;q12)    PML - RARA     2  2 ( 100  %) 
 t(11;17)(q23;q21)   ZBTB16 - RARA   11  7 ( 64  %) 
 t(15;17)(q22-24;q12-21) k     PML - RARA     1171  843 ( 72  %) 
 ins(15;17)(q22;q21q21)    PML - RARA     5  0 
 Rearrangements involving band 21q22 and the   RUNX1    gene 
 t(1;21)(p36;q22)    RUNX1 -   PRDM16   2  2 ( 100  %) 
 t(1;21)(p22;q22)    RUNX1 -   CLCA2   2  2 ( 100  %) 
 t(3;21)(q26.2;q22.1)   MECOM -  RUNX1    or 

 RUNX1 - RPL22P1  
 63  30 ( 48  %) 

 t(7;21)(p22;q22)    RUNX1 -   USP42   5  3 ( 60  %) 
  t(8;21)(  q22;q22)    RUNX1-RUNX1T1     1569  676 ( 43  %) 
 ins(8;21)(q22;q22q22)    RUNX1-RUNX1T1     7  3 ( 43  %) 
 ins(21;8)(q22;q13q22)    RUNX1-RUNX1T1     2  1 ( 50  %) 

(continued)
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Table 13.1 (continued)

 Cytogenetic abnormality a   Gene(s) involved 

 Number of 
AML cases 
with the 
abnormality b  

 No. (%) of AML 
cases with the 
abnormality occurring 
as a sole alteration b  

 ins(21;8)(q22;q21q22)    RUNX1-RUNX1T1     4  4 ( 100  %) 
 ins(21;8)(q22;q22q22)    RUNX1-RUNX1T1     5  2 ( 40  %) 
 t(1;8;21)(p13;q22;q22)    RUNX1-RUNX1T1     2  1 ( 50  %) 
 t(5;8;21)(q31;q22;q22)    RUNX1-RUNX1T1     2  2 ( 100  %) 
 t(8;10;21)(q22;q24;q22)    RUNX1-RUNX1T1     2  1 ( 50  %) 
 t(8;12;21)(q22;p13;q22)    RUNX1-RUNX1T1     2  1 ( 50  %) 
 t(8;12;21)(q22;q13;q22)    RUNX1-RUNX1T1     3  3 ( 100  %) 
 t(8;15;21)(q22;q21;q22)    RUNX1-RUNX1T1     2  1 ( 50  %) 
 t(8;17;21)(q22;q23;q22)    RUNX1-RUNX1T1     3  1 ( 33  %) 
 t(8;20;21)(q22;q13;q22)    RUNX1-RUNX1T1     2  1 ( 50  %) 
 t(11;21)(q13;q22)    RUNX1 -   MACROD1   2  1 ( 50  %) 
 t(17;21)(q11.2;q22)    RUNX1     3  0 
 t(18;21)(q21;q22)    RUNX1     3  1 ( 33  %) 
 Rearrangement involving band 21q22 and the  ERG  gene 
 t(16;21)(p11;q22)   FUS - ERG   58  39 ( 67  %) 
 Rearrangements involving band 21q22 
 t(5;21)(q13;q22)  –  3  2 ( 67  %) 
 t(6;21)(q13;q22)  –  4  1 ( 25  %) 
 Rearrangement involving band Xp11 
 t(X;10)(p11;p11)  –  4  1 ( 25  %) 

  Data from Mitelman et al. [ 5 ] 
  a Chromosome aberrations disrupting the same chromosome band and the same gene, if known, are 
grouped together. Within a given group, aberrations are arranged according to the numerical order 
of the fi rst chromosome involved. Each aberration is presented only once in the Table 
  b Number of cases with a given abnormality indexed in the Mitelman Database [ 5 ] 
  c Also interpreted as ins(3;3)(q21;q21q26) 
  d Also interpreted as t(3;5)(q21;q31) 
  e This translocation is cryptic; there are no individual cases listed in the Mitelman Database [ 5 ]. The 
numbers of cases listed in the Table are based on data from van Zutven et al. [ 183 ], Hollink et al. 
[ 36 ], and Gruber et al. [ 128 ] 
  f This deletion is cryptic; there are no individual cases listed in the Mitelman Database [ 5 ]. The 
numbers of cases listed in the Table are based on data from Kourlas et al. [ 184 ] and Shih et al. [ 185 ] 
  g For one patient with  KMT2A(MLL) - GAS7  fusion, the karyotype description was not available [ 88 ] 
  h In one case, it is unknown whether t(11;19) was a sole abnormality or not. This case was not 
included in calculation of a percentage of cases with sole t(11;19) 
  i inv(16) was present in one case and a cryptic rearrangement resulting in the  CBFB - MYH11  gene 
fusion was detected in the other 
  j This inversion is cryptic; there are no individual cases listed in the Mitelman Database [ 5 ]. The 
numbers of cases listed in the Table are based on data from Gruber et al. [ 128 ] and Masetti et al. [ 129 ] 
  k In the literature, the breakpoints in t(15;17) have been variously assigned to 15q22 or 15q24, and 
to 17q11, 17q12, 17q21 or 17q22. Based on the human genome sequence, the breakpoints are 
currently defi ned as 15q24.1 and 17q21.1  

13 Chromosome Abnormalities in Acute Myeloid Leukaemia and Their Clinical…



284

ubiquitous secondary aberration is trisomy of chromosome 8, which can be found 
not only in AML patients with such primary aberrations as t(6;9)(p23;q34), t(9;11)
(p22;q23),  t(9;22)(q34;q11.2)  , t(15;17) or inv(16)/t(16;16) but also in patients diag-
nosed with myelodysplastic syndromes (MDS), acute lymphoblastic leukaemia 
(ALL), non-Hodgkin lymphoma and several types of solid tumours, including 
 Ewing sarcoma  , myxoid liposarcoma, synovial sarcoma or clear cell sarcoma of 
tendons and aponeuroses [ 5 ]. Similarly widespread among various types of neopla-
sia, albeit less frequent, is an unbalanced structural abnormality, der(16)t(1;16)
(q12-23;q12-24) [ 50 ]. Conversely, other secondary aberrations, e.g., loss of the 
entire chromosome X (–X), del(5q) or del(9q), seem to be much more specifi c for 
AML [ 49 ]. Notably, some primary abnormalities are predisposed to occur together 
with secondary changes more often than others. For instance, one or more second-
ary aberrations are detected in ~70 % of patients with either  t(8;21)   or inv(3)/t(3;3), 
whereas this is the case in only one-third of patients with t(15;17) or those with 
inv(16) and ~10 % of t(6;9)-positive patients [ 5 ,  51 – 55 ].  

13.3      Chromosome Abnormalities Denoting Separate Entities 
in the WHO Classifi cation of AML 

 Specifi c chromosome abnormalities together with their molecular counterparts 
were fi rst used to identify separate disease entities in the 2001 revision of the WHO 
classifi cation [ 56 ]. The latest 2008 revision increased the role of the cytogenetic 
fi ndings and molecular genetics for disease categorization, and recognized seven 
separate groups within the “AML with recurrent genetic abnormalities” category 
(Table  13.2  and Fig.  13.1 ) [ 10 ]. Below, we will briefl y review each of these groups.

13.3.1        AML with  t(8;21)  (q22;q22)/  RUNX1  -RUNX1T1  

 This is one of the two AML entities that together constitute core binding factor 
(CBF) AML. CBF-AML is so named because the genes rearranged by chromosome 
aberrations, i.e.,   RUNX1   , located at 21q22 and disrupted by  t(8;21)  (q22;q22), and 
 CBFB , located at 16q22 and disrupted by inv(16)(p13.1q22) or t(16;16)(p13.1;q22), 
encode, respectively, the alpha and beta subunits of the CBF complex, which is a 
heterodimeric transcription factor regulating transcription of genes encoding pro-
teins involved in haematopoietic differentiation, such as interleukin-3, neutrophil 
elastase, macrophage colony-stimulating factor receptor or granulocyte- macrophage 
colony-stimulating factor [ 57 ]. Juxtaposition of 8q22 and 21q22 loci by the t(8;21) 
or its variants creates a chimeric  RUNX1 - RUNX1T1  gene whose protein product is 
capable of a dominant-negative inhibition of the wild-type RUNX1 and impairment 
of normal haematopoiesis. 
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 Translocation (8;21) is among the most frequent chromosomal aberrations in 
AML, occurring in 5–6 % of adults (Fig.  13.2  and data from reference no. [ 17 ]) and 
12–14 % of children with AML [ 17 ,  25 ]. Much less often, cytogenetic variants of 
 t(8;21)   are encountered; these include recurrent insertions, i.e., ins(8;21) and 
ins(21;8), and three-way translocations, e.g., t(8;10;21), t(8;12;21), t(8;17;21) or 
t(8;20;21) (Table  13.1 ). Although the t(8;21) represents a primary chromosome 

    Table 13.2    Specifi c chromosomal alterations used to defi ne AML entities in the WHO classifi cation 
of tumours of haematopoietic and lymphoid tissues   

 Chromosome abnormalities and the related gene rearrangements denoting specifi c entities 
within the WHO category of AML entitled “AML with recurrent genetic abnormalities” 
  t(8;21)(  q22;q22);   RUNX1 -   RUNX1T1  
 inv(16)(p13.1q22) or t(16;16)(p13.1;q22);  CBFB - MYH11  
 t(15;17)(q22;q12);   PML - RARA    
 t(9;11)(p22;q23);  MLLT3 - MLL    
 t(6;9)(p23;q34);  DEK - NUP214  
 inv(3)(q21q26.2) or t(3;3)(q21;q26.2);  RPN1 - EVI1  
 t(1;22)(p13;q13);  RBM15 - MKL1  
 Chromosome abnormalities whose detection allows diagnosis of “AML with myelodysplasia- 
related changes” 
  Complex karyotype   a   
  Unbalanced abnormalities  
 −7 or del(7q) 
 −5 or del(5q) 
 i(17q) or t(17p) 
 −13 or del(13q) 
 del(11q) 
 del(12p) or t(12p) 
 del(9q) 
 idic(X)(q13) 
  Balanced abnormalities  
 t(11;16)(q23;p13.3) b  
 t(3;21)(q26.2;q22.1) b  
 t(1;3)(p36.3;q21.1) 
 t(2;11)(p21;q23) b  
 t(5;12)(q32;p12) 
 t(5;7)(q32;q11.2) 
 t(5;17)(q32;p13) 
 t(5;10)(q32;q21) 
 t(3;5)(q25;q35) b  

  Data from Vardiman et al. [ 186 ] 
  a Defi ned as the presence of ≥3 unrelated abnormalities, none of which can be a balanced abnormality 
defi ning one of the entities within the WHO “AML with myelodysplasia-related changes” category 
  b Because this translocation can be often found in therapy-related AML, therapy-related disease 
should be excluded fi rst for this translocation to support the diagnosis of AML with myelodysplasia- 
related changes  

13 Chromosome Abnormalities in Acute Myeloid Leukaemia and Their Clinical…



286

aberration, it is detected as the sole cytogenetic abnormality in only ~30 % of 
patients. Among secondary chromosome abnormalities, the most frequent by far is 
−Y, found in roughly 60 % of male patients with t(8;21), followed by −X, seen in 
33–40 % of female patients, and by del(9q) (17 %), +8 (5–7 %), and +4 (4 %) [ 52 , 
 53 ]. The molecular consequences of these secondary aberrations are not yet well 
understood, although there are data indicating that del(9q) may act through loss of 
 TLE1  and  TLE4 , the putative tumour suppressor genes mapped to 9q21.3 [ 58 ]. 
Clearly, additional genetic rearrangements cooperating with   RUNX1   - RUNX1T1  are 
required because the presence of  RUNX1 - RUNX1T1  alone has been shown to be 
insuffi cient to induce leukaemia [ 59 ]. Recent studies revealed that such cooperating 
alterations include mutations in the   KIT    gene (detected in around 25 % of patients), 
 NRAS  and  KRAS  mutations (10–20 %), internal tandem duplications of the  FLT3  
gene ( FLT3 -ITD; 7 %) and mutations in the  FLT3  tyrosine kinase domain ( FLT3 - 
 TKD; 4 %) [ 59 ].

   With regard to morphology, the presence of the  t(8;21)  /  RUNX1   - RUNX1T1  is 
strongly, albeit not entirely, associated with AML with maturation in the neutrophil 
lineage. An increased number of eosinophil precursors, but without abnormalities 

  Fig. 13.1    G-banded partial karyotypes showing chromosome abnormalities used to denote 
specifi c entities in adults with AML within the WHO category entitled “AML with recurrent 
genetic abnormalities”. ( a )  t(8;21)  (q22;q22). ( b ) inv(16)(p13.1q22) ( left ) and t(16;16)(p13.1;q22) 
( right ). ( c ) t(15;17)(q22;q12). ( d ) t(9;11)(p22;q23). ( e ) t(6;9)(p23;q34). ( f ) inv(3)(q21q26.2) ( left ) 
and t(3;3)(q21;q26.2) ( right ).  Arrows  indicate breakpoints in the rearranged chromosomes       
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encountered in AML with inv(16), and distinctive pink-colored cytoplasm of neu-
trophils appear to differentiate t(8;21)-positive patients from other patients with 
AML with maturation who do not carry this rearrangement [ 60 ]. Detection of the 
t(8;21)/ RUNX1 - RUNX1T1  is suffi cient to make a diagnosis of AML, even if the 
overall percentage of marrow blasts is lower than 20 % [ 10 ]. 

 Patients with the  t(8;21)  /  RUNX1   - RUNX1T1  have a relatively favourable progno-
sis [ 14 – 17 ,  52 ,  53 ], especially when repetitive cycles of high-dose cytarabine are 
administered as postremission therapy [ 61 ]. While the clinical outcome does not 
seem to be affected by secondary chromosome aberrations,   KIT    mutations have 
been repeatedly shown to constitute an adverse prognostic factor [ 59 ,  62 ]. A recent 
study found that high cumulative incidence of relapse (CIR), but not shorter OS, 
was associated only with higher relative  KIT  mutant levels, i.e., when a percentage 
of mutated  KIT  alleles was ≥25 % of total  KIT  alleles [ 63 ]. Likewise, shorter OS, 
but not higher CIR, were found associated with high levels of  FLT3 -ITD [ 63 ]. These 
results await corroboration.  

13.3.2     AML with inv(16)(p13.1q22) or t(16;16)
(p13.1;q22)/ CBFB-MYH11  

 The second CBF-AML entity is characterized by the presence of inv(16)(p13.1q22), 
or, less frequently, t(16;16)(p13.1;q22), which together are found in 5–6 % of adult 
(Fig.  13.2  and data from reference no. [ 17 ]) and 6–7 % of paediatric AML patients 
[ 17 ,  25 ]. At the molecular level, both these chromosome rearrangements fuse  CBFB  

42% - normal karyotype

5% - t(8;21)

6% - inv(16)/
        t(16;16)

9% - t(15;17) 

1.7% - t(9;11) 

2.4% - t(v;11)(v;q23) 

20% - other  
aberrations 

12% - complex 
karyotype 1% - inv(3)/t(3;3) 

0.5% - t(6;9) 

  Fig. 13.2    Frequency distribution of patients harbouring chromosome abnormalities among 4,246 
adults with AML enrolled onto CALGB companion protocol 8461. “Complex karyotype” denotes 
the presence of three or more abnormalities other than  t(8;21)  , inv(16) or t(16;16), t(15;17), t(9;11), 
t(v;11)(v;q23), t(6;9), or inv(3) or t(3;3). “t(v;11)(v;q23)” denotes balanced rearrangements 
involving band 11q23 other than t(9;11)(p22;q23)       
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with  MYH11 , a gene mapped to 16p13.1. The chimeric CBFB-MYH11 protein 
retains the ability to interact with   RUNX1    and block CBF dependent transcription. 
The genomic breakpoints within  CBFB  and  MYH11  are quite variable and, conse-
quently, more than ten differently sized  CBFB - MYH11  fusion transcript variants 
have been reported [ 64 ]. The most common fusion type A is found in 85 % of 
patients, followed by type D and type E fusions, each detected in 5–10 % of patients. 
Although biologic and prognostic implications of different fusions are still unclear, 
our recent study revealed striking differences in the frequency of secondary chro-
mosome aberrations and   KIT    mutations between patients with type A fusions com-
pared with patients carrying non-type A fusions. Specifi cally, the latter harboured 
signifi cantly more often +8 and +21 but less often, +22, which was detected exclu-
sively in patients with type A fusions, as were prognostically unfavourable  KIT  
mutations [ 64 ]. 

 The presence of the inv(16)/t(16;16)/ CBFB - MYH11  is highly correlated with 
myelomonocytic marrow morphology and abnormal eosinophils, which constitute a 
pathognomonic feature of this AML type. The abnormal eosinophils are almost 
always present, although they may be very rare, comprising no more than as 0.2 % 
of marrow cells. As in the case of the  t(8;21)  /  RUNX1   - RUNX1T1 , patients with the 
inv(16)/t(16;16)/ CBFB - MYH11  and marrow blasts percentages <20 % are diag-
nosed with AML [ 10 ]. 

 Patients with the inv(16)/t(16;16)/ CBFB - MYH11  have a relatively favourable 
prognosis, particularly if their postremission treatment includes three to four cycles 
of high-dose cytarabine [ 65 ]. Among the recurrent secondary chromosome abnor-
malities, only the presence of +22 has been repeatedly found to reduce the patients’ 
risk of relapse [ 52 ,  53 ,  66 ], and lengthen their OS duration [ 22 ,  66 ]. On the other 
hand, mutations in   KIT    [ 62 ,  66 ] and  FLT3  mutations, predominantly  FLT3 -TKD 
[ 59 ,  66 ,  67 ], adversely infl uence the patients’ OS. Mutations in  NRAS  and  KRAS  are 
frequent (acquired by over 50 % of patients), but have not been found to constitute 
a prognostic factor [ 63 ,  66 ,  67 ]. However, their presence appears to render AML 
blasts more sensitive to higher doses of cytarabine given as part of postremission 
treatment [ 68 ].  

13.3.3     AML with t(15;17)(q22;q12);   PML-RARA    

 The third category of “AML with recurrent genetic abnormalities” in the WHO clas-
sifi cation is acute promyelocytic leukaemia ( APL  ), which constitutes 8–9 % of 
adult (Fig.  13.2  and data from reference no. [ 17 ]) and up to 10 % of childhood AML 
cases [ 17 ,  25 ]. The underlying molecular event in APL leukaemogenesis is creation 
of the gene fusion between the  RARA  gene, encoding the retinoic acid receptor α, 
and one of a number of partner genes, among which  PML  is by far the most frequent 
(98–99 %). In the majority of patients, the   PML - RARA    fusion gene is generated by 
a reciprocal translocation t(15;17) or its three- or four-way variants that involve one 
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or two chromosomes in addition to chromosomes 15 and 17. However, in ~4 % of 
APL patients, the karyotype may be normal because the  PML - RARA  fusion is 
formed by an insertion of a tiny segment containing the  RARA  gene into the  PML  
locus [ 69 ]. Such cryptic rearrangements can be identifi ed only by using reverse 
transcription-polymerase chain reaction (RT-PCR), fl uorescence in situ hybridiza-
tion (FISH), or next generation mRNA or genome sequencing, but neither marrow 
morphology nor clinical characteristics and response to treatment differ between 
patients with the standard t(15;17) and those with hidden alterations identifi able 
exclusively by molecular techniques [ 70 ]. 

 In less than 1 % of  APL   patients, genes other than  PML  are fused with  RARA  as 
a result of variant rearrangements, mostly translocations. These variant  RARA  rear-
rangements and the resulting gene fusions include four reported recurrently, i.e., 
t(11;17)(q23;q21) and  ZBTB16 - RARA ; t(4;17)(q12;q21) and  FIP1L1 - RARA ; t(5;17)
(q35;q21) and  NPM1 - RARA ; and the microscopically undetectable  STAT5B - RARA  
fusion [ 5 ,  71 ]. An additional fi ve rearrangements were discovered thus far in single 
patients, viz, t(11;17)(q13;q21) and  NUMA1 - RARA  [ 72 ]; t(X;17)(p11;q21) and 
 BCOR - RARA  [ 73 ]; der(2)t(2;17)(q32;q21) and  NABP1 - RARA  [ 74 ]; t(3;17)
(q26;q21) and  TBL1XR1 - RARA  [ 75 ]; and a complex rearrangement within chromo-
some 17q involving an insertion of the  RARA  gene into a locus distal to the 
 PRKAR1A  gene at 17q24.2 and subsequent deletion creating the  PRKAR1A - RARA  
fusion [ 76 ]. 

 Ascertainment of the type of the fusion gene is important because it can deter-
mine whether the patient will respond to targeted therapy using all- trans -retinoic 
acid (ATRA) and arsenic trioxide (ATO). Therapeutic doses of ATRA have been 
shown to be effective in patients with the classic   PML - RARA    fusion as well as in 
those with variant fusions between  RARA  and the  FIP1L1 ,  NPM1 ,  NUMA1 ,  BCOR  
and  NABP1  genes [ 73 ,  74 ,  77 ]. In contrast,  APL   variants with  ZBTB16 - RARA  and 
 STAT5B - RARA  fusions are resistant to ATRA, and are associated with a worse prog-
nosis. Moreover, only APL with  PML - RARA  has been hitherto responsive to treat-
ment with ATO [ 77 ]. 

 Translocation (15;17)/  PML - RARA    and its variants are strongly correlated with 
distinct marrow morphology, in which abnormal promyelocytes dominate. Two 
major morphologic subtypes of  APL   are recognized, namely hypergranular (or typi-
cal) present in ~75 % of cases and microgranular (or hypogranular). The latter can 
sometimes be misdiagnosed morphologically as acute monocytic leukaemia and is 
associated with very high leukocyte counts with abundant abnormal microgranular 
promyelocytes, and the presence of the  FLT3 -ITD [ 10 ,  78 ]. Similarly to CBF-AML, 
patients with the t(15;17)/ PML - RARA  are diagnosed with APL regardless of mar-
row blast percentage [ 10 ]. 

 The prognosis of  APL   patients with the t(15;17)/  PML - RARA   , which historically 
had been one of the worst among subtypes of AML, has become the most favour-
able with the use of treatment regimens containing ATRA and/or ATO, with CR 
rates of 90–95 % and a cure rate of up to 85 % in recent studies [ 79 ]. Secondary 
abnormalities, which accompany the t(15;17) in roughly one-third of APL patients 
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at diagnosis and include +8 or trisomy of 8q most frequently, do not seem to affect 
the patients’ prognosis [ 22 ,  80 ]. However, in a recent study patients with a complex 
karyotype, i.e., two or more aberrations in addition to the t(15;17), had a signifi -
cantly lower CR rate and shorter OS than patients with non-complex karyotype 
[ 81 ]. Since almost one-half of patients with a complex karyotype had aberrations 
involving chromosome 17, which mostly led to the loss of 17p and the  TP53  locus, 
the role of potential loss and/or mutations of   TP53    should be examined in APL with 
a complex karyotype [ 82 ].  FLT3 -ITD, which is an established adverse prognostic 
factor in cytogenetically normal AML (CN-AML), has been associated with an 
increased incidence of induction death among adults [ 83 ] and children [ 84 ] with 
APL, but none of the large studies demonstrated signifi cant differences in CR rates 
[ 83 ,  85 ], risk of relapse [ 83 ,  85 ], CIR [ 78 ], DFS [ 85 ], event-free survival (EFS) [ 86 ], 
or OS [ 83 ,  86 ] between patients with and without  FLT3 -ITD. However, the presence 
of both  FLT3 -ITD [ 78 ] and secondary chromosome abnormalities [ 87 ] was associ-
ated with shorter survival among APL patients who experienced a relapse.  

13.3.4     AML with t(9;11)(p22;q23); KMT2A(MLL)-MLLT3 

 Translocation (9;11)(p22;q23) is the most frequent among over 120 chromosome 
abnormalities involving chromosome band 11q23 and the  KMT2A(MLL)    gene [ 88 ]. 
The  KMT2A(MLL)    gene encodes a DNA-binding protein methylating histone H3 
lysine 4 (H3K4), and positively regulating expression of multiple genes including 
the  HOX  genes [ 89 ]. The translocation occurs in ~2 % of adults with AML (Fig.  13.2  
and data from reference no. [ 17 ]) and results in a fusion of the  KMT2A(MLL)    gene 
with  MLLT3 , a gene residing at band 9p22 and encoding a nuclear protein contain-
ing serine-rich and proline-rich regions, which appear to be important for leukae-
mogenesis. Almost two-thirds of the cases carry t(9;11) as an isolated chromosome 
abnormality; +8 is the most frequent secondary aberration, seen in ~20 % of patients; 
followed by secondary +19 and +21. Morphologically, t(9;11) is strongly associated 
with acute monocytic and myelomonocytic leukaemias [ 10 ]. 

 In most [ 16 ,  22 ,  90 – 92 ], but not all [ 25 ,  93 ], studies, patients with the t(9;11) had 
better clinical outcome that patients harbouring other rearrangements involving 
11q23/ KMT2A(MLL)   , referred to in the WHO classifi cation as “variant  MLL    trans-
locations” [ 10 ], the recurrent of which are listed in Table  13.1 . Consequently, t(9;11) 
has been classifi ed in the intermediate cytogenetic-risk category [ 16 ,  22 ], whereas 
the variant  KMT2A(MLL)    translocations, which altogether comprise ~2 % of adults 
with AML (Fig.  13.2 ), belong to the unfavourable prognostic group [ 16 ,  22 ]. 
Interestingly, in a recent large paediatric series [ 94 ], +19 occurring as an abnormal-
ity secondary to t(9;11) was an independent adverse prognostic factor for incidence 
of relapse, EFS and OS. In contrast, t(9;11)-positive patients with a secondary +8 
had a signifi cantly lower incidence of relapse than children without +8 [ 94 ]. These 
results require corroboration.  
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13.3.5     AML with t(6;9)(p23;q34);  DEK-NUP214  

 A recurrent t(6;9)(p23;q34) that creates the fusion gene  DEK - NUP214  is relatively 
rare, being detected in 0.5–0.7 % of adult (Fig.  13.2  and data from reference no. 
[ 55 ]) and 1.4–1.7 % of childhood patients with AML [ 55 ,  95 ]. Secondary cytoge-
netic abnormalities are uncommon, and ~90 % of the cases harbour t(6;9) or its rare 
three-way variants as the only chromosome change. On the other hand, the inci-
dence of  FLT3 -ITD in patients with t(6;9) is the highest among AML cytogenetic 
subtypes, with 67–73 % of t(6;9)-positive patients carrying this mutation [ 55 ,  95 ]. 

 Frequent morphologic features in adults with t(6;9) include increased basophilia 
(≥2 %), which is otherwise rare in AML, and single or multilineage dysplasia in the 
marrow [ 55 ]. 

 The clinical outcome of patients treated with chemotherapy is very poor both in 
adults and children [ 55 ,  95 ], and does not seem to be associated with the presence 
or absence of  FLT3 -ITD [ 95 ]. However, the patients’ prognosis can be considerably 
improved by allogeneic stem cell transplantation (SCT), especially in patients who 
are in CR at the time of transplantation [ 96 ]. Moreover, the DEK-NUP214 fusion 
protein was recently shown to increase cellular proliferation through upregulation 
of the signal transduction protein mTOR, thus indicating that t(6;9)-positive patients 
might benefi t from treatment with mTOR inhibitors [ 97 ].  

13.3.6     AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2); 
 RPN1-EVI1(MECOM)  

 Both inv(3)(q21q26.2), and its less frequent variant t(3;3)(q21;q26.2), which in 
the past was occasionally described as ins(3;3)(q26;q21q26), lead to the fusion of 
the  RPN1  gene with a gene encoding the zinc fi nger transcription factor EVI1, 
currently re-named  MECOM  [ 31 ], that is involved in normal haematopoiesis and 
overexpressed as a result of inv(3) and t(3;3). These chromosome abnormalities 
are together detected in 1–1.4 % of patients with AML (Fig.  13.2  and data from 
reference no. [ 51 ]), both de novo and secondary to antecedent MDS, and are asso-
ciated with multilineage dysplasia, abnormal megakaryopoiesis with micromega-
karyocytes in the marrow and either normal or increased platelet counts and 
higher white blood cell counts at diagnosis [ 51 ,  98 ]. The majority of patients 
carry secondary aberrations in addition to inv(3) and t(3;3), of which monosomy 
7 is the most frequent being present in one-half of all patients. In fact, the high 
incidence of −7 coexisting with inv(3), which in itself is a subtle rearrangement 
and may be occasionally missed by a cytogenetic laboratory [ 27 ], has alerted 
cytogeneticists to always examine chromosome 3 homologs closely in patients 
with a seemingly sole −7. 
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 The clinical outcome of patients with inv(3) and t(3;3) has been repeatedly found 
to be very poor irrespective of the presence of −7 [ 16 ,  22 ], although in one study 
[ 51 ], patients with −7 fared even worse than those who did not harbour this mono-
somy. At present, allogeneic SCT appears to be the only therapeutic option capable 
of improving the dismal prognosis of inv(3) or t(3;3)-positive patients [ 99 ].  

13.3.7     AML with t(1;22)(p13;q13);  RBM15-MKL1  

 In contrast to the aforementioned subtypes of AML, AML with the t(1;22) occurs 
exclusively in children, 80 % of whom are younger than 1 year, and is very rare, 
with less than 50 cases reported worldwide to date [ 5 ]. The majority of patients have 
the t(1;22) as the sole chromosome alteration, but complex, hyperdiploid karyo-
types are detected in ~40 % of the patients [ 39 ]. Strikingly, most infants below the 
age of 6 months carried the t(1;22) alone, whereas in over 80 % of older children the 
t(1;22) was part of a complex karyotype [ 39 ]. Essentially all patients present with 
acute megakaryoblastic leukaemia with extramedullary involvement, most often 
hepatosplenomegaly. While the prognosis was described initially as poor, albeit 
with a few long term survivors [ 39 ], Duchayne et al. [ 100 ] reported that those 
t(1;22)-positive children who did not die early responded well to intensive AML 
chemotherapy and/or SCT and had prolonged DFS and OS.   

13.4     AML with Myelodysplasia-Related Changes 

 For patients without any of the recurrent genetic abnormalities described above, 
the WHO classifi cation uses the presence of further specifi c cytogenetic fi ndings to 
place some of them in another AML category called “AML with myelodysplasia- 
related changes”. To be assigned to this AML subtype, the patient with ≥20 % of 
bone marrow or blood blasts should fulfi l one of three criteria: (i) disease progres-
sion from an antecedent MDS or myelodysplastic/myeloproliferative neoplasm; 
(ii) morphologic evidence of multilineage dysplasia in the marrow; or (iii) the pres-
ence of one of nine specifi c reciprocal translocations or eight unbalanced abnor-
malities and/or a complex karyotype with ≥3 unrelated chromosome changes 
(Table  13.2 ) [ 10 ]. Notably, fulfi lment of the cytogenetic criterion is suffi cient for 
diagnosis even in the absence of the other two criteria. With the exception of the 
t(3;5)(q25;q35)/ NPM1 - MLF1 , which in the past was also described as t(3;5)
(q21;q31), and is detected in ~0.4 % of AML patients and associated with an inter-
mediate prognosis [ 22 ], the remaining reciprocal translocations are very rare, as is 
an unbalanced idic(X)(q13), which makes assessment of their clinical signifi cance 
diffi cult [ 101 ]. Other unbalanced aberrations, save for del(11q) and del(9q), occur 
more often than not as part of a complex karyotype and are associated with poor 
outcome. However, the prognostic signifi cance of −5 outside of a complex 
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karyotype is essentially unknown because it is very rare in patients with non-complex 
karyotypes. Additionally, patients with a complex karyotype with monosomy 5 
ascertained by standard cytogenetic analysis also do not harbour true −5, since 
almost invariably parts from an apparently missing chromosome 5 are discovered 
using spectral karyotyping (SKY) [ 102 ] or FISH [ 103 ] in marker chromosomes 
and/or unbalanced structural aberrations that are partially recognized in G-banded 
preparations. Preliminary data indicate that patients with del(9q) differ clinically 
from patients with other unbalanced abnormalities, which indicates that their 
inclusion in the WHO “AML with myelodysplasia-related changes” should be 
reconsidered [ 101 ].  

13.5     Correlations Between Cytogenetic Findings 
and Clinical Outcome of AML Patients 

 Pretreatment cytogenetic fi ndings have been repeatedly proven to constitute one of 
the most important, independent prognostic factors in AML. This was demonstrated 
for the fi rst time in the early 1980s by the results of a large, prospective, multi-centre 
study conducted by the Fourth International Workshop on Chromosomes in 
Leukaemia [ 104 ]. Both subsequent follow-up Workshop studies [ 11 ,  105 ,  106 ] and 
several single-institution [ 12 ,  107 ,  108 ] and large, collaborative multi-institutional 
studies [ 13 – 16 ,  18 – 22 ,  24 – 26 ,  109 ] have confi rmed that karyotype at diagnosis is an 
independent prognostic determinant for achievement of CR, DFS, relapse risk and 
OS. Consequently, both the National Comprehensive Cancer Network (NCCN) 
Clinical Practice Guidelines in Oncology [ 110 ] and the European LeukemiaNet 
(ELN) [ 111 ] stipulate that cytogenetic analysis is an obligatory component of the 
diagnostic work-up of patients with AML. 

 A number of large collaborative studies proposed prognostic prioritization sys-
tems classifying AML patients into favourable, intermediate or adverse risk groups 
based on pretreatment cytogenetic fi ndings (Table  13.3 ) [ 15 ,  16 ,  22 ]. These cytoge-
netic risk systems have many common aspects, but also differ with respect to certain 
features (Table  13.3 ). In the MRC classifi cation, fi rst proposed in 1998 [ 14 ] and 
revised in 2010 [ 22 ], all abnormalities that are not categorized as favourable or 
adverse, and do not occur together with additional chromosome alterations belong-
ing to either the favourable or adverse group, are classifi ed in the intermediate-risk 
group. In contrast, both the Cancer and Leukaemia Group B (CALGB; currently 
known as the Alliance for Clinical Trials in Oncology) [ 16 ] and Southwest Oncology 
Group/Eastern Cooperative Oncology Group (SWOG/ECOG) [ 15 ] classifi cations 
explicitly categorize particular abnormalities into risk groups, which means that 
aberrations not frequent enough for analysis remain outside of these prognostic 
schemata. In addition, SWOG/ECOG and MRC classify patients with a given 
abnormality into a risk group once [ 15 ,  22 ], whereas CALGB provides risk-group 
assignment separately for probability of attaining a CR, CIR and OS [ 16 ]. As a 
result, in the latter schema, patients with the same abnormality [e.g., t(6;11)

13 Chromosome Abnormalities in Acute Myeloid Leukaemia and Their Clinical…



294

    Table 13.3    Cytogenetic-risk categorization of adult patients with the more frequent chromosome 
abnormalities in the three major collaborative studies of AML          

Abnormality

Cytogenetic risk group

CALGBa SWOG/ECOGb MRCc

Probability
of CR

attainment

Cumulative 
incidence 
of relapse

Overall
survival

t(8;21)(q22;q22) Favourable Favourable Favourable Favourabled Favourable

inv(16)(p13.1q22) 
or 
t(16;16)(p13.1;q22)

Favourable Favourable Favourable Favourable Favourable

t(15;17)(q22-24;q12-21) NA NA NA Favourable Favourable

t(9;11)(p22;q23) Intermediate Intermediate Intermediate Adversee Intermediate

t(6;11)(q27;q23) Intermediate Adverse Adverse

t(11;19)(q23;p13.1) Intermediate Not 
classified

Adverse Intermediatef

abn(11q23) Not
classified

Not 
classified

Not 
classified

Adverse

t(6;9)(p23;q34) Intermediate Not 
classified

Adverse Intermediate

inv(3)(q21q26.2)
or 
t(3;3)(q21;q26.2)

Adverse Not 
classified

Adverse Adverse

AdverseAdverse-7 Intermediate Adverse Adverse

del(7q) Not 
classified

Not 
classified

Not 
classified

Adverse Adverse

loss of 7q Intermediate Not 
classified

Intermediate Unknown Adverse

-5 Not 
classified

Not 
classified

Not 
classified

Not 
classified

Adverse Adverse

del(5q) Intermediate Not 
classified

Intermediate Adverse Adverse

loss of 5q Not 
classified

Not 
classified

Not 
classified

Unknown Adverse

abn(17p) Not 
classified

Not 
classified

Not 
classified

Adverse Adverse

del(11q) Intermediate Not 
classified

Intermediate Intermediate

abn(12p) Adverse Not 
classified

Intermediate Intermediate/
Unknownh

Intermediate

del(9q) Intermediate Intermediate Favourable/
Intermediate

Adverse Intermediate

complex karyotype Adverse Adverse Adverse Adverse NA

Adversee

Adversee

Adversee

Adverseg

Adversee

Adversee

≥3 abnormalities

(continued)
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Table 13.3 (continued)

complex karyotype
≥4 abnormalities

NA NA NA NA Adversei

complex karyotype
≥5 abnormalities

Adverse Adverse Adverse Adverse NA

None (i.e., a 
normal karyotype)

Intermediate Intermediate Intermediate Intermediate Intermediate

-Y Intermediate Intermediate Intermediate Intermediate Intermediate

+6 Not 
classified

Not 
classified

Not 
classified

Intermediate Intermediat

+8 sole Intermediate Intermediate Adverse Intermediate Intermediate

+8 with 1 other 
abnormality

Intermediatej Intermediate Adverse Intermediate Intermediatek

+11 Intermediate Intermediate Intermediate Unknown Intermediate

+13 Intermediate Intermediate Intermediate Unknown Intermediate

+21 Intermediate Adverse Intermediate Unknown Intermediate

t(9;22)(q34;q11.2) NA NA NA Adverse Adverse

abn(3q) Not 
classified

Not 
classified

Not 
classified

Adverse Adversel

del(16q) Not 
classified

Not 
classified

Not 
classified

Favourable Intermediate

del(20q) Intermediate Not 
classified

Intermediate Adversem Intermediate

abn(20q) Not 
classified

Not 
classified

Not 
classified

Adverse Intermediate

abn(21q) Not 
classified

Not 
classified

Not 
classified

Adverse Intermediate

   abn  abnormality,  CALGB  Cancer and Leukaemia Group B,  CR  complete remission,  MRC  United 
Kingdom Medical Research Council;  NA  not available,  SWOG/ECOG  Southwest Oncology 
Group/Eastern Cooperative Oncology Group 
  a Data from Byrd et al. [ 16 ] who analyzed 1,213 adults (age range, 15–86 years, median 52 years) 
with de novo AML, excluding patients with t(15;17) and t(9;22) 
  b Data from Slovak et al. [ 15 ] who analyzed 609 adults (age range, 16–55 years, median 39 years) 
with AML 
  c Data from Grimwade et al. [ 22 ] who analyzed 5,876 adults (age range, 16–59 years, median 
44 years) with de novo or secondary AML 
  d Patients with  t(8;21)   are classifi ed in the favourable category only if the karytoype is not complex 
(i.e., comprises one or two abnormalities) and does not contain del(9q). Both del(9q) and complex 
karyotype were classifi ed in the adverse category 
  e Would be included in “abn 11q” category 
  f t(11;19)(q23;p13.1) was not distinguished from t(11;19)(q23;p13.3) and both were included in the 
“t(11;19)(q23;p13)” category in this study 
  g Would be included in “abn 3q” category 
  h del(12p) classifi ed in the intermediate category, other abnormalities involving 12p seemingly clas-
sifi ed as unknown 
  i After exclusion of patients with abnormalities conferring favourable or adverse prognosis 
  j Any abnormality other than  t(8;21)  , inv(16), t(16;16) or t(9;11) 
  k The abnormality occurring together with +8 may not by classifi ed in the favourable or adverse 
category 
  l Excluding t(3;5)(q21~25;q31~35) 

  m Would be included in “abn 20q” category  
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(q27;q23)] may be categorized in the intermediate-risk group concerning probability 
of induction success, in the adverse-risk group with regard to OS and not classifi ed 
for CIR, because the number of patients who achieved a CR was too low for CIR 
risk-group assignment [ 16 ].
   Nevertheless, in spite of the differences among classifi cations, many chromosome 
aberrations are uniformly assigned to either a favourable risk, e.g., t(15;17) and 
CBF-AML-related inv(16)/t(16;16) and  t(8;21)  , intermediate risk, e.g., −Y, or 
adverse risk, e.g., inv(3) or t(3;3), −7 and a complex karyotype, categories. Notably, 
in contrast to CALGB and MRC [ 16 ,  22 ], the SWOG/ECOG classifi cation included 
patients with del(16q) in the favourable risk-group [ 15 ]. However, we believe that 
unless such patients are shown to carry a misinterpreted inv(16) or t(16;16) and the 
resultant  CBFB - MYH11  gene fusion, they should not be included in the favourable 
risk group because del(16q) is typically detected in AML with morphology other 
than that of acute myelomonocytic leukaemia with abnormal eosinophils, and is not 
associated with a favourable outcome [ 112 – 114 ]. 

 All classifi cations agree that complex karyotype is associated with unfavourable 
prognosis, but the defi nition of a complex karyotype differs among studies. While 
SWOG/ECOG [ 15 ], CALGB [ 16 ], and the German AML Study Group [ 115 ] con-
sidered as complex karyotypes those containing three or more abnormalities, a 
multi-centre Italian study defi ned complex karyotype as “the presence of a clone 
with more than three cytogenetic abnormalities” [ 109 ], and the initial MRC defi ni-
tion specifi ed a complex category as “the presence of a clone with at least fi ve 
unrelated cytogenetic abnormalities” [ 14 ]. In most instances, the defi nition of com-
plex karyotype did not include patients with  t(8;21)  , inv(16)/t(16;16), or t(15;17) 
following data showing that patients with these abnormalities constitute separate 
biological and clinical entities, in which increased karyotype complexity does not 
affect adversely clinical outcome in a manner comparable to other patients with ≥3 
abnormalities [ 14 ,  16 ,  52 ,  53 ,  80 ]. In some studies, the complex karyotype category 
also excludes patients harbouring t(9;11)(p22;q23) [ 16 ,  19 ] or any balanced rear-
rangement involving band 11q23 [ 20 ]. The revised MRC classifi cation defi ned 
complex karyotype as one with four or more abnormalities, which excluded all 
chromosome changes that themselves bestowed either a favourable prognosis [i.e., 
t(8;21), inv(16)/t(16;16), t(15;17)] or an unfavourable prognosis [i.e., abn(3q) other 
than t(3;5); inv(3))/t(3;3); add(5q), del(5q), −5; −7, add(7q)/del(7q); t(6;11), 
t(10;11)(p12;q23), other t(11q23) excluding t(9;11) and t(11;19)(q23;p13) (19p13.1 
or 19p13.3 breakpoint was not specifi ed);  t(9;22)(q34;q11.2)  ; −17/abn(17p)] [ 22 ]. 
Finally, the ELN specifi ed complex karyotype as having ≥3 abnormalities in the 
absence of any balanced rearrangements used by the WHO Classifi cation to denote 
“AML with recurrent genetic abnormalities” [ 111 ]. Because the latter two defi ni-
tions of complex karyotype have been introduced recently, it is currently unknown 
whether one of them is better than the other. 

 Depending on the defi nition, AML patients with a complex karyotype comprise 
10–12 % of all AML patients, if complex karyotype is defi ned as ≥3 aberrations 
[ 15 ,  16 ,  115 ], or 8–9 %, if ≥5 aberrations are necessary for complex karyotype 
recognition [ 14 – 16 ,  18 ]. In individual patients, complex karyotypes can comprise 
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variable numbers of chromosome aberrations that in rare cases can reach as many as 
30, but the occurrence of particular structural and numerical abnormalities is not 
random [ 116 ]. Balanced rearrangements (translocations, insertions, or inversions) 
are relatively rare, and unbalanced aberrations leading to loss of chromosome mate-
rial (monosomies, deletions, and unbalanced translocations) predominate. Most fre-
quently lost is chromosome material from, in decreasing order, chromosome arms 
5q, 17p, 7q, 18q, 16q, 17q, 12p, 20q, 18p, and 3p. Recurrent gains of chromosomal 
segments are less frequent and are often hidden in marker chromosomes and unbal-
anced translocations; they most often involve 8q, 11q, 21q, 22q, 1p, 9p, and 13q 
[ 116 ]. In ~80 % of patients with complex karyotype loss of 5q material is detected, 
whereas in ~50 % of the patients, parts of 7q and 17p are lost. Furthermore, abnor-
malities of 5q, 7q and 17p often occur together, in the same patient, which means 
that ~85 % of all patients with a complex karyotype harbour loss of at least one of 
these chromosome arms [ 116 ]. On the other hand, ~5 % of complex karyotype 
patients have only numerical abnormalities, mostly gains of chromosomes (most 
often +8, +13, +21, +14, +10, and +19) [ 117 ]. Chilton et al. [ 117 ] reported recently 
that OS of AML patients with a complex hyperdiploid karyotype (i.e., 49–65 chro-
mosomes) that included only numerical abnormalities was signifi cantly better than 
OS of patients with a hyperdiploid complex karyotype that had at least one abnor-
mality associated with an adverse outcome [−5/del(5q), −7/del(7q), t(9;22), 
 KMT2A(MLL)    translocations except t(11;19)(q23;p13), or abnormalities of 3q or 
17p]. Indeed, OS of the former was comparable to OS of patients classifi ed in the 
MRC intermediate cytogenetic-risk category suggesting that patients with hyper-
diploid complex karyotype with numerical abnormalities only should not be consid-
ered to have an adverse prognosis [ 117 ]. 

 In 2008, Breems et al. [ 118 ] proposed recognition of a cytogenetic subset of 
patients with a particularly adverse outcome named monosomal karyotype (MK). 
The MK category excludes patients with CBF-AML and  APL  , and comprises AML 
patients who harbour two or more autosomal monosomies (i.e., loss of any chromo-
some but −Y or −X) or have one autosomal monosomy together with at least one 
structural chromosome abnormality (apparently excluding marker or ring chromo-
somes) [ 118 ]. Thus, MKs are very heterogeneous cytogenetically and frequently 
include abnormalities that have themselves been independently associated with 
adverse risk, including inv(3) or t(3;3), rearrangements involving 
11q23/ KMT2A(MLL)   , or del(5q). Furthermore, up to 75 % of complex karyotypes 
are hypodiploid (i.e., contain ≤45 chromosomes, with ≥1 monosomy), and not 
infrequently ≥1 monosomy can be also found in the remaining complex karyotypes 
with a pseudodiploid (i.e., with 46 chromosomes) or hyperdiploid (i.e., with ≥47 
chromosomes) modal chromosome numbers [ 116 ]. Consequently, most patients 
with a complex karyotype are also deemed to have a monosomal karyotype. While 
the MK designation has been useful in identifying AML patients with very poor 
outcomes [ 118 – 120 ], which could be improved to some extent by allogeneic SCT 
in fi rst CR [ 121 ,  122 ], the marked heterogeneity of MKs makes it unlikely that a 
single or even a few molecular alterations that could be targeted therapeutically 
underlie the disease development in all MK patients. Moreover, inclusion of patients 
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into the MK category depends upon genetic methodology used to detect it. Following 
application of array-based comparative genomic hybridization and single- nucleotide 
polymorphism (SNP) genomic profi ling, Rücker et al. [ 123 ] reduced greatly the 
number of MK cases from 78 % of all patients with a complex karyotype when MK 
was identifi ed by standard karyotyping to only 32 %. This happened because many 
chromosomes deemed lost in G-banded karyotypes (monosomy) were in reality not 
totally lost, but their parts were found hidden in such structural abnormalities as 
marker chromosomes, ring chromosomes and unbalanced translocations with par-
tially unidentifi ed chromosome material [ 123 ]. 

 Although the molecular consequences of the majority of losses and gains of spe-
cifi c chromosomes and/or chromosome segments in AML patients with complex 
karyotypes are not yet well characterized, the association between cytogenetic 
abnormalities of 17p, frequent in complex karyotypes, and mutations in and/or loss 
of the   TP53    gene causing loss of p53 protein function is well documented [ 123 , 
 124 ].  TP53  loss and/or mutations represent one of the molecular pathways respon-
sible for marked genomic instability of complex karyotypes manifested by the 
simultaneous presence of multiple related clones and non-clonal cells, creation of 
complex abnormal chromosomes composed of material from three or more separate 
chromosomes and/or generation of abnormal “sandwich-like” chromosomes con-
taining several small interchanging segments from two different chromosomes 
[ 116 ]. It has recently been shown that in up to one-half of AML cases with  TP53  
mutations, a complex karyotype can arise through a single catastrophic event called 
chromothripsis, where numerous chromosome rearrangements are acquired simul-
taneously, instead of through a gradual, stepwise karyotype evolution [ 125 ]. Even 
though AML patients with a complex karyotype and  TP53  alterations have very 
poor outcome, with CR rates signifi cantly lower and relapse-free survival, EFS and 
OS signifi cantly shorter than those of patients without  TP53  alterations [ 123 ], the 
presence of chromothripsis has made the dismal prognosis of  TP53 -mutated patients 
even worse when compared with the outcome of  TP53 -mutated patients without 
evidence of chromothripsis [ 125 ]. 

 The single largest cytogenetic subset of both adult and childhood AML com-
prises patients with an entirely normal karyotype, although the percentage of adults 
with CN-AML (40–45 %) is greater than that among paediatric cases (22–24 %). 
There are data suggesting that the proportion of patients with CN-AML established 
by standard cytogenetic analysis is overestimated because occasionally such subtle 
aberrations as t(11;19)(q23;p13.1), inv(3) or inv(16) may escape recognition in 
preparations of suboptimal quality. To minimize this possibility, CALGB/
ALLIANCE pioneered and has been conducting successfully central karyotype 
review for the last 30 years [ 27 ]; central karyotype review is also performed by 
other cooperative groups [ 126 ]. Moreover, some CN-AML patients have been 
shown to harbour common AML-associated gene fusions, for instance   PML - RARA    
or  CBFB - MYH11 , that are a result of microscopically undetectable rearrangements 
such as cryptic insertions, but these patients are rare and constitute only a fraction 
of all CN-AML cases [ 69 ,  114 ,  127 ]. 
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 Other cryptic rearrangements that are undetectable on routine cytogenetic 
investigation seem to be more frequent, but they occur mostly in childhood 
AML. These include a prognostically adverse t(5;11)(q35.2;p15.4)/ NUP98 - NSD1 , 
detected in 16 % of paediatric and 2 % of adult CN-AML patients [ 36 ], and inv(16)
(p13.3q24.3) resulting in the  CBFA2T3 - GLIS2  gene fusion, which is a frequent 
rearrangement in childhood acute megakaryoblastic leukaemia and portends an 
inferior clinical outcome, but to date has not been detected in adults [ 128 ]. The 
latter inversion was initially reported in non-Down syndrome children with acute 
megakaryoblastic leukaemia, who in all but two cases had an abnormal, often com-
plex, karyotype [ 128 ]. A subsequent study analyzed a cohort of 230 children with 
CN-AML, which did not include any patients with  KMT2A(MLL)   ,  CBFB ,  NPM1 , 
or  FLT3  rearrangements, and detected inv(16)(p13.3q24.3)/ CBFA2T3 - GLIS2  in 20 
(8.4 %) patients, only one-half of whom was diagnosed with acute megakaryoblas-
tic leukaemia [ 129 ]. Finally, a cryptic t(7;12)(q36.3;p13.2)/ MNX1 - ETV6  has been 
occasionally reported in paediatric CN-AML, but to date a vast majority of cases 
with t(7;12) had an abnormal karyotype, which almost always contained trisomy of 
chromosome 19 [ 5 ]. This suggests that the presence of +19 in a child with AML 
warrants performing an RT-PCR or FISH analysis to confi rm or refute the exis-
tence of t(7;12)(q36.3;p13.2)/ MNX1 - ETV6 , an abnormality associated with an 
adverse prognosis [ 37 ]. 

 As a group, patients with CN-AML have been classifi ed in the intermediate 
prognostic category in all major cytogenetic-risk classifi cations, because their CR 
rates, DFS and OS were typically worse than those of adequately treated patients 
with the t(15;17),  t(8;21)   or inv(16), but better than the outcome of patients with 
adverse cytogenetic features [ 14 – 16 ,  22 ]. However, intensive research efforts under-
taken during last the two decades have revealed that CN-AML is very heteroge-
neous at the molecular level, and the patients belong to molecular subsets with 
vastly varying prognoses [ 130 ]. Those molecular abnormalities that were reported 
to have an effect on clinical outcome of CN-AML patients are provided in Table  13.4 . 
The presence of mutations in  NPM1  [ 131 – 135 ] and double mutations in  CEBPA  
[ 136 ,  137 ] and high expression of  miR - 181a  [ 138 ] have been associated with a 
favourable outcome, whereas the patients’ prognosis is adversely affected by  
FLT3 -  ITD [ 139 – 142 ],   KMT2A(MLL)   -PTD   [ 134 ,  143 – 145 ], mutations in  DNMT3A  
(both R882 and non–R882 mutations) [ 146 – 148 ],  IDH1  [ 149 ,  150 ],  IDH2  (R172 
 mutations) [ 149 ,  150 ],  TET2  [ 151 – 153 ],  ASXL1  [ 154 ],   RUNX1    [ 155 – 157 ],  WT1  
[ 158 – 160 ], and  BCOR  [ 161 ], expression of  GAS6  [ 162 ], and high expression of 
 BAALC  [ 163 – 166 ],  ERG  [ 167 ,  169 ],  MN1  [ 170 – 172 ],  SPARC  [ 173 ],  DNMT3B  
[ 174 ],  miR - 3151     [ 175 ], and  miR - 155  [ 176 ] (details are provided in Table  13.4 ). 
Because leukaemic blasts of some CN-AML patients contain two or more (up to 
six) prognostic mutations and changes in gene expression, current research efforts 
concentrate on unravelling how combinations of multiple molecular genetic altera-
tions infl uence the outcome of CN-AML patients.

   Meanwhile, an international expert panel working on behalf of the ELN has 
recently incorporated three molecular genetic markers whose prognostic signifi -
cance in CN-AML is best documented, namely  FLT3 -ITD, and  NPM1  and  CEBPA  
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(continued)

    Table 13.4    Molecular genetic alterations infl uencing prognosis of patients with cytogenetically 
normal acute myeloid leukaemia (CN-AML)   

 Genetic alteration  Frequency  Associations with clinical outcome 
 Gene mutations 
 Mutations in 
 NPM1  

 46–62 %  Adults younger than 60 years with  NPM1  
mutations in the absence of  FLT3 -ITD have 
signifi cantly better CR rates, EFS, DFS, and OS 
than patients with wild-type  NPM1  [ 131 – 134 ] 
 In patients aged 60 years or older,  NPM1  
mutations alone constitute an independent 
favourable prognostic factor [ 135 ] 

 Double mutations 
in  CEBPA  

 6–8 %  OS of patients with double  CEBPA  mutations was 
longer than OS of patients with wild-type  CEBPA  
and of those with single  CEBPA  mutations. On 
MVA, double  CEBPA  mutations were an 
independent favourable factor for OS [ 136 ] 
 In younger (<60 years) patients, both single and 
double  CEBPA  mutations conferred longer OS 
than OS of patients with wild-type  CEBPA , but 
only double  CEBPA  mutations retained favourable 
prognostic signifi cance in MVA for OS, EFS and 
RFS [ 137 ] 

  FLT3 -ITD  28–39 %  Patients with  FLT3 -ITD have signifi cantly shorter 
CRD, DFS and OS (but not CR rates) than patients 
who do not harbour  FLT3 -ITD [ 139 ,  140 ] 
 Patients with high  FLT3  mutant to  FLT3  wild-type 
allele ratio have particularly poor prognosis [ 139 , 
 141 ,  142 ] 

   KMT2A(MLL)   - 
PTD       

 5–11 %    KMT2A(MLL)   -PTD   had no prognostic signifi cance 
in intensively treated younger (<60 years) [ 187 ], 
and older (aged ≥60 years) patients [ 188 ], but in 
earlier studies patients with  KMT2A(MLL)   -PTD 
had shorter CR duration (but not CR rates or OS) 
[ 134 ,  143 – 145 ] 

 Mutations in 
 DNMT3A  

 27–35 % in younger 
and 33 % in older 
patients 

 Overall,  DNMT3A  mutations are associated with 
shorter DFS (but not OS [ 147 ]), with lower CR 
rates and shorter OS on MVA [ 146 ], and shorter 
EFS and OS, which remained signifi cant on MVA 
 In patients aged <60 years, non-R882- DNMT3A  
mutations are associated with shorter DFS and OS 
[ 147 ]. In patients aged ≥60 years, R882- DNMT3A  
mutations confer shorter DFS and OS [ 147 ] 

 Mutations in 
 IDH1  

 13–16 %  Overall,  IDH1  mutations are not associated with 
outcome [ 149 ,  150 ] 
 In patients with  NPM1  mutations and no 
 FLT3 -ITD,  IDH1  mutations are associated 
with a higher relapse risk, shorter OS [ 150 ] 
and DFS [ 149 ] 
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Table 13.4 (continued)

 Mutations in 
 IDH2  

 11–19 %  R172- IDH2  mutations are associated with lower 
CR rates [ 149 ,  150 ], increased relapse risk and 
shorter OS [ 150 ]. R140- IDH2  mutations are not 
associated with outcome [ 149 ] 

 Mutations in 
 TET2  

 16–30 % overall; 
15 % in younger and 
29 % in older patients 

  TET2  mutations are associated with lower CR 
rates [ 151 ] and shorter DFS [ 151 ], OS [ 151 ] and 
EFS [ 151 ,  152 ] and higher RR [ 152 ] in CN-AML 
patients classifi ed in the ELN Favourable Genetic 
Group. Among patients with  NPM1  mutations but 
no  FLT3 -ITD,  TET2  mutations confer shorter EFS 
[ 152 ], higher RR [ 152 ], and shorter OS [ 153 ] 

 Mutations in 
 ASXL1  

 5–10 % overall; 3 % 
in younger and 16 % 
in older patients 

 In patients aged ≥ 60 years, mostly those in the 
ELN Favourable Group,  ASXL1  mutations are 
associated with lower CR attainment probability 
and shorter DFS, OS and EFS [ 154 ] 

 Mutations in 
  RUNX1    

 13–26 % overall; 
6–8 % in younger and 
16 % in older patients 

   RUNX1 -  mutated patients had lower CR rates and 
worse DFS, EFS and OS than patients with 
wild-type  RUNX1  [ 155 – 157 ] 

 Mutations in  WT1   8–10 % overall; 
11–13 % in younger 
and 7 % in older 
patients 

  WT1  mutations confer worse DFS and OS (but not 
CR probability) [ 158 ]; worse CR achievement 
probability, CIR, DFS and OS [ 159 ,  160 ]; no 
impact on RFS or OS [ 189 ] 
 Patients with  WT1  mutations and  FLT3 -ITD have 
lower CR rates and worse RFS and OS than 
patients with  WT1  mutations without  FLT3 -ITD 
[ 189 ] 

 Mutations in 
 BCOR  

 4 %   BCOR  mutations are associated with a shorter OS 
and EFS [ 161 ] 

(continued)

 Genetic alteration  High vs. low 
expression 

 Associations with clinical outcome 

 Changes in gene expression 
 High expression 
of  BAALC  

 Median cut 
[ 163 – 166 ] 

 Younger (aged <60 years) high  BAALC  expressers 
have lower CR rates [ 164 ,  165 ], higher CIR [ 164 ] 
and inferior DFS [ 163 ], EFS [ 163 ] and OS [ 163 , 
 165 ].  BAALC  expression was confi rmed as an 
independent risk factor on MVA [ 163 – 165 ] 
 Older patients (aged ≥60 years) with high  BAALC  
expression have lower CR rates, and shorter DFS 
and OS [ 166 ] 

 High expression 
of  ERG  

 3 quartiles with lower 
expression vs. the 4th 
quartile [ 167 ,  169 ] 

 In younger patients (aged <60 years), high  ERG  
expression is associated with lower CR rates [ 168 ] 
and worse CIR [ 167 ], EFS [ 168 ] and OS [ 167 , 
 169 ]  Median cut [ 166 ,  168 ] 
 In older patients (aged ≥60 years), high  ERG  
expression is associated with shorter DFS [ 166 ] 
and OS [ 166 ,  169 ] 
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Table 13.4 (continued)

 High expression 
of  MN1  

 Median cut [ 170 , 
 172 ] 

 In younger patients (aged <60 years), high  MN1  
expression (defi ned using median cut) is 
associated with shorter RFS and OS and higher 
RR [ 170 ]. When  MN1  expression was used as a 
continuous variable, higher  MN1  expression was 
associated with lower CR rates and shorter DFS 
and OS [ 171 ] 

 Continuous variable 
[ 171 ] 

 In older patients (aged ≥60 years), high  MN1  
expressers had lower CR rates and shorter EFS 
and OS [ 172 ] 

 High expression 
of  SPARC  

 Median cut [ 173 ]  In younger patients (aged <60 years), high  SPARC  
expression bestowed lower odds of achieving a CR 
and shorter OS (which remained signifi cant on 
MVA) and shorter DFS (not signifi cant on MVA) 
[ 173 ] 

 Expression of 
 GAS6  

  GAS6  expression vs. 
no detectable 
expression [ 162 ] 

 Patients who expressed  GAS6 , especially those 
aged ≥60 years, more often failed to achieve a CR 
and had shorter DFS and OS than patients without 
 GAS6  expression; all of which remained 
signifi cant on MVA [ 162 ] 

 High expression 
of  DNMT3B  

 Median cut [ 174 ]  Older patients (aged ≥60 years) with high 
 DNMT3B  expression had fewer CRs and shorter 
DFS and OS; ( P  < 0.001), which remained 
signifi cant on MVA [ 174 ] 

 High expression 
of  miR - 181a  

 Continuous variable 
[ 138 ] 

 Younger patients (aged <60 years) with higher 
 miR - 181a  expression have a higher CR rate and 
longer OS than patients with lower expression 
[ 138 ] 

 High expression 
of  miR - 3151  

 Median cut [ 175 ]  Older patients (aged ≥60 years) with high 
 miR - 3151  expression have shorter DFS and OS, 
than patients with low expression [ 175 ] 

 High expression 
of  miR - 155  

 Median cut [ 176 ]  Patients with high  miR - 155  expression have a 
lower CR rate and shorter DFS and OS than 
patients with low expression [ 176 ] 

   CIR  cumulative incidence of relapse,  CR  complete remission,  CRD  CR duration,  DFS  disease-free 
survival,  EFS  event-free survival,  ELN  European LeukemiaNet,  FLT3 -ITD internal tandem dupli-
cation of the  FLT3  gene,   KMT2A(MLL)  -   PTD partial tandem duplication of the  KMT2A(MLL)    
gene,  MVA  multivariable analysis,  OS  overall survival,  RFS  relapse-free survival,  RR  risk of 
relapse,  vs . versus  

mutations, into a proposed standardized system for reporting cytogenetic and 
molecular abnormalities in studies correlating genetic fi ndings with treatment out-
come in AML [ 111 ]. These molecular markers are used to classify CN-AML 
patients into either the ELN Favourable Genetic Group, which also comprises 
patients with an abnormal karyotype with either the  t(8;21)  /  RUNX1   - RUNX1T1  
or inv(16)/t(16;16)/ CBFB - MYH11 , or into the Intermediate-I Group, which 
includes exclusively CN-AML patients who belong to one of three Genetic Subsets 
differing with regard to combinations of  NPM1 ,  CEBPA  and  FLT3  mutational status. 

K. Mrózek and C.D. Bloomfi eld



303

The remaining Intermediate-II and Adverse Genetic Groups encompass patients 
with cytogenetic abnormalities only (for details please see Table  13.5 ) [ 111 ]. The 
ability of the four ELN Genetic Groups to predict treatment outcome has been 
recently examined by two large studies, each analyzing over 1,500 AML patients 
[ 177 ,  178 ]. Both studies yielded similar results showing that application of the ELN 
reporting system results in a prognostic separation of the favourable and adverse 
groups from each other and from both Intermediate Genetic Groups for all analyzed 
outcome endpoints, namely CR rates [ 178 ], DFS [ 178 ], probability of relapse [ 177 ] 
and OS [ 177 ,  178 ]. By performing multivariable analyses, the CALGB study also 
demonstrated that the association of ELN Genetic Groups with clinical outcome 
was independent from other established prognostic factors [ 178 ]. Interestingly, both 
studies revealed a difference between younger and older patients concerning the 
Intermediate-I and Intermediate-II Groups, with older patients in both Groups hav-
ing virtually identical outcomes, and younger patients classifi ed in the Intermediate-II 
Group having a signifi cantly longer OS than the Intermediate-I Group patients 
(Fig.  13.3 ). The reasons for superior outcome of younger, but not older, patients in 
the Intermediate-II as opposed to the Intermediate-I Group are not fully understood. 
They may be related to striking cytogenetic heterogeneity of the Intermediate-II 
Group, which, in addition to t(9;11), consists of numerous structural and numerical 
abnormalities not classifi ed as favourable or adverse whose distribution likely dif-
fers between younger and older patients in a manner similar to the age-related dif-
ferences in the distribution of both the ELN Genetic Groups (Fig.  13.4 ) and Genetic 

   Table 13.5    The ELN standardized reporting system for correlation of cytogenetic and molecular 
genetic data with clinical data in acute myeloid leukaemia [ 111 ]   

 Genetic group  Genetic subset 

 Favourable   t(8;21)(  q22;q22);   RUNX1 -   RUNX1T1  
 inv(16)(p13.1q22) or t(16;16)(p13.1;q22);  CBFB - MYH11  
 Mutated  NPM1  without  FLT3 -ITD (normal karyotype) 
 Mutated  CEBPA  (normal karyotype) 

 Intermediate-I  Mutated  NPM1  and  FLT3 -ITD (normal karyotype) 
 Wild-type  NPM1  and  FLT3 -ITD (normal karyotype) 
 Wild-type  NPM1  without  FLT3 -ITD (normal karyotype) 

 Intermediate-II  t(9;11)(p22;q23);  MLLT3 - MLL ( KMT2A ) 
 Cytogenetic abnormalities not classifi ed as favourable or adverse 

 Adverse  inv(3)(q21q26.2) or t(3;3)(q21;q26.2);  RPN1 - EVI1 ( MECOM ) 
 t(6;9)(p23;q34);  DEK - NUP214  
 t(v;11)(v;q23);  MLL ( KMT2A ) rearranged 
 −5 or del(5q) 
 −7 
 abnl(17p) 
 Complex karyotype a  

   a Complex karyotype is defi ned as at least three chromosome abnormalities, excluding any of the 
World Health Organization-designated recurring translocations or inversions, i.e.,  t(8;21)  , inv(16) 
or t(16;16), t(15;17), t(9;11), t(v;11)(v;q23), t(6;9), inv(3) or t(3;3)  
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Subsets within these Groups (Fig.  13.5 ) [ 178 ]. These data support the view that the 
ELN classifi cation should be applied to younger and older patients separately when 
used for risk stratifi cation of AML patients in prospective clinical trials and in 
 studies correlating genetic fi ndings with clinical outcome [ 178 ]. Recent studies 

  Fig. 13.3    Outcome of patients with de novo AML classifi ed into the four European LeukemiaNet 
(ELN) Genetic Groups according to the ELN recommendations. ( a ) Disease-free survival and ( b ) 
overall survival of younger patients aged less than 60 years; ( c ) disease-free survival and ( d ) over-
all survival of older patients aged 60 years or older (Reprinted with permission from Mrózek et al. 
[ 178 ] © 2012 American Society of Clinical Oncology. All rights reserved)       

  Fig. 13.4    Distribution of the ELN Genetic Groups in younger ( a ) and older ( b ) adults with de 
novo AML. The Favourable Group is signifi cantly more ( P  < .001) and the Intermediate-II and 
Adverse Groups are less ( P  < 001) common among younger patients compared with older patients 
(Reprinted with permission from Mrózek et al. [ 178 ]. © 2012 American Society of Clinical 
Oncology. All rights reserved)       

 

 

K. Mrózek and C.D. Bloomfi eld



305

have provided evidence that testing for such genetic markers as mutations in the 
 TET2  [ 151 ],  ASXL1  [ 154 ], and  RUNX1  [ 156 ] genes and the expression levels of 
 MN1  [ 170 ],  miR - 155  [ 176 ] and  miR - 3151  [ 175 ] may refi ne the precision of patient 
risk stratifi cation within the ELN Genetic Groups.

13.6           Concluding Remarks and Future Directions 

 During the last four decades, cytogenetic studies of AML have identifi ed a large 
number of recurring chromosomal abnormalities with diagnostic and prognostic 
signifi cance, and many of them have been dissected molecularly [ 3 ,  5 ,  17 ]. 
Cytogenetic analysis of pretreatment marrow has become a mandatory part of the 

  Fig. 13.5    Distribution of the genetic subsets within ELN Genetic Groups in younger and older 
adults with de novo AML. ( a ) The Favourable Group consists of four genetic subsets. The fi rst two 
subsets are patients with core-binding factor AML with either  t(8;21)   or inv(16)/t(16;16). The 
second two subsets are patients with cytogenetically normal AML (CN-AML) with either  NPM1 -
 mut/ FLT3 -ITD – (i.e., mutated  NPM1  without  FLT3 -ITD) or  CEBPA -mut (i.e., mutated  CEBPA ). 
( b ) The Intermediate-I Group consists of three genetic subsets of patients with CN-AML and 
either  NPM1 -mut/ FLT3 -ITD+ (i.e., mutated  NPM1  and  FLT3 -ITD) or  NPM1 -wt/ FLT3 -ITD+ 
(i.e., wild- type  NPM1  and  FLT3 -ITD) or  NPM1 -wt/ FLT3 -ITD – (i.e., wild-type  NPM1  without 
 FLT3 -ITD). ( c ) The Intermediate-II Group consists of two genetic subsets of patients with either 
t(9;11) or other abnormalities (i.e., cytogenetic abnormalities not classifi ed as favourable or 
adverse). ( d ) The Adverse Group consists of seven genetic subsets: (1) inv(3)/t(3;3), (2) t(6;9), (3) 
t(v;11) [i.e., various translocations involving 11q23/ KMT2A(MLL)    other than t(9;11)], (4) −5/
del(5q) (i.e., monosomy of chromosome 5 or deletion of 5q), (5) −7 (i.e., monosomy of chromo-
some 7), (6) abnl(17p) (i.e., abnormalities of the short arm of chromosome 17; no patient had this 
abnormality in our study), or (7) a complex karyotype containing ≥3 cytogenetic abnormalities 
(Reprinted with permission from Mrózek et al. [ 178 ]. © 2012 American Society of Clinical Oncology. 
All rights reserved)       
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diagnostic work-up of patients suspected to suffer from AML. Pretreatment cytogenetic 
fi ndings are being increasingly combined with the results of molecular genetic 
assays, as exemplifi ed by the ELN reporting system [ 111 ], to guide the selection of 
the most effective treatment approaches. However, the prognostic signifi cance of 
several recurrent but less frequent chromosomal abnormalities is yet to be estab-
lished conclusively. They are often categorized in the intermediate-risk category (or 
the ELN Intermediate-II Genetic Group) by virtue of the absence of evidence that 
they confer a more favourable or adverse prognosis. Thus, further collaborative 
studies are needed to collect enough cases with these less common abnormalities to 
determine how they infl uence probability of CR achievement, DFS and OS. In addi-
tion, prognostic factors depend on the kind of therapy, which means that there is a 
continuing need for large prospective studies correlating cytogenetic and molecular 
genetic alterations with clinical outcome of both patients who are treated with con-
temporary regimens and of patients who are administered novel, experimental ther-
apies often targeting specifi c genetic rearrangements. 

 This makes accurate detection of acquired genetic abnormalities of utmost 
importance. Recently, high-throughput next generation sequencing (NGS) technol-
ogies have been used to study AML genomes providing an unprecedented view of 
intricate interactions of genetic changes contributing to leukaemogenesis in indi-
vidual patients [ 8 ,  179 – 181 ]. Although NGS technologies are being used success-
fully for research purposes they do not seem to be currently ready for routine use in 
diagnostics and prognostication of AML as stand-alone methods. This is due to the 
large amount of work and time necessary to corroborate results of these assays, their 
high, although rapidly declining, cost [ 179 ], as well as the need to fi ne tune bioin-
formatic algorithms in the programs analyzing sequencing data, which, as a recent 
study demonstrated [ 182 ], may occasionally fail to recognize a pathogenetically 
essential gene fusion created by a translocation recurrent in AML. It thus remains to 
be seen whether NGS technologies will be able to entirely supplant classical cyto-
genetics, FISH and RT-PCR in the future, or whether they will remain a powerful 
addition to the currently available armamentarium of techniques capable of detect-
ing acquired genetic lesions with clinical signifi cance in AML.    
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  Abstract     Fusion oncogenes are reported in many types of sarcomas. They encode 
protein products acting as growth factor ligands, their receptors, signal transduction 
components and transcription factors. The oncogenes discussed here act as regula-
tors of transcription. FET family and  PAX3/7-FOXO1  oncoproteins bind DNA with 
target gene specifi city causing specifi c tumour types with limited morphological 
variation. Tumours expressing  SS18-SSX  fusion proteins show larger morphological 
variability, perhaps refl ecting that the oncoproteins act through interactions with 
general chromatin regulators. 

 Mesenchymal stem cells are suspected target cells for transformation by fusion 
oncogenes in sarcomas.  

  Keywords     Fusion oncogenes   •   Sarcoma   •   Tumour type specifi city   •   Chromosome   
•   Rearrangements  

14.1         Fusion Oncogenes of Sarcomas 

 The formation of fusion genes requires at least two chromosome breaks coincident 
in time and space. Such events yield gene fragments that may fuse into new func-
tional constellations. The transcriptional orientation of the two partner genes must 
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be compatible, and the open reading frames maintained in the fusion transcripts. 
Simple translocations may thus lead to functional fusion genes only if partner genes 
are originally transcribed in the same centromeric/telomeric direction [ 1 ,  2 ]. Other 
gene orientations require additional chromosome breaks for inversion of partner 
genes and are probably less frequent. Translocations and gene fusions in lympho-
mas and some lymphoid leukaemia are most likely caused by errors during the rear-
rangements of immunoglobulin and T-cell receptor genes. This process involves cell 
type specifi c rearrangement mechanisms acting at specifi c target genes and 
sequences. No such mechanisms have been reported in sarcomas although sequences 
related to the lymphoid rearrangement points have been reported in, or close to the 
translocation breakpoints of some sarcomas. The frequency of tumours caused by 
fusion oncogenes is further determined by the oncogenic potency. Several observa-
tions suggest that the formation of fusion oncogenes is more frequent than the inci-
dence of the corresponding tumour, indicating that they are necessary, but not 
suffi cient, for malignant transformation. Escape from stress responses leading to 
apoptosis, or oncogene induced senescence, cell or tissue type dependence, or inter-
actions with other genetic variables are important for the fi nal outcome after forma-
tion of a new fusion oncogene [ 1 ,  3 – 5 ]. 

14.1.1     Cytogenetic Analysis of Sarcomas 

 Chromosome translocations and gene rearrangements were fi rst described in leukae-
mias and lymphomas. These early results encouraged the cytogenetic analysis of 
solid tumours, including sarcomas, and the identifi cation of recurrent translocations 
[ 6 – 10 ]. Sarcomas are tumours that show morphological similarities with mesenchy-
mal cells of different lineages and stages of development. Mesenchymal stem or 
precursor cells are the most likely cells of origin for this group of tumours. Close to 
100 entities of sarcomas are described based on morphological and genetic criteria 
[ 11 ]. Tumour cells from many sarcoma cases grow relatively well in short-term cul-
tures, and this made early cytogenetic studies possible. Most of the common sarcoma 
entities, were found to be characterized by complex chromosome aberrations typical 
for tumours with advanced genomic instability. Entities that carry simple recurrent 
aberrations such as translocations were also reported, and followed up on the molec-
ular level. These studies led to the early discovery of the chromosome translocation, 
t(12;16), resulting in the  FUS-DDIT3  fusion oncogene (also known as  TLS-CHOP)  
in myxoid liposarcoma and the t(11;22) and  EWSR1-FLI1  fusion oncogene in  Ewing 
sarcoma   [ 7 ,  9 ,  12 – 15 ]. A long line of fusion oncogenes have subsequently been 
reported in many more forms of sarcoma, and new fusions are continuously reported 
as next-generation methods are employed in the analysis of more tumours. Most of 
the currently described sarcoma fusion oncogenes encode rearranged transcription 
factors, but genes encoding ligands, membrane receptors and signal transduction 
molecules are also represented [ 16 – 18 ]. This chapter will focus on a discussion of a 
few of the transcription factors encoding sarcoma fusion oncogenes.  
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14.1.2     Tumour Type specifi city of Sarcoma Fusion Oncogenes 

 A surprisingly large proportion of the sarcoma fusion oncogenes are tumour-type 
specifi c. This specifi city could be explained by several models, including cell type- 
specifi c mechanisms for chromosome rearrangements, cell/tissue type dependence 
for survival/oncogenic activity, and phenotype instructive activity of the fusion 
oncogene [ 1 ,  2 ]. Capacity to direct the tumour phenotype has been shown for sev-
eral sarcoma fusion oncogenes [ 19 – 22 ]. Specifi c cell type requirements and interac-
tions with differentiation programmes are also important factors [ 19 – 21 ,  23 – 28 ]. In 
contrast to the specifi c rearrangement mechanisms behind immunoglobulin and 
T-cell receptor translocations in lymphoma and leukaemia, no cell type-specifi c 
rearrangement mechanisms, or target sequences have been identifi ed in sarcoma 
fusion oncogenes. Furthermore, several experimental transgenic animal or cell 
models with cDNA copies of sarcoma fusion oncogenes at random genomic loci 
recapitulate the tumour phenotypes[ 20 ,  22 – 24 ,  27 ,  29 – 31 ]. These observations rule 
out cell type-specifi c rearrangements as a necessary mechanism behind the observed 
tumour type specifi city of sarcoma fusion oncogenes. Cell type associated localiza-
tion of chromosome territories are, however, most likely important as a risk factor 
for rearrangements. Formation of fusion oncogenes is discussed elsewhere in this 
book.   

14.2     The FET Group of Fusion Oncogenes 

 The FET group of fusion oncogenes are found primarily in human sarcomas and 
leukaemia. They encode fusion oncoproteins that are considered to be primary 
tumour-initiating and driving factors [ 4 ,  19 – 22 ,  32 ]. The resulting fusion protein 
products contain an N-terminal domain (NTD) from one of the FET family proteins, 
 F US,  E WSR1 or  T AF15, juxtaposed to the DNA binding domains from one of many 
alternative transcription factor (TF) partners (Fig.  14.1  ) .

   The FET fusion oncogenes are, with a few exceptions, tumour type-specifi c and 
therefore used as diagnostic tumour markers. The FET family of fusion oncogenes 
continue to grow as new variant FET oncogenes, involved in more tumour entities, 
are continuously discovered. 

 There is considerable variation with regard to the breakpoint location in some 
FET fusion oncogenes [ 33 – 35 ]. Fusion transcripts of individual tumours may thus 
differ with regard to number of exons included from the parental genes. The 
N-terminal domains of the FET partners and the DNA binding domains of the TF 
partners are, however, always present indicating that these parts are critical for the 
oncogenic effect.  FUS ,  EWSR1  and  TAF15  may also functionally replace each other 
as fusion partners in some tumour types (Fig.  14.1 ). The FET fusion oncoproteins 
most probably act as abnormal transcription factors with FET NTDs reported to 
function as transactivation domains [ 32 ,  36 ,  37 ]. 
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 The normal FET genes encode RNA and DNA binding proteins involved in tran-
scriptional regulation [ 38 – 40 ], pre-mRNA splicing [ 41 – 43 ], RNA transport [ 44 ], 
translation [ 45 ] and DNA-repair [ 46 ,  47 ]. However, these functions involve the cen-
tral and C-terminal protein domains that are lost in most of the fusion proteins. 
Analysis and structure predictions of the FET NTDs show that their structures are 
intrinsically disordered. Such domains are reported to function as mediators of 
protein- protein interactions [ 48 ]. Many proteins have also been shown to interact 
with the FET fusion proteins and their NTDs, including chromatin modifi ers, tran-
scription factors and cyclin dependent kinases [ 41 ,  49 – 55 ]. 

 The full-length FET proteins were recently found as major interaction partners in 
pull-down experiments with FET NTDs and FUS-DDIT3. A common evolution-
arily conserved “FET Binding Motif 1” (FETBM1) is present in the NTDs of all 
three FET proteins [ 56 ]. Specifi cally placed tyrosine residues, that have been 
reported to facilitate homotypic complex formation of FUS and similar sequences, 
are present in EWSR1 and TAF15 enabling formation of heterocomplexes [ 57 ]. A 
detailed study of the sequence requirement of the transactivating and transforming 
activity of EWSR1 NTD further pointed out the importance of the tyrosine residues 
and underscored the potential effects of their phosphorylation [ 58 ]. 
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  Fig. 14.1    The FET group of fusion oncogenes. The 5′ sequences of FET family genes  FUS, 
EWSR1  and  TAF15  are fused to genes encoding various transcription factors ( middle column ). The 
respective fusion genes are found in the tumour types as indicated in the right column (Note that 
the FET genes may replace each other in some fusion combinations. The fi gure is not complete as 
additional FET gene fusions are continuously discovered in more tumour entities)       
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 Experiments with deletion mutants of the full-length FUS showed that binding to 
the FUS NTD required amino acids 176–284, whereas residues 1–175 showed no 
signifi cant affi nity [ 56 ]. This observation rules out direct binding between FETBM1 
sequences and indicates target structures elsewhere in the FET proteins. Combined 
results from several studies suggest that the FUS sequence between residues 176 
and 214 forms an important target structure for FETBM1. Alignment experiments 
with this part of FUS, TAF15 and EWSR1 suggested that stretches containing 
repeats of G and RGG might form common target structures for FETBM1. 

 The normal recruitment of FET proteins to chromatin, genes and RNA mole-
cules, is probably dependent on their RNA and DNA binding domains [ 38 ]. Each of 
the normal FET proteins binds thousands of different RNA species of several classes 
[ 59 ], and they also bind important protein components of transcription and RNA 
processing complexes [ 41 ,  51 – 55 ]. Recruitment of normal FET proteins to promot-
ers targeted by oncogenic FET proteins may thus be an important part in deregula-
tion of target genes. 

 Forced expression of FET fusion oncogenes in normal or various tumour cell 
lines most often results in apoptosis or cell senescence. Riggi et al. [ 19 ,  21 ] showed 
that FET oncogene- transduced mouse mesenchymal stem cells maintain prolifera-
tive capacity and are tumourigenic in mouse. Although FET oncogene-transduced 
human mesenchymal stem cells fail to form tumours after xenografting in mice, 
these data show that mesenchymal stem cells can survive and grow while express-
ing the fusion oncogenes. These observations suggest that FET fusion oncogenes 
lead to tumour formation only if they are formed in compatible cell types such as 
mesenchymal stem cells. 

 The most frequent FET oncogene-carrying tumour types are  Ewing sarcoma   
(reviewed elsewhere in this book) and myxoid liposarcoma/round cell liposarcoma 
(MLS/RCLS), the latter with an incidence of 0,2 per 100,000/year [ 11 ]. The  DDIT3  
partner of the myxoid liposarcoma fusion gene encodes a stress response protein 
induced under several stress conditions. It also has a role in the regulation of adipo-
cyte differentiation, and forced expression of DDIT3 protein in fi brosarcoma cells 
has been reported to change the tumour morphology into liposarcomas [ 20 ].  DDIT3  
is also overexpressed as a result of the typical gene amplifi cations in well differenti-
ated/dedifferentiated liposarcomas and may contribute to the liposarcoma pheno-
type of these tumours.  DDIT3  is by itself not considered an oncogene, whereas 
 FUS-DDIT3  transforms 3T3 cells and can turn transfected mesenchymal stem cells 
to liposarcoma-initiating cells in mice [ 19 ,  32 ].  

14.3     Alveolar Rhabdomyosarcoma (ARMS) 

 Alveolar rhabdomyosarcoma make up around 20 % of childhood rhabdomyosar-
coma cases [ 60 ]. Early cytogenetic studies, reported the recurrent t(2;13)
(q36.1;q14.1) in Rhabdomyosarcomas [ 6 ,  10 ]. A detailed mapping of the chromo-
somal breakpoint regions led to the discovery of a rearranged   PAX3    gene and sub-
sequently identifi ed the  PAX3-FOXO1  (also known as  PAX3-FKHR ) fusion 
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oncogene [ 61 – 63 ]. Further studies showed that the less frequent t(1;13), also recur-
rent in ARMS, resulted in the variant  PAX7-FOXO1  fusion [ 63 ]. In the fusion pro-
teins, the C-terminal transcriptional activation domains of PAX3 or PAX7 are 
replaced by the bisected forkhead transacting domain of FOXO1 retaining the 
N-terminal PAX3 paired box and homeodomains. The chimeric protein product of 
this translocation has been shown to promote cell proliferation and tumour forma-
tion by acting as an aberrant transcription factor with oncogenic properties. The 
fusion oncogenes have, however not been shown to cause ARMS by themselves in 
mesenchymal stem cells, but additional gene changes affecting   TP53    and the RAS 
pathway are needed [ 64 ,  65 ]. A number of PAX3-FOXO1 target or downstream 
genes have been identifi ed. Some data suggest that the fusion oncoprotein promotes 
a myogenic differentiation pathway [ 64 ], and the formation of ARMS outside mus-
cle tissue suggest that cell types other than myo-precursors may be reprogrammed 
by the fusion protein. Other studies show that the fusion protein blocks myocyte 
differentiation, partially by interfering with regulation of MyoD activity [ 23 ,  24 , 
 27 ]. The normal PAX3 and PAX7 proteins have several isoforms with partially dif-
ferent functions and effects in myogenic differentiation, and the abnormal PAX3/7- 
FOXO1 proteins may cause dysregulation of this delicate system and arrest cells in 
a proliferative stage [ 66 ]. Normal myoblasts, with forced expression of the fusion 
oncoprotein, were still capable of cell fusion and myotube formation with wild type 
myoblasts [ 29 ]. Formation of such mixed myotubes and fi bres was IL-4 receptor 
dependent [ 29 ]. Co-injection of myoblasts with tumour cells in mice, enhanced 
tumour take and growth/metastasis in an IL-4 receptor dependent manner. This sug-
gests that cell fusions and complex interactions with normal cells are involved in the 
development of ARMS.  

14.4     Synovial Sarcoma 

  Synovial sarcoma  s account for up to 10 % of soft-tissue sarcomas. A characteristic 
chromosomal translocation, t(X;18)(p11.2;q11.2), was originally reported by Turc-
Carel in 1986 [ 8 ]. Molecular mapping and analysis of the breakpoint regions showed 
at least two different breakpoint regions on the X chromosome [ 67 ]. The transloca-
tions were subsequently shown to result in several alternative fusion genes. In the 
fi rst described fusion oncogene, the 5′ end and major parts of  SS18  (also known as 
 SYT ) from chromosome 18 is fused to the 3′ partner  SSX1  on X [ 68 ]. Further studies 
showed that  SSX1  belongs to a large family of highly homologous genes and pseu-
dogenes [ 69 ], and that several of them form fusion oncogenes with  SS18  [ 70 ]. The 
different  SSX  partner genes are highly similar. Still, the alternative fusion genes are 
associated with several morphological tumour variants, indicating functional differ-
ences in the SSX partners. This also shows that the SS18-SSX fusion oncogenes 
have some instructive activity that determine the tumour phenotype. As for other 
sarcoma fusion oncogenes, the  SS18-SSX  genes appear to be tumourigenic only in 
specifi c cell types [ 71 ,  72 ]. 
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  SS18–SSX  encoded proteins lack DNA binding functions, but are shown to 
 function as aberrant transcriptional regulators.  SS18  encodes a subunit of the SWI-
SNF chromatin remodelling complex, and the SS18 containing fusion oncoprotein 
disrupts the normal formation and function of this complex [ 73 – 78 ]. The SSX part-
ners interact with polycomb group protein complexes, and this activity is main-
tained in SS18-SSX fusion proteins [ 77 ]. Through these interactions with general 
chromatin remodelers and transcriptional repressors, the fusion protein may deregu-
late a very large numbers of genes. This very broad effect may explain the potency 
of this oncogene. Many direct target genes and downstream deregulated genes and 
functions, have been shown to be important for the oncogenic activity [ 73 ,  79 ,  80 ] 
and thus been proposed as therapeutic targets.  

14.5     Summary 

 The sarcoma fusion oncogenes discussed in this chapter function as abnormal tran-
scriptional regulators. The FET family and   PAX3    /7-FOXO1  oncogenes carry DNA 
binding domains with sequence and target gene specifi city and they cause specifi c 
tumour types with limited morphological variation. Tumours expressing  SS18-SSX  
fusion proteins show larger morphological variability, perhaps refl ecting the fact 
that these oncoproteins lack DNA binding parts but instead act by interactions with 
general chromatin regulators. 

 Stem cells of mesenchymal tissues have been proposed as the cell of origin for 
sarcomas. In experimental systems with forced expression of sarcoma fusion onco-
genes, stem cells proliferate and form tumours, whereas other cell types fail to sur-
vive or grow. This highlights the importance of stem cells as targets for fusion 
oncogene-induced transformation.     
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   Abstract     Ewing sarcoma is a bone-associated malignancy arising primarily in 
childhood and adolescence. It is an aggressive cancer harbouring a characteristic 
translocation, t(11;22)(q24.3;q12.2). This rearrangement fuses the genes  EWSR1  
and  FLI1 , producing a fusion protein (EWS/FLI) that initiates an oncogenic tran-
scription programme. Other rearrangements between similar genes have also been 
found to be drivers of Ewing sarcoma in a minority of cases. Understanding the 
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molecular processes governed by these rearrangements promises to generate 
immediately actionable therapeutic strategies. This chapter discusses the defi ning 
role that translocations and their after-effects play in Ewing sarcoma.  

  Keywords     Translocation   •   EWS/FLI   •   Ewing sarcoma   •   Transcription factor   • 
  Oncogenesis  

15.1         Introduction 

 Ewing sarcoma was fi rst described by James Ewing (Fig.  15.1 ) in 1921 as a tumour 
composed of distinctive sheets of cells with “small hyperchromatic nuclei” [ 1 ]. 
He noted that these tumours were distinguishable from osteogenic sarcoma by their 
histopathological morphology. Indeed, Ewing sarcoma continues to be character-
ized by its appearance as a small, round blue cell tumour, and modern molecular 
biology techniques have enabled scientists to elucidate many mechanistic details 
important for development of this tumour [ 2 ]. One particularly important discovery – 
made roughly 60 years after Ewing’s fi rst description of the disease – was that 
Ewing sarcoma harbours a recurrent set of chromosomal translocations that drive 
oncogenesis [ 3 – 5 ]. Further study of this key translocation event and its conse-
quences have led to greater understanding of the disease and promises to provide 
improved therapies for those who fall victim to this malignancy. In this chapter, we 
discuss the biology of Ewing sarcoma with a focus on its associated translocations, 
including the two most common rearrangements t(11;22)(q24.3;q12.2) and t(21;22)
(q22.2;q12.2) (which generate the fusion proteins EWS/FLI and EWS/ERG, respec-
tively) as well as other, less common translocations.

  Fig. 15.1    James Ewing 
(ca. 1890; Source: Images 
from the History of 
Medicine, National Library 
of Medicine; record UI: 
101414702)       
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15.2        Clinical Overview 

 Ewing sarcoma is a relatively broad term for a group of tumours collectively known 
as the Ewing sarcoma family of tumours. (Previously referred to as “Ewing’s” 
sarcoma, the WHO has opted to avoid possessive nomenclature; hence, “Ewing” 
sarcoma is the current WHO-accepted term that will be utilized in this chapter.) 
This family is predominantly composed of classic Ewing sarcoma, which is a bone- 
associated tumour that harbours one of a set of oncogenic translocations (discussed 
hereafter), but also includes tumours such as Askin’s tumour, primitive neuroecto-
dermal tumours (PNETs), and Ewing tumours arising in soft-tissue, known as 
extraosseous Ewing sarcoma [ 6 – 9 ]. Despite the nuances distinguishing these 
different members of the Ewing sarcoma family of tumours, chromosomal rear-
rangements are a common feature of Ewing family tumours, and are the focus of 
this chapter [ 8 – 11 ]. 

 Ewing sarcoma is a disease of young people, occurring most commonly in chil-
dren and adolescents. The mean age at diagnosis is 15 years, and ~80 % of all cases 
occur in patients under the age of 25 [ 12 ,  13 ]. For reasons that are not understood, 
the disease occurs at a modestly higher rate in males than females (male-to-female 
ratio of 1.2) (Fig.  15.2 ) [ 13 ,  14 ]. Although the disease is relatively rare, with an 
incidence of ~3 per million per year in the United States, Ewing sarcoma is the 
second most common childhood bone tumour, after osteosarcoma [ 15 ,  16 ]. It is 
most commonly encountered in patients of European ancestry, and is exceedingly 
uncommon in populations of African or East Asian ancestry [ 17 – 21 ].

   Ewing sarcoma is an aggressive cancer with a high propensity for metastasis. In 
fact, up to 25 % of patients already have metastatic disease at the time of diagnosis 
[ 22 ]. This may well be an underestimation, as it is thought that many patients have 
undetectable micrometastatic disease at diagnosis as well. Indeed, the relapse rate is 

  Fig. 15.2    Incidence of Ewing Sarcoma per year per million grouped by age at diagnosis (SEER 
data, 1973–2010) [ 13 ]       
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~90 % for patients who undergo surgical resection of their primary tumours without 
adjuvant chemotherapy [ 23 – 25 ]. As Ewing fi rst observed, these tumours are often 
highly sensitive to radiation therapy, which was thus was a mainstay of treatment 
for much of the twentieth century [ 26 ,  27 ]. The refi nement of chemotherapeutic 
strategies and improved surgical techniques have led to great improvements in 
patient survival, and current conventional treatment modalities have achieved 5-year 
disease- free survival rates of 60–70 % for non-metastatic disease. However, prognosis 
for metastatic disease remains dismal with a 5-year disease-free survival of only 
10–30 % [ 28 – 30 ]. Moreover, survivors frequently must endure morbidities resulting 
from conventional anti-cancer therapy, such as severe deformities and amputations 
due to radical surgical resections of their tumour, and increased risk of future 
malignancy resulting from radiation and chemotherapy [ 31 ,  32 ]. Better treatments 
are clearly needed to provide greater survival and higher quality of life. To this end, 
studies continue to seek a better understanding of the molecular processes underlying 
Ewing sarcoma oncogenesis, including the molecular consequences of its associated 
chromosomal translocations.  

15.3     Translocations in Ewing Sarcoma 

 In 1983, scientists at the Curie Institute in France identifi ed a balanced reciprocal 
translocation between chromosomes 11 and 22 in patient samples and cell lines of 
Ewing sarcoma [ 3 ,  4 ,  33 ]. This rearrangement, t(11;22)(q24.3;q12.2), was success-
fully cloned several years later, and the translocation breakpoint was characterized 
[ 34 ]. It was revealed that this translocation resulted in an in-frame fusion of two 
genes: Ewing Sarcoma Breakpoint Region 1 ( EWSR1 ) on chromosome 22 and 
Friend Leukaemia Virus Integration Site 1 ( FLI1 ) on chromosome 11 [ 34 ]. The 
fusion protein encoded by the joining of these two genes is known as EWS/
FLI. Approximately 85 % of Ewing sarcoma tumours carry this hallmark cytoge-
netic abnormality [ 9 ,  11 ,  28 ,  33 ]. The remaining 15 % of tumours carry other chro-
mosomal rearrangements resulting in similar fusions of other genes in the same 
families as  EWSR1  and  FLI1  [ 35 – 39 ]. A list of these chromosomal rearrangements 
found in Ewing sarcoma is provided in Table  15.1 . Details regarding each of these 
translocations will be discussed in the following sections.

   Table 15.1    Chromosomal 
rearrangements found in 
Ewing sarcoma  

 Fusion  Translocation  References 

 EWSR1/FLI1  t (11;22)(q24;q12)  [ 3 ,  4 ,  33 ] 
 EWSR1/ERG  t(21;22)(q22;q12)  [ 38 ,  72 ] 
 EWSR1/ETV1  t(7;22)(p22;q12)  [ 35 ] 
 EWSR1/ETV4  t(7;22)(q21;q12)  [ 36 ] 
 EWSR1/FEV  t(2;22)(q35;q12)  [ 37 ] 
 FUS/ERG  t(16;21)(p11;q22)  [ 111 ] 
 FUS/FEV  t(2;16)(q35;p11)  [ 110 ] 
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15.4        EWS/FLI 

15.4.1     Wild-Type EWS and the FET Family of Proteins 

 Prior to its cloning as part of  EWSR1 / FLI1  in Ewing sarcoma, the  EWSR1  gene had 
not been identifi ed and hence bears the name of the disease.  EWSR1  encodes a 
656- amino acid protein called EWS. EWS is part of the FET (FUS, EWS, TAF15) 
family of proteins, which are involved in diverse cellular functions including gene 
expression and RNA processing (Fig.  15.3 ) [ 34 ,  40 ,  41 ].

   It is ubiquitously expressed and is principally found in the nucleus, although it 
can be cytoplasmic or localized to the cell membrane [ 42 – 44 ]. The amino terminus 
of EWS contains a transcriptional activation region comprised of multiple pseudo-
repeats rich in serine, tyrosine, glycine, and glutamine (SYGQ) (Fig.  15.3 ) [ 45 – 48 ]. 
This SYGQ transactivation domain is critical for interaction between EWS and 
RNA polymerase II; indeed, wild-type EWS has also been shown to interact with 
other members of the transcriptional machinery including TFIID and CREBBP/
CBP/p300 [ 45 ,  46 ,  49 ]. The C-terminus of EWS contains arginine-glycine-glycine 
(RGG) motifs and an RNA recognition motif (RRM), possibly implicating full- 
length EWS in RNA binding, processing and transcription [ 41 ,  50 ]. The two other 
members of the FET family of proteins, FUS (also known as TLS) and TAF15, 
can also be involved in the development of other non-Ewing sarcoma cancers 
(Table  15.2 ) [ 51 – 58 ]. These proteins bear striking similarities to EWS, particularly 
with respect to the domain organization found in the N-termini of EWS and 
FUS [ 59 – 61 ].

   As will be discussed in the following sections, translocations between FET genes 
and various partners can result in fusion proteins that alter transcriptional pro-
grammes and drive oncogenic transformation. Thus, the aforementioned  interactions 
between FET proteins and members of the transcriptional machinery have important 
implications for molecular mechanisms underlying Ewing sarcoma tumourigenesis, 

  Fig. 15.3    Diagrammatic representation of FET-family proteins and their functional domains.  TAD  
Transcriptional activation domain,  RGG  arginine-glycine-glycine motif,  RRM  RNA recognition 
motif,  ZF  zinc fi nger       
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as well as other cancers driven by translocations of FET genes. Recent experiments 
have elegantly demonstrated that FUS and EWS are able to form both homotypic 
and heterotypic “amyloid-like” polymers via interactions between disordered 
regions of polypeptides with little diversity in amino acid sequence, termed low 
complexity domains [ 49 ,  62 ]. Such aggregates could form a platform for intermo-
lecular binding similar to molecular “velcro”, leading to alteration of various cel-
lular processes. Indeed, these polymers have been shown to bind to the C-terminal 
domain (CTD) of RNA polymerase II and induce transcription [ 49 ]. Accordingly, 
improper localization of FET proteins and their corresponding low complexity 
domains could disrupt gene expression at multiple loci, potentially contributing to 
an oncogenic phenotype. Such a model remains unproven, but is currently being 
actively tested.  

15.4.2     Wild-Type FLI and the ETS Family 
of Transcription Factors 

 The  FLI1  gene encodes the 452 amino acid FLI protein, which is a member of the 
ETS (E26 transformation-specifi c) family of transcription factors. ETS transcrip-
tion factors share a highly conserved DNA binding domain. This binding domain is 
known as the ETS domain, and is a winged helix-turn-helix that binds to DNA, most 
avidly at DNA motifs containing a core sequence of GGAA or GGAT [ 63 ,  64 ]. 
Full- length murine  Fli1  is capable of oncogenic function; indeed, the  Fli1  gene was 
fi rst characterized as an integration site for the Friend murine leukaemia virus, a 
function from which the gene derives its name (Friend Leukaemia Virus Integration 
Site 1) [ 65 ]. Integration of the virus at the murine  Fli1  locus results in overexpres-
sion of  Fli1  and produces erythroleukaemia in mice [ 66 ]. Wild-type FLI appears to 
play important roles in haematopoiesis, particularly in megakaryocyte development 
[ 67 ]. Deletion of  Fli1  in mice results in dysfunctional megakaryocyte differentia-
tion, and overexpression of  Fli1  in erythroleukaemia cells pushes them toward a 
megakaryocytic programme of differentiation [ 68 ,  69 ].  

   Table 15.2    Representative non-Ewing sarcoma cancers involving translocations of FET-family 
proteins   

 Fusion  Translocation  References 

 Clear cell sarcoma  EWSR1/ATF1  t(12;22)(q13;q12)  [ 53 ] 
 Desmoplastic small round cell tumour  EWSR1/WT1  t(11;22)(p13;q12)  [ 54 ] 
 Extraskeletal myxoid chondrosarcoma  EWSR1/NR4A3  t(9;22)(q22;q12)  [ 56 ] 
 Extraskeletal myxoid chondrosarcoma  TRF15/NR4A3  t(9;17)(q22;q11)  [ 52 ] 
 Myxoid liposarcoma  FUS/DDIT3  t(12;16)(q13;p11)  [ 51 ] 
 Myxoid liposarcoma  EWSR1/DDIT3  t(12;22)(q13;q12)  [ 58 ] 
 Small round cell sarcoma  EWSR1/ZNF278  t(1;22)(p36.1;q12)  [ 134 ] 
 Acute myelogenous leukaemia  FUS/ERG  t(16;21)(p11;q22)  [ 55 ] 
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15.4.3     The EWS/FLI Fusion 

 To form EWS/FLI, the 5′ portion of the  EWSR1  gene and the 3′ region of the  FLI1  
gene are joined together, allowing transcription of in-frame fusion transcripts and 
ultimately synthesis of the EWS/FLI fusion protein. The reciprocal fusion of the 5′ 
end of  FLI1  and the 3′ end of  EWSR1  is not expressed, and the reciprocal derivative 
chromosome is sometimes lost [ 9 ,  70 ]. Interestingly, the oncogenic  EWSR1 / FLI1  
fusion can result from several distinct translocation breakpoints occuring within 
introns of  EWSR1  and  FLI1  [ 71 – 73 ]. Classic splicing processes then generate fusion 
transcripts joining 5′ exons of  EWSR1  with 3′ exons of  FLI1 . EWS/FLI can thus be 
categorized into subtypes based upon the location of the translocation breakpoint 
and which exons are fused together [ 34 ]. For instance, the most commonly observed 
translocation in Ewing sarcoma joins exons 1–7 of  EWSR1  to exons 6–10 of  FLI1 . 
This rearrangement is sometimes termed a “Type I” fusion, but it is more commonly 
referred to simply as a “7/6” EWS/FLI fusion. Likewise, other fusions of EWS/FLI 
can be referred to by the exons that are fused, and a partial list of observed EWS/
FLI fusions is illustrated in Fig.  15.4 .

   The functional signifi cance of these subtly different EWS/FLI fusion products 
remains largely unknown. However, some data exist that suggest that the “7/6” 
EWS/FLI fusion (“Type I”) is more weakly transactivating compared to other EWS/
FLI fusion subtypes [ 74 ]. This distinction was thought to be potentially useful as a 
prognostic variable, and retrospective analyses of patient cohorts suggested that 
patients with “7/6” EWS/FLI fusions had better survival rates compared to patients 
whose tumours harboured EWS/FLI from other translocation breakpoints [ 75 ,  76 ]. 
However, recent studies have revealed that prognostic differences no longer exist 
within current treatment protocols [ 77 ,  78 ]. Hence, the functional signifi cance of 
different breakpoints, if any exists at all, remains unknown.  

  Fig. 15.4    Diagrammatic representation of  EWSR1  and  FLI1  exons. Known translocation break-
points are indicated       
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15.4.4     Oncogenic Function of EWS/FLI 

  EWSR1  and  FLI1  genes are fused in-frame, encoding the EWS/FLI oncoprotein 
(Fig.  15.5 ). This translocation-derived oncoprotein contains the N-terminal transac-
tivation domain of EWS fused with the DNA-binding domain of FLI, forming an 
oncogenic transcription factor that is indispensible for tumourigenesis [ 34 ,  42 ,  79 – 81 ]. 
The fi rst studies implicating EWS/FLI as a driver in Ewing sarcoma observed that 
overexpression of EWS/FLI in NIH3T3 murine fi broblasts induced oncogenic 
transformation, measured by anchorage-independent growth in soft agar. This was 
later confi rmed by experiments demonstrating the ability of EWS/FLI-expressing 
NIH3T3 cells to form tumours in mouse xenografts [ 80 ,  82 ,  83 ]. Furthermore, studies 
utilizing patient-derived Ewing sarcoma cell lines have shown that disruption of 
EWS/FLI expression by RNA interference (RNAi) and other means results in loss 
of transformation [ 70 ,  84 – 92 ]. Together, these fi ndings clearly indicate that EWS/
FLI is the driver mutation underlying Ewing sarcoma oncogenesis.

   This loss of transformation is accompanied by changes in gene expression, 
including activation and repression of numerous EWS/FLI target genes [ 70 ,  89 , 
 92 – 94 ]. Importantly, when EWS/FLI is reintroduced after being silenced by RNAi, 
the oncogenic expression profi le and transformed phenotype of Ewing sarcoma 
are restored, indicating that EWS/FLI is at the head of an oncogenic programme 
of gene expression [ 70 ,  92 ,  94 ]. Studies show that thousands of genes are either 

  Fig. 15.5    Illustration of the EWS/FLI fusion protein, joining the N-terminal portion of EWS with 
the C-terminal portion of FLI.  PTD  pointed domain,  DBD  DNA binding domain,  Pro  proline-rich 
activation domain,  TAD  Transcriptional activation domain,  RGG  arginine-glycine-glycine motif, 
 RRM  RNA recognition motif,  ZF  zinc fi nger       
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upregulated or downregulated by EWS/FLI, leading to “transcriptional mayhem” 
[ 70 ,  81 ,  95 ]. This dysregulation of EWS/FLI target gene expression has been the 
focus of investigations into the mechanisms by which EWS/FLI drives tumourigenesis, 
and studies have revealed several EWS/FLI-regulated genes that are also required 
for tumourigenesis, including NR0B1, NKX2.2 and GLI1 [ 70 ,  92 ,  94 ,  96 ,  97 ]. 

 The exact mechanisms by which EWS/FLI causes up-regulation of target genes 
is an area of active study. It is known that EWS/FLI alters expression of some genes 
in a direct manner, while it dysregulates other genes indirectly [ 98 ,  99 ]. Nevertheless, 
it has been defi nitively shown that the ability of EWS/FLI to bind DNA is essential 
for Ewing sarcoma oncogenesis [ 79 ]. Chromatin immunoprecipitation experiments 
followed by microarray analysis (ChIP-chip) and deep sequencing (ChIP-seq) 
have clearly demonstrated that EWS/FLI binds to high-affi nity ETS sequences 
(ACCGGAAGTG) [ 63 ,  64 ,  100 ,  101 ]. Interestingly, it was also revealed that EWS/
FLI binds to microsatellite repeats of the sequence GGAA [ 102 ,  103 ]. In fact, bind-
ing of EWS/FLI to microsatellites is required for upregulation of  NR0B1 ,  CAV1 , 
and  GSTM4 ; genes that are critical downstream effectors of EWS/FLI-driven 
tumourigenesis [ 102 ,  103 ]. 

 Furthermore, as previously mentioned, it has been shown that wild-type EWS is 
capable of forming a molecular “velcro”-like polymer that facilitates protein- protein 
interactions between EWS and other proteins, including RNA polymerase II [ 49 , 
 62 ]. The low complexity domain in the N-terminal region of wild-type EWS is 
retained in the EWS/FLI fusion protein, fused to the DNA-binding ETS domain of 
FLI. It is tempting to speculate, therefore, that the DNA-binding domain of FLI acts 
to re-direct the molecular “velcro” of EWS to different loci throughout the genome, 
leading to disruption of regulatory protein complexes and transcriptional activation 
of EWS/FLI target genes. For instance, GGAA microsatellite repeats could facili-
tate EWS/FLI polymerization as multiple DNA sequence repeats could permit 
EWS/FLI to bind in series, forming a scaffold of EWS low complexity domains to 
which coactivator complexes and transcriptional machinery (e.g., RNA polymerase 
II) could bind, thus upregulating that locus. Similarly, such a phenomenon could 
allow EWS/FLI to recruit repressive regulatory complexes to various loci, resulting 
in down-regulation of target genes. This model, while intriguing, remains unproven, 
and further testing will shed light on the true mechanisms underlying EWS/FLI- 
mediated transcriptional dysregulation. 

 EWS/FLI also down-regulates thousands of genes in Ewing sarcoma. This is 
particularly interesting considering the presence of the N-terminal transactivation 
domain of EWS in the EWS/FLI oncoprotein. The mechanisms by which such a 
transactivator-containing transcription factor causes direct repression of genes 
remains another active area of study, and several mechanistic insights have been 
revealed. For instance, it has been demonstrated that a corepressor complex called 
the Nucleosome Remodelling and Deacetylase (NuRD) complex plays an important 
role in repression of EWS/FLI targets. Interestingly, disruption of NuRD complex 
function by vorinostat treatment (a histone deacetylase inhibitor) or RNAi-mediated 
silencing of  CHD4  (a core NuRD component) resulted in de-repression of EWS/
FLI-repressed target genes [ 104 ]. Additionally, inhibition of lysine-specifi c demethylase 1 
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(LSD1) resulted in de-repression of EWS/FLI-regulated target genes. This effect 
was lost upon silencing of EWS/FLI, implicating EWS/FLI-mediated disruption of 
associated epigenetic factors in Ewing sarcoma oncogenesis [ 104 ,  105 ]. Continued 
investigation of these phenomena is likely to generate a clearer mechanistic under-
standing of EWS/FLI-driven up- and down-regulation of target genes, potentially 
providing targets for new and better therapeutics.   

15.5     EWS/ERG 

 In 1993 it was found that a distinct translocation event between the  EWSR1  gene 
and another ETS family member,  ERG  (ETS-Related Gene), also generated a fusion 
protein, termed EWS/ERG [ 38 ]. The t(21;22)(q22.2;q12.2) rearrangement produc-
ing this alternate fusion oncoprotein is present in approximately 10 % of Ewing 
tumours, making it the most common alternate translocation in Ewing sarcoma [ 38 , 
 72 ]. Tumours carrying the EWS/ERG mutation do not carry the EWS/FLI fusion, 
indicating that EWS/ERG likely drives Ewing sarcoma oncogenesis in ways very 
similar to EWS/FLI. Indeed, the DNA-binding ETS domain of ERG is shares 98 % 
amino acid identity with the ETS domain of FLI, and the full-length proteins are 
68 % similar [ 38 ,  106 ]. Furthermore, EWS/ERG-harbouring Ewing sarcoma 
tumours were no different compared to cases of EWS/FLI-containing tumours with 
respect to age at diagnosis, primary site, metastasis, as well as overall and event-free 
survival [ 107 ]. 

 Like EWS/FLI, EWS/ERG induces oncogenic transformation when it is 
expressed in NIH3T3 cells [ 83 ]. Functionally, EWS/ERG is presumed to bind simi-
lar, if not identical, sets of loci as EWS/FLI, likely dysregulating expression of 
target genes in similar ways. This presumption is supported by evidence indicating 
that EWS/FLI and EWS/ERG dysregulate the same core subset of genes when 
introduced into NIH 3T3 cells, although these results must be interpreted cautiously 
considering the inaccuracies of this model [ 70 ,  108 ].  

15.6     EWS/ETV1, EWS/ETV4, EWS/FEV 

 In addition to EWS/FLI and EWS/ERG, other EWS/ETS translocations have also 
been described in Ewing sarcoma. These alternate rearrangements result in the 
fusion of the  EWSR1  gene with  ETV1  (ETS variant gene 1),  ETV4  (ETS variant 
gene 4) and  FEV  (fi fth Ewing sarcoma variant) (Table  15.1 ) [ 35 – 37 ,  39 ]. Each of 
these additional fusion proteins occurs in <1 % of all Ewing sarcoma cases, making 
them exceptionally rare. Being members of the same family of transcription factors, 
ERG, ETV1, ETV4 and FEV are all highly similar, particularly in their ETS DNA- 
binding domains. In fact, ETS domains of FLI, ERG and FEV are 98 % similar. 
ETV1 and ETV4 are also similar to other ETS proteins, but are more similar to each 
other because they have identical DNA-binding domains. 
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 These rare alternate fusions have been less well studied than EWS/FLI. However, 
their structural similarities suggest that they share much of the same oncogenic 
functions required for Ewing sarcoma tumourigenesis. Indeed, the mutually exclu-
sive nature of these different types of EWS/ETS fusions suggests that they may be 
largely interchangeable. Notwithstanding the relative paucity of data regarding 
these uncommon rearrangements, some functional differences have been observed 
in experiments utilizing NIH3T3 cells. Using this model, it was shown that EWS/
FLI, EWS/ERG and EWS/FEV were capable of inducing anchorage-independent 
growth in soft agar assays, whereas EWS/ETV1 and EWS/ETV4 were incapable of 
inducing such transformation [ 108 ]. Interestingly, each fusion protein enabled 
tumour formation by NIH3T3 cells in murine xenografts. The mechanism and 
relevance of these differences remain unknown. It has also been suggested that 
EWS/FEV, EWS/ETV1 and EWS/ETV4 exist predominantly in extraosseous Ewing 
sarcoma [ 109 ]. However, insuffi cient data exists at the present time to draw any 
defi nitive conclusions about this potential correlation. It is also unknown whether 
these different fusion proteins have any signifi cance with regard to outcome.  

15.7     FUS/ERG and FUS/FEV 

  EWSR1  is the founding member of the FET ( FUS ,  EWSR1 ,  TAF15 ) family of RNA- 
binding proteins involved in Ewing sarcoma translocations. However, in rare 
instances, other members of the family are involved. Chromosomal rearrangements 
between  FUS  (also known as  TLS ) and  ERG  or  FEV , both ETS family member 
genes, have been identifi ed in rare cases of Ewing sarcoma [ 110 ,  111 ]. 

 The FUS protein has a similar domain structure to that of EWS, containing an 
N-terminal transactivation domain with SYGQ repeats, and C-terminal RGG and 
RRM motifs (Fig.  15.5 ). Considering these shared structural features, it is likely 
that FUS/ETS fusions drive oncogenesis via mechanisms similar to those utilized 
by EWS/FLI. However, this hypothesis has not been thoroughly tested, in large part 
due to the relative scarcity of these alternate chromosomal rearrangements. 
Nevertheless, some functional similarities have been observed. For instance, both 
EWS/FLI and FUS/ERG have been shown to disrupt RNA splicing by similar 
mechanisms [ 112 ]. Expression of insulin-like growth factor 1 ( IGF1 ) is also induced 
by several FET/ETS fusion proteins, including FUS/ERG [ 113 ]. However, these 
data must be interpreted with some caution as they are based largely on murine 
cells, which may lack some features important for EWS/FLI function [ 114 ]. 

 Currently, only FUS/ERG and FUS/FEV fusions have been described, but it is 
possible that other FET/ETS fusions could exist in Ewing sarcoma. However, such 
instances would be exceedingly rare. The uncommon nature of such alternate 
fusions makes it diffi cult to elucidate whether specifi c rearrangements have impor-
tant implications for prognosis, probability of relapse, or other factors. As men-
tioned before, these alternate translocations do pose a potential complication for 
molecular diagnosis of the disease, as a tumour that appears negative for all known 
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translocations may harbour an oncogenic FET/ETS rearrangement that has not yet 
been characterized and thus evades detection. These fusions are so scarce, however, 
that only a small minority of patients would be impacted by such a scenario.  

15.8     “Ewing-Like Sarcomas” and Their Translocations 

 The existence of multiple alternate chromosomal rearrangements in Ewing sarcoma 
raises the question of how best to molecularly defi ne the disease. In general, histo-
pathological features and patient presentation give good pre-test probability for 
diagnosis, and defi nitive diagnosis commonly given by detection of CD99, a cell 
surface marker found on most Ewing sarcoma cells [ 115 ]. Biopsies are often 
subjected to molecular tests detecting the presence of the t(11;22)(q24.3;q12.2) 
translocation. Presence of EWS/FLI transcript are detected with RT-PCR, and 
translocations involving  EWSR1  are detected via breakapart FISH assays. These 
methods will detect almost all known FET/ETS chromosomal rearrangements in 
Ewing sarcoma. However, a family of tumours exists in which non-FET/ETS 
fusions are present (Table  15.3 ). These cancers are termed “Ewing-like sarcomas”.

   One such “Ewing-like” tumour was fi rst reported in 2009 as a new t(20;22)
(q13;q12) rearrangement between  EWSR1  and  NFATC2  (nuclear factor of activated 
T-cells, cytoplasmic, calcineurin-dependent 2) [ 116 ]. The wild-type NFATC2 
protein is a member of the NFAT family of transcription factors and is a key player 
in T-cell and neuronal development. NFATC2 binds DNA cooperatively with Fos 
and Jun, members of the activator protein 1 (AP1) family of regulatory transcription 
factors [ 117 – 120 ]. Interestingly, ETS proteins and the EWS/FLI fusion protein are 
also capable of cooperative DNA binding with AP1 proteins [ 121 – 123 ]. Also, 
NFAT proteins, like ETS proteins, recognize DNA sequences with a core motif of 
GGAA/T [ 116 ]. Together these fi ndings suggest possible shared mechanisms of 
oncogenesis between EWS/ETS and EWS/NFATC2 fusions. 

  EWSR1  can fuse to a number of other non-ETS proteins to drive formation of 
“Ewing-like” tumours. Another such fusion is EWS/POU5F1 [ 124 ]. POU5F1 (POU 
class 5 homeobox 1) is also known as OCT4 (octamer-binding transcription factor 4), 
and is a transcription factor important for regulating pluripotency of stem cells 
[ 125 – 127 ]. It is thought that this fusion protein functions as an aberrant transcription 

  Table 15.3    Non-FET/ETS 
chromosomal rearrangements 
found “Ewing-like sarcomas”  

 Fusion  Translocation  References 

 EWSR1/NFATC2  t(20;22)(q13;q12)  [ 116 ] 
 EWSR1/POU5F1  t(6;22)(p21;q12)  [ 124 ] 
 EWSR1/SMARCA5  t(4;22)(q31;q12)  [ 133 ] 
 EWSR1/PATZ1  t(22;22)(q12;q12)  [ 134 ] 
 EWSR1/SP3  t(2;22)(q31;q12)  [ 109 ] 
 CIC/DUX4  t(4;19)(q35;q13)  [ 136 ] 
 BCOR/CCNB3  inv(X)(p11.4p11.22)  [ 137 ] 
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factor in these tumours, transcriptionally reprogramming cells and generating an 
oncogenic phenotype. 

 Fusions between  EWSR1  and  PATZ1  (POZ (BTB) and AT Hook Containing Zinc 
Finger 1, also known as  ZSG ) or  SP3  are also found in some “Ewing-like” tumours 
[ 109 ,  128 ]. Both ZSG and SP3 are zinc fi nger-containing transcription factor pro-
teins and, therefore, potentially function by binding DNA and allowing the EWS 
portion of the fusion to dysregulate gene expression profi les, similar to EWS/FLI 
and other Ewing sarcoma rearrangements [ 109 ,  129 ]. Wild-type SP3 also contains 
an inhibitory domain that is lost in the translocation event generating EWS/SP3, 
potentially contributing to its oncogenic function. 

  EWSR1  can also fuse with  SMARCA5  (SWI/SNF related, matrix associated, 
actin dependent regulator of chromatin, subfamily A, member 5), an ATPase found 
in various chromatin remodelling complexes [ 130 – 135 ]. While the EWS/SMARCA5 
fusion protein does not directly bind DNA in a sequence-specifi c manner, it alters 
expression of key target genes perhaps by altering a chromatin remodelling func-
tion. Interestingly, SMARCA5 can function as part of the NuRD complex, which 
plays an important role in EWS/FLI-mediated repression of target genes (discussed 
previously) [ 104 ]. Whether any relationship exists between EWS/SMARCA5 and 
NuRD has not been tested. 

  CIC / DUX4  and  BCOR / CCNB3  fusions have also been described [ 136 ,  137 ]. 
However, it has not been fully determined whether these tumours represent Ewing 
sarcoma, “Ewing-like” sarcoma, or a distinct type of bone sarcoma. More in-depth 
study of the molecular mechanisms underlying these oncogenic chromosomal rear-
rangements must be undertaken to answer this question. Indeed, a clear molecular- 
based defi nition of Ewing sarcoma and its variations may hinge upon achieving a 
clearer picture of how these fusions generate an oncogenic phenotype.  

15.9     Molecular Defi nitions of Ewing Sarcoma 
and Diagnostic Challenges 

15.9.1     Defi ning the Disease 

 The classic diagnostic defi nition of Ewing sarcoma relies largely upon histopatho-
logical features of these tumours, assessed by light microscopy and/or immunohis-
tochemistry [ 138 ,  139 ]. This cancer appears as a small, round cell cancer with 
hyperchromatic nuclei when viewed by light microscopy after H&E staining [ 140 ]. 
Immunohistochemical staining often reveals high levels of CD99 at the cell mem-
brane, and is used as another diagnostic marker of Ewing sarcoma cells [ 115 ,  138 ]. 

 Additionally, the presence of a balanced translocation involving  EWSR1  and one 
of the  ETS  family of transcription factors are considered pathognomonic for the 
disease [ 138 ]. However, as discussed in this chapter, a number of different translo-
cations involving FET family members other than  EWSR1  (e.g.,  FUS ) also exist. 
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Additionally, several “Ewing-like” cancers have been found with fusions of EWSR1 
to non-ETS proteins. These alternate molecular lesions, rare as they may be, add 
complexity to the question of how to properly defi ne this disease and its variations. 

 Generally, Ewing sarcoma can be broadly subdivided into three groups, based on 
the type of translocation present in the tumour cells: (1)  EWSR1 / FLI1  and function-
ally similar translocations (i.e., FET/ETS fusions), (2) non-FET/ETS fusions 
(e.g., EWS/SMARCA5), and (3) totally distinct translocations (e.g.,  CIC / DUX4 ). 
Furthermore, tumours of EWS/FLI and other FET/ETS fusions (e.g., EWS/ERG) 
can be considered classic Ewing sarcoma, while rarer, non-FET/ETS fusions and 
distinct translocations can be generally termed “Ewing-like” sarcomas. These defi -
nitions provide a useful categorical structure for the various molecular lesions 
driving oncogenesis in these tumours, but defi nitions will be continuously refi ned as 
our understanding of the molecular mechanisms of this disease expands. 

 Accurate and useful defi nitions are important insomuch as they may assist in 
grouping patients in clinically useful ways, such as into groups receiving different 
treatments or with different prognoses. These goals are especially challenging 
 considering the rarity of non-EWS/FLI fusion variants, and little variation currently 
exists in the clinical management of different types of fusions.  

15.9.2     Challenges of Molecular Diagnosis 

 The existence of alternate chromosomal rearrangements has clear implications for 
the diagnosis of Ewing sarcoma. Current diagnostic methods utilized to identify the 
EWS/FLI fusion may not identify the less common translocations. For instance, 
breakapart FISH (fl uorescence in situ hybridization) probes for  EWSR1  are com-
monly utilized to determine that a translocation involving EWSR1 exists and are, 
thus, useful for detecting the most common rearrangements in Ewing sarcoma 
(i.e., EWS/FLI and EWS/ERG) [ 138 ,  139 ]. This method, however, is unable to 
detect Ewing sarcoma driven by non- EWSR1  rearrangements, such as the rarer 
FUS/ERG and FUS/FEV fusions (Fig.  15.6 ).

   Reverse-transcriptase (RT)-PCR assays have also been utilized to detect the 
fusion transcript [ 139 ]. Such an approach suffers from the same weakness as the 
EWSR1 breakapart FISH assay in that it is unable to detect transcripts of all possi-
ble gene fusions. For instance, primers designed to amplify specifi c  EWSR1 / FLI1  
fusions will not anneal to  EWSR1 / ERG  or other alternate transcripts. Despite this 
weakness, one potential benefi t to using a PCR-based assay is the ability to detect 
specifi c breakpoints, although this may not be clinically useful, as discussed earlier 
[ 75 ,  76 ,  78 ]. 

 Hence, the rare cases of Ewing sarcoma driven by alternate translocations may 
theoretically result in delayed or incorrect diagnosis in uncommon cases. Clearly, 
the correct diagnosis of Ewing sarcoma must not rely on one single test but rather 
on a collection of various criteria, including patient presentation, imaging studies 
(e.g., X-ray, CT, MRI), histopathology, and pathognomonic molecular lesions such 
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as EWS/FLI. Such a practice of integrating distinct pieces of data to come to a 
defi nitive diagnosis is the current practice, allowing for prompt and accurate 
diagnosis in almost all cases.   

15.10     Conclusions 

 Although it is rare compared to other malignancies, Ewing sarcoma is a devastating 
disease affecting many young people, resulting in many years of life lost to morbidity 
and mortality. Over the past 30 years, scientists have made great strides in under-
standing the molecular mechanisms underlying this cancer. Nevertheless, the 
increased knowledge gained through studying the cellular and molecular biology of 
this disease has not yet led to improvements in clinical management. Current stan-
dards of care rely on conventional therapies like surgery and chemotherapy, and 

  Fig. 15.6    Diagrammatic representation of a breakapart fl uorescence in situ hybridization (FISH) 
assay for  EWSR1 . Fluorescent red and green probes fl ank the  EWSR1  gene. Intact  EWSR1  with 
both probes appears  yellow . A translocation splits the gene, resulting in split  red  and  green  signals. 
In diploid cells, separate  red  and  green  signals result from the split chromosome, and the normal 
second allele appears  yellow        
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improved usage of these treatment modalities have achieved remarkable success in 
overall survival. No molecularly targeted therapy has been found to be effi cacious 
against Ewing sarcoma, despite increased understanding of the molecular biology 
of the disease. 

 The EWS/FLI fusion protein, and the other fusions found in Ewing sarcoma, 
clearly offer a unique pathogenic feature of this disease that could be targeted. 
However, transcription factors have proven to be extraordinarily challenging targets 
for inhibition, often earning them the epithet “undruggable”. Thus most efforts have 
focused on developing deeper understanding of the functions of critical effectors of 
EWS/FLI-driven oncogenesis. Although progress has been slow, a few promising 
targets have recently emerged [ 141 ]. Future work will continue to pursue a clearer 
understanding of the oncogenic consequences of the chromosomal rearrangements 
discussed in this chapter. Understanding why these translocations drive oncogenesis 
will assist in developing new therapies, likely increasing the odds of survival and 
bettering post-survival quality of life in these patients.     
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  Abstract     Papillary Thyroid Carcinoma (PTC) is the most common thyroid malig-
nancy. The molecular basis of thyroid carcinogenesis has been widely investigated 
in the past years. Approximately 70 % PTCs features BRAF serine/threonine kinase 
point mutation or rearrangement of the RET tyrosine-kinase receptor through intra- 
chromosomal inversions or inter-chromosomal translocations. After the Chernobyl 
accident, the incidence of childhood PTCs increased drastically. This dependence 
on specifi c genetic lesions has highlighted thyroid cancer as an ideal target for 
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molecular inhibition. Recent studies have identifi ed small-molecule ATP- 
competitive of RET protein kinase inhibitors (PKI) as effective at suppressing pro-
liferation of thyroid cancer cells.  

  Keywords     Thyroid carcinoma   •   RET   •    Tyrosine kinase     •   Signal transduction   • 
  Radiations  

16.1         Thyroid Carcinomas 

 The thyroid gland is located on the anterior surface of the trachea at the basis of the 
neck. It is composed of two different cell types: follicular and parafollicular cells. 
Follicular cells are epithelial cells organised in spherical structures called follicles. 
They have the unique property of concentrating iodide, introduced through the diet, 
by an active transport mechanism and incorporate it into the protein thyroglobulin, 
to form iodotyrosines, the precursors of L-tri-iodothyronine (T3) and L-thyroxine 
(T4) (thyroid hormones) which are released into the circulation under the control of 
the hypothalamic-pituitary axis. Parafollicular cells or C-cells, originate from the 
neural crest, are scattered in the interfollicular space and are responsible for the 
production of the calcium-regulating hormone calcitonin. 

 Thyroid neoplasms can derive from follicular cells or from C-cells. Follicular 
cell-derived lesions are broadly subdivided in benign and malignant [ 1 ]. Benign 
thyroid lesions are typically solitary adenomas and are extremely common (up to 
10 % of the general population) [ 2 ]. They can be clinically silent or hyperfunction-
ing (referred to as toxic thyroid adenomas), thereby causing hyperthyroidism with 
increased levels of thyroid hormones. Gain-of-function mutations of TSHR (~80 %) 
and GNAS, encoding GSα, (~20 %) are the most common genetic lesions in func-
tional thyroid adenomas, whereas these genetic lesions do not occur in thyroid 
malignancies [ 3 ]. 

 Malignant thyroid lesions are the most common cancers of endocrine organs 
and represent approximately 1 % of newly diagnosed cancer cases [ 4 ,  5 ], with an 
incidence that is rising more rapidly than any other cancer in the U.S., tripling in 
the last decade [ 6 ]. It is now the eighth most incidental cancer overall and the sixth 
most incidental cancer in women [ 6 ]. Although this may be partly attributable to 
the improved diagnostic methodologies, the incidence of large thyroid cancers 
(>5 cm) is also increasing, moreover population adjusted disease specifi c mortality 
has also increased more than 30 % in the last 10 years [ 6 ]. Cancers deriving from 
follicular cells represent more than 95 % of thyroid cancers whereas only 3–5 % of 
them arise from C-cells. On the basis of histological and clinical parameters, 
malignant follicular- derived lesions are classifi ed into well differentiated 
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 carcinomas (WDC), poorly differentiated carcinomas (PDC), and anaplastic 
 carcinomas (ATC, 2 %) [ 2 ,  7 – 9 ]. Well-differentiated carcinomas represent more 
than 90 % of thyroid cancer cases and are divided in papillary (PTC, 85 %) and 
follicular (FTC, 5–10 %) thyroid carcinomas [ 10 ]. PTC is the most common thy-
roid malignancy. It features a distinctive architectural pattern characterised by a 
branching (papillary) architecture and a peculiar nuclear morphology. PTC is gen-
erally known to display varying histological structures and therefore it is further 
subdivided into subtypes or variants. According to the WHO histological classifi -
cation, these variants include classic papillary, follicular, macrofollicular, solid, 
oxyphilic-cell, clear-cell, diffuse- sclerosing, tall-cell, columnar-cell, cribriform-
morular, and Warthin-like variants. Papillary microcarcinoma is also considered to 
be a separate variant. The solid, tall- cell and diffuse-sclerosing variants of PTC 
have been associated with increased malignancy [ 11 – 15 ]. PTC is more frequent in 
women than men and affects patients 20–50 years old. It can also occur in child-
hood as consequence of accidental or therapeutic radiation exposure. PTC has an 
indolent behaviour, tendency to form metastasis to local lymph nodes and a sur-
vival rate greater than 90 % [ 9 ,  11 ,  16 ]. 

 FTC is less frequent than PTC; pre-operative differentiation of FTC from benign 
adenomas is often a diffi cult task. Well differentiated thyroid cancers are generally 
still capable of concentrating iodide, a feature greatly useful for the therapeutic 
treatment of these tumours and of their metastases with radioactive iodide. PTC 
and, to a less extent, FTC have a good prognosis if properly treated [ 17 ], with a 
predicted death rate over 30–50 years of 1 %. Despite this, there is a recurrence rate 
of 30 % [ 18 ]. However, both PTC and FTC may sometimes show an aggressive 
behaviour and lose the ability to concentrate radioiodine. These types of thyroid 
cancers are referred to as Progressive Metastatic Radioiodine Refractory (PMRR) 
differentiated thyroid cancers. ATC is one of the most aggressive solid tumours in 
humans. It is rapidly fatal, with a mean survival of 6 months after diagnosis [ 19 ]. 
Finally, medullary thyroid carcinoma (MTC) is a rare tumour that arises from thy-
roid parafollicular C cells. Together with pheochromocytoma, parathyroid adenoma 
and other tumour types, MTC can be inherited in the context of autosomal dominant 
MEN 2 (multiple endocrine neoplasia type 2) syndromes (MEN 2A, MEN 2B and 
FMTC) [ 20 ]. 

 At least in some cases, thyroid carcinogenesis may be explained by a multi-step 
model (Fig.  16.1 ). According to this model, well-differentiated tumours (PTC and 
FTC) occur after early initiating events such as  RET / PTC  rearrangements and  BRAF  
mutations or RAS gene mutations and  PAX8 - PPARG  rearrangement [ 21 ], whereas 
additional mutations of genes like   TP53   ,  CTNNB1  and  PIK3CA  lead to ATC [ 22 –
 24 ].   CCND1    overexpression or  CDKN1B / p27  downregulation are implicated par-
ticularly in aggressive WDC subtypes [ 2 ,  7 ,  25 ] (Fig.  16.1 ).
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16.2        Role of RET Tyrosine Kinase in Human Thyroid 
Carcinomas 

16.2.1     Structure of RET 

 The RET oncogene is located on 10q11.2 and encodes a transmembrane receptor 
tyrosine kinase (RTK) with four cadherin-related motifs in the extracellular domain 
[ 26 ].  RET  is normally expressed in the developing central and peripheral nervous 
system and is an essential component of a signalling pathway required for renal 
organogenesis and enteric neurogenesis. It is normally expressed at high levels in 
C-cells, but not in follicular cells [ 27 ]. Glial cell line-derived neurotrophic factor 
(GDNF)-family ligands and GDNF-family receptor α (GFRA1) bind the extracel-
lular domain of RET [ 28 ,  29 ]. Upon binding to ligand, RET dimerises and auto-
phosphorylates various cytoplasmic tyrosines within its intracellular domain. The 
phosphorylated tyrosines thus become binding sites for intracellular molecules con-
taining phosphotyrosine-binding motifs (SH2 or PTB), thereby initiating a diverse 
array of signalling pathways [ 26 ,  27 ].  

  Fig. 16.1    Model of thyroid multi-step carcinogenesis. The genetic lesions associated to thyroid 
carcinomas can affect either proto-oncogenes (gain-of-function mutations) or tumour suppressor 
genes (loss-of-function mutations) ( bold characters )       

 

M.D. Castellone and G. Vecchio



361

16.2.2     RET Rearrangements in Thyroid Papillary Carcinoma 

 The fi rst evidence of  RET  involvement in human cancer was obtained in thyroid 
gland papillary carcinomas [ 30 ]. Three years later, the oncogene was molecularly 
cloned: it was demonstrated that it was a chimeric gene generated by the fusion of 
the 3′  RET  sequences encoding the tyrosine kinase domain with the 5′ terminal 
region of a new gene denominated CCDC6 (formerly called H4). This oncogene 
was named  RET / PTC  [ 31 ]. The chimeric gene was generated by chromosomal 
inversion occurring on chromosome 10, both genes,  RET  and  CCDC6  lying on the 
same chromosome. Following this fi rst rearrangement occurring in PTC’s several 
other chromosomal aberrations involving the  RET  gene have been described. Such 
chromosomal aberrations all give rise to chimeric  RET / PTC  oncogenes, either by 
chromosomal inversion or translocation. Rearrangements have been shown to be 
restricted to papillary type of thyroid cancer [ 32 ,  33 ].  RET / PTC  oncogenes are com-
posed of the tyrosine kinase and COOH tail encoding sequence of  RET  (from exon 
12 to the 3′ end) and fused to the 5′ end of the promoter sequence and 5′ terminal 
exons of heterologous genes possessing protein-protein interaction motifs [ 34 ] 
(Fig.  16.2 ). Intra-chromosomal inversions or inter-chromosomal translocations of 
10q11.2 occur in 2.5–40 % of PTC’s. This provides RET/PTC kinases with dimeris-
ing interfaces, thereby resulting in ligand-independent autophosphorylation [ 7 ]. 
RET/PTC proteins lack the  RET  signal peptide and transmembrane domains but 
retain the kinase domain and most of the autophosphorylation sites, thereby allow-
ing downstream signalling [ 29 ]. By providing an active transcriptional promoter, 
 RET / PTC  rearrangements enable thyroid expression of the chimeric RET/PTC 
oncoproteins. To date, 17  RET / PTC  rearrangements have been described; the break-
point for rearrangement are all located in intron 11 of the  RET  gene (Table  16.1 ). 
The most frequent are  RET / PTC1 , which involves  RET  and  CCDC6  [ 30 ,  31 ,  35 ] and 
 RET / PTC3 , between  RET  and  NCOA4  (Ret-Fused Gene) (also named  RFG ,  ELE1  
or  ARA70 ) [ 36 ,  37 ] (Fig.  16.2  and Table  16.1 ). These oncoproteins induce transfor-
mation and de-differentiation of cultured thyroid cells [ 38 ,  39 ], and thyroid-targeted 
expression of  RET / PTC1  or  RET / PTC3  induces thyroid neoplasms in mice [ 40 ].

    A body of evidence suggests the idea that the  RET / PTC  oncogenes can be caus-
ative in thyroid tumorigenesis and also may represent an early genetic change in 
PTC development. The reported  RET / PTC  prevalence in thyroid tumours varies 
greatly in different reports [ 10 ,  41 ]. The method to detect  RET / PTC  rearrangement 
is important and it therefore refl ects on the reported prevalence [ 42 ].  RET / PTC  
rearrangements have been found also in 10–45 % of thyroid adenomas and other 
non neoplastic lesions and in Hashimoto’s thyroiditis [ 43 – 49 ]. In most popula-
tions,  RET / PTC1  is the most common type of  RET / PTC  as it comprises 60–70 % 
of positive cases, whereas  RET / PTC3  accounts for 20–30 % and  RET / PTC2  and 
other novel rearrangement types for less than 5–10 % [ 50 ,  51 ].  RET / PTC1  is more 
frequently associated with classic PTC and with the diffuse sclerosing variant 
PTC; conversely,  RET / PTC3  is more common in the solid variant and in PTC asso-
ciated to ionizing radiation exposure [ 52 ] (see below Sect.  16.3.3 ). Moreover, at 
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  Fig. 16.2    Structure of RET and RET/PTC rearranged proteins       

    Table 16.1    RET/PTC 
rearrangements in thyroid 
tumors  

 Oncogene  Donor gene  Chromosomal rearrangements 

 RET/PTC1   CCDC6   inv(10)(q11.2q21.2) 
 RET/PTC2   PRKAR1A   t(10;17)(q11.2;q23) 
 RET/PTC3   NCOA4   inv(10)(q11.2q11.2) 
 RET/PTC4   NCOA4   inv(10)(q11.2q11.2) 
 RET/PTC5   Golgas   t(10;14)(q11.2;q32) 
 RET/PTC6   TRIM24   t(7;10)(q34;q11.2) 
 RET/PTC7   TRIM33   t(1;10)(p13.2;q11.2) 
 RET/PTC8   KTN1   t(10;14)(q11.2;q22.3) 
 RET/PTC9   RFG9   t(10;18)(q11.2;q21–22) 
 ELKS/RET   ERC1 / ELKS   t(10;12)(q11.2;p13.3) 
 PCM1/RET   PCM1   t(8;10)(p22;q11.2) 
 RFP/RET   TRIM27   t(6;10)(p22.1;q11.2) 
 HOOK3/
RET 

  HOOK3   t(8;10)(p11.21;q11.2) 

variance from  BRAF  (see below),  RET / PTC  is not a negative prognostic factor for 
PTC [ 14 ]. So far no consensus concerning the clinical prognostic value of the pres-
ence of a  RET / PTC  rearrangement, either  RET / PTC1  or  RET / PTC3 , has been 
reached [ 41 ]. Some evidences exist suggesting that PTCs with  RET / PTC1  rear-
rangements are associated with a more favourable behaviour [ 53 ], while those har-
bouring a  RET / PTC3  rearrangement may be more aggressive [ 54 ,  55 ].  RET / PTC  
oncogenes are detected with a high frequency in clinically-silent small PTC, 

 

M.D. Castellone and G. Vecchio



363

 confi rming that they can be early events in thyroid tumorigenesis [ 21 ]. Moreover, 
the evidence that  RET / PTC -transgenics develop PTC proves that  RET / PTC  onco-
genes are able to initiate thyroid carcinogenesis [ 40 ]. On the other hand, the low 
prevalence of expression of RET/PTC oncoproteins in PDC and ATC suggests that 
they do not play a prominent role in thyroid tumour progression [ 32 ,  51 ]. 

 Interestingly, most of the  RET  partner genes are represented by genes with a 
tumour suppressor function, suggesting how  RET / PTC  rearrangements might cause 
a genetic double hit, inducing simultaneously the gain of RET oncogenic activity 
and the knockdown of the  RET  partner gene. CCDC6, involved in  RET / PTC1  rear-
rangement, is a ubiquitously expressed 65 kDa protein that displays proapoptotic 
activity and is involved in  ATM  -mediated cellular response to DNA damage [ 56 , 
 57 ]. The PRKAR1A gene, involved in  RET / PTC2  rearrangement, encodes for a 
bona fi de tumour suppressor gene [ 58 ,  59 ].  NCOA4 , involved in  RET / PTC3  variant, 
encodes a 70 kDa protein that when overexpressed in prostate cancer cells reduces 
cell proliferation and whose expression is reduced in aggressive prostate and breast 
cancers, thus suggesting that this gene may function as a suppressor of tumorigen-
esis [ 60 – 62 ].  TRIM24  (also known as HTIF1), the  RET  fusion partner in  RET / PTC6  
[ 63 ] shows frequent genetic aberrations in human hepatic cell carcinoma, strongly 
suggesting its role as a tumour suppressor gene [ 64 ,  65 ] (Table  16.1 ). 

 In addition to  RET / PTC , chromosomal rearrangements involving  NTRK1  and 
 BRAF  genes, as well as other gene rearrangements, also occur in papillary thyroid 
carcinomas, although with a signifi cantly lower prevalence [ 66 ,  67 ]. As a result, 
papillary thyroid carcinoma represents a good model to study the mechanisms of 
chromosomal rearrangements in solid tumours [ 68 ].  

16.2.3     Signal Transduction Mediated by Normal 
and Oncogenic RET Tyrosine Kinase 

 As a member of the tyrosine kinases receptor family (RTK), and thanks to its intrin-
sic kinase activity, RET activates many intracellular signalling pathways. Upon 
binding to ligand, it dimerises and autophosphorylates various cytoplasmic tyro-
sines. The phosphorylated tyrosines thus become binding sites for intracellular mol-
ecules containing phosphotyrosine-binding motifs, thereby initiating several 
signalling pathways [ 26 ]. The RET intracellular domain contains at least 12 auto-
phosphorylation sites, 11 of which are maintained in RET/PTC proteins [ 69 ]. 
Tyrosines 900 and 905 (Y900, Y905) map in the kinase A-loop. These tyrosines are 
essential for RET activation in intact cells [ 70 ], although recent biochemical data 
showed that conformational change of the A-loop is not essential for RET kinase 
activation [ 71 ]. Y905 acts also as a binding site for GRB7 and GRB10 adaptors [ 72 ] 
and mediates binding of SH2B1b, a protein that, by obstructing the NSFL1C/SHP1 
tyrosine phosphatase, enhances RET phosphorylation [ 73 ]. 
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 Y1015, a docking site for phospholipase Cγ [ 74 ], is essential for RET function 
during kidney development probably by SPRY (Sprouty) gene activation [ 75 ], and 
for RET/PTC transforming activity [ 74 ]. Y981 is a binding site for SRC [ 76 ]. Y1062 
is essential for RET transforming activity [ 77 – 79 ], and for development [ 75 ,  80 , 
 81 ]. Y1062 acts as a binding site for several proteins, among which SHC1P2/SHC, 
IRS1, IRS2, FRS2, DOK1, DOK4, DOK5, and PDLIM7/Enigma, which in turn 
lead to stimulation of the RAS/MAPK and phosphatidylinositol-3- kinase 
(PIK3CA)/AKT1 pathway [ 82 ]. Binding to SHC1P2/SHC and FRS2 mediates 
recruitment of GRB2-HMCES/SOS complexes so leading to GTP exchange on 
RAS and RAS/ERK stimulation [ 83 ,  84 ] (Fig.  16.3 ). Through Y1062, RET medi-

  Fig. 16.3    Signalling pathways activated by RET       
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ates also activation of the small GTPase RAP1GAP [ 85 ]. The DOK4 adaptor plays 
a role in RET-mediated RAP1GAP activation in pheochromocytoma PC12 cells 
[ 86 ]. Both RAP1GAP and DOK4 contribute to MAPK activation [ 85 ,  86 ] (Fig.  16.3 ).

   RET/PTC signals along the ERK pathway [ 78 ,  87 ,  88 ], but other pathways, par-
ticularly the PIK3CA/AKT1 one, may contribute to its biological effects as well 
[ 89 – 92 ]. RET/PTC-mediated activation of PIK3CA/AKT1 and RAS/ERK also con-
tributes to induce tyrosine phosphorylation of CTNNB1, thereby mobilizing the 
fraction associated to CDH1 (E-cadherin) and increasing its free cytosolic and 
nuclear pool [ 93 ] (Fig.  16.3 ). 

 Finally, the activity of RET is controlled at multiple levels by transcription factors 
that regulate receptor and ligand expression [ 94 – 96 ]; by extracellular signalling fac-
tors, such as SRGAP1 (Robo/Slit) [ 97 ] and BMP4 [ 94 ,  98 ]; and by intracellular inhibi-
tors of tyrosine kinase activity like SPRY proteins [ 99 ,  100 ] or PTEN, whose expression 
can suppress GDNF/RET-mediated chemotaxis and kidney development [ 101 ].   

16.3     Effect of Radiation in the Pathogenesis of Human 
Thyroid Carcinomas 

16.3.1     Role of Radiations in Thyroid Carcinogenesis 

 In children, whose thyroid glands are proliferating rapidly [ 102 ] or in adult animals 
with glands stimulated by goitrogens [ 103 ], the cells injured by radiation and with 
abnormal growth potential are able to develop into gross neoplastic lesions. In 1950 
the fi rst epidemiologic study relating external beam radiation exposure and child-
hood thyroid cancer was published [ 104 ]. In Hiroshima and Nagasaki well over 
100,000 people were exposed to external whole-body radiation from gamma rays 
and neutrons. Exposure to fallout from the radioactive isotopes released from the 
explosion was trivial [ 105 ]. The fi rst study concerning the increase of thyroid cancer 
as a consequence of the Japan bombing was reported by Wood [ 106 ]. Conard and 
colleagues reported in 1970 an increased incidence of thyroid tumours in inhabit-
ants of regions affected by a thermonuclear test [ 107 ] and in 1985 another research 
group confi rmed the increase in thyroid cancer in patients with a history of external 
radiation for benign or malignant conditions [ 108 ]. All these studies underline the 
effects of external radiation in the pathogenesis of childhood thyroid cancer.  

16.3.2     The Chernobyl Accident 

 The release of radioiodine in the aftermath of the Chernobyl nuclear plant accident 
in April 1986 led to an unprecedented exposure of the thyroid glands of inhabitants 
of Belarus, Ukraine and Russia. After Chernobyl, millions of people were exposed 
to signifi cant levels of radioactivity from fallout. External whole body radiation was 
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relevant only to those working in or close to the reactor. The radiation from the 
released isotopes was largely beta and gamma radiation. While the whole body 
radiation from the atomic bombs affected all organs fairly evenly, the isotopic radia-
tion from Chernobyl affected organs differently depending on the nature of the iso-
tope and the dose from the fallout was infl uenced by many factors: time, atmospheric, 
dietary and environmental [ 109 ]. Thyroid cancer in young people is a rare disease, 
with an incidence of around 0.5–1.5 cases per million per year [ 110 ]. As early as 
4 years after the accident, the incidence of childhood PTCs in the most contami-
nated region, had increased drastically, exceeding 100 cases per million children per 
year [ 111 – 113 ].  

16.3.3      Molecular Studies on Thyroid Carcinomas Following 
External and Internal Radiation 

 Ionizing-radiations associated PTCs have a high prevalence of  RET / PTC  rearrange-
ments and this genetic lesion has been mechanistically linked to radiation exposure. 
This fi nding is in agreement with results of experiments showing that in vitro irra-
diation is able to originate  RET  rearrangements in cultured human thyroid cells 
[ 114 ,  115 ], as well as in human foetal thyroid tissue xenografts in SCID mice [ 116 , 
 117 ]. The generation of  RET / PTC  rearrangements [ 68 ,  118 ], as well as of another 
rearrangement which can occur in papillary thyroid cancer, i.e., the  TPR / NTRK1  
rearrangement [ 119 ] have also been demonstrated in normal thyroid cultured cells 
after in vitro exposure to radiation. By using the human thyroid cell line Nthy-ori 
3-1, which had been found to harbour  RET / PTC1  after gamma radiation, it has been 
demonstrated that H 2 O 2 , generated during a 5Gy X-ray irradiation, causes DNA 
double strand breaks and contributes to  RET / PTC1  formation [ 120 ]; therefore, the 
oxidative stress derived from H 2 O 2  production could be responsible for occurrence 
of  RET / PTC1  rearrangement [ 120 ]. These studies provide evidence for the direct 
link between exposure to ionizing radiation and generation of  RET / PTC  rearrange-
ment in human thyroid cells [ 118 ].  RET  partner genes  CCDC6  and  NCOA4  are 
located in common fragile sites FRA10C and FRA10G and undergo DNA breakage 
after exposure to fragile site break-inducing chemicals [ 118 ] and, therefore, can 
undergo DNA double strand breaks upon exposure to ionizing radiation. Ionizing 
radiation damages DNA in a variety of ways as a result of either direct energy depo-
sition along the radiation track or by secondary reactive oxygen species produced 
by ionisation of water [ 118 ]. Moreover, in the interphase chromatin of thyroid cells, 
 CCDC6  and  RET  genes frequently overlap. This spatial proximity facilitates genetic 
recombination, giving rise to the CCDC6-RET (RET/PTC1) oncoprotein [ 68 ]. This 
recombination event was fi rst shown for  RET  and  CCDC6  in a study that utilised 
fl uorescence in situ hybridisation (FISH) and three dimensional (3D) confocal 
microscopy and showed that these genes were non randomly located with respect to 
each other in the interphase nuclei of thyroid cells and were much closer than 
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expected, based on their genomic separation [ 38 ,  68 ] (Fig.  16.4 ). This study also 
showed that the proximity between potentially recombinogenic genes was cell type 
specifi c and was not present in some non thyroid cells such as mammary epithelial 
cells. Similar fi ndings have been obtained for  RET  and  NCOA4 , the partners of the 
 RET / PTC3  rearrangement [ 68 ]. In addition, spatial proximity was found to exist 
between the partners of another rearrangement occurring in papillary thyroid can-
cer –  NTRK1  was shown to be closer to its translocation partner,  TPR , in thyroid 
cells but not in lymphocytes [ 119 ]. Propensity of thyrocytes to increase DNA 

  Fig. 16.4    Three-colour fl uorescence in situ hybridisation ( FISH ) showing positioning of  RET  
( green ),  NCOA4  ( orange ) and  HINFP / H4  ( red ) in interphase nuclei of thyroid cells. (a) 2D image 
of a nucleus showing two sets of  RET ,  NCOA4  and  HINFP / H4  signals with one  RET  and one 
 NCOA4  signal positioned close to each other. ( b ) 3D image showing that  RET  and  NCOA4  are 
juxtaposed to each other in the same z plane. ( c ) 2D image of a nucleus showing one  RET  signal 
and one  HINFP / H4 signal  positioned close to each other. ( d ) 3D image showing that  RET  and 
 HINFP / H4  signals are juxtaposed to each other in the same z plane. (For interpretation of the refer-
ences to colour in this fi gure legend, the reader is referred to the web version of the article reported 
in ref.  69 ) (Figure reprinted from Gandhi et al. [ 68 ]. With permission from Elsevier)       
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end- joining activity upon radiation-induced DNA damage may further facilitate the 
occurrence of  RET / PTC  chromosomal rearrangements [ 68 ,  121 ,  122 ].

   Several studies have tried to correlate the pathological structure of the tumours 
found in the area of Chernobyl with the molecular alterations found in the same 
tumours. Initial studies carried out on Belarusian cohorts [ 123 – 125 ], suggested an 
increased frequency of  RET / PTC  rearrangements in radiation induced PTCs in chil-
dren. In a study on Ukrainian cases carried on 106 papillary carcinomas [ 126 ], 20 
cases positive for  RET / PTC1 , 15 for  RET / PTC3  and 1 positive for both rearrange-
ments were found. Essentially similar results were obtained examining different 
Belarusian and Ukrainian cohorts by Thomas and colleagues [ 52 ]. In this study the 
type of  RET / PTC  rearrangement correlated with the tumour morphology;  RET / PTC3  
dominated in the solid subtype and  RET / PTC1  was more common in the classical 
subtype of PTC, in agreement with previous studies on other Chernobyl-related 
tumour cohorts [ 124 ,  125 ,  127 ]. 

 A recent study conducted on 62 PTCs diagnosed in a Ukrainian cohort of patients 
who were less than 18 years old in 1986 and received 0.008–8.6 Gy of I-131 to the 
thyroid, showed that  RET / PTC  rearrangements were most common (35 %), fol-
lowed by  BRAF  (15 %) and  RAS  gene (8 %) point mutations. Two tumours carrying 
 PAX8 / PPARG  rearrangements were also identifi ed. These results provide the fi rst 
demonstration of  PAX8 / PPARG  rearrangements (a rearrangement previously asso-
ciated only with follicular thyroid carcinomas and adenomas) in post Chernobyl 
tumours and support the relationship between chromosomal rearrangement, but not 
point mutations, and I-131 exposure [ 128 ]. In order to establish the exact role of 
radiation in generating fusion oncoproteins a large cohort of post-Chernobyl cancer 
specimens were analysed in a recent study by Ricarte-Filho and collaborators [ 129 ], 
to identify fusion oncogenes possibly acting as driver translocations in this disease. 
The authors demonstrated that 22 out of 26 Ukrainian patients with thyroid cancer, 
who were younger than 10 years of age and living in contaminated areas during the 
time of the Chernobyl accident, harboured fusion oncogenes that arose primarily 
through intrachromosomal rearrangements. Fusion oncogenes, instead, were less 
prevalent in tumours from a cohort of children with paediatric cancers that had not 
been exposed to radiation but were from the same geographical regions. 

 In particular, they fi rst screened the tumours by a candidate gene approach for 
known oncogenic events: this analysis showed that 69 % of the patients examined 
had known rearrangements (15  RET / PTC , of which 6  RET / PTC3 , 4  RET / PTC1 , 2 
 RET / PTC6 , 1  RET / PTC  delta-3, 1  RET / PTC9  and 1  RET / PTC  with unknown part-
ner; 1  TPR - NTRK1  ( TRK2 ); 1  PAX8 - PPARG  and 1  AKAP9 - BRAF ). Five radiation- 
exposed tumours which presented no driver alteration by the candidate gene 
approach were subjected to further analysis for paired-end RNA sequencing. In four 
out of fi ve samples the authors were able to identify novel somatic fusions with 
likely oncogenic properties: one with  CREB3L2 - PPARG , one with acylglycerol 
kinase- BRAF ( AGK - BRAF ) and two with  ETS   variant 6- neurotrophic tyrosine 
kinase receptor, type 3 ( ETV6 - NTRK3 ). This study provides a clear paradigm of 
tumorigenesis driven by fusion oncogenes that activate MAPK signalling in thyroid 
papillary cancers [ 129 ]. 
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 A study conducted on thyroid carcinomas from patients who had received 
 external radiation for benign or malignant conditions showed that, in analogy with 
the Chernobyl cancers, the overall frequency of RET rearrangements in papillary 
carcinomas, was high (84 %). But, in contrast with the results obtained in some of 
the studies carried out in Chernobyl tumours, the most frequently observed chimeric 
gene was  RET / PTC1  instead of  RET / PTC3  [ 130 ].  RET  rearrangements have also 
been found in thyroid carcinoma tissue samples obtained from operations at the 
Semipalatinsk regional hospitals collected between 1986 and 1996, which devel-
oped around the region of Semipalatinsk nuclear testing site in Kazkhstan, in the 
former USSR. Out of 33 tissue blocks examined, 16 showed overexpression of  RET  
mRNA. Of the 16 samples 8 were examined for  RET / PTC  rearrangement. 
Rearrangements of  RET / PTC3  were found in two out of eight samples (25 %), 
whereas no  RET / PTC1  rearrangement was found [ 131 ]. To clarify which gene alter-
ation, chromosomal aberration, or point mutation preferentially occurs in 
 radiation- associated adult-onset papillary thyroid cancer, molecular analyses on 
 RET / PTC  rearrangements and  BRAF  V600E mutation in 71 PTC cases among 
atomic bomb survivors, in relation to radiation dose as well as time elapsed since 
atomic bomb radiation exposure, have been carried out by Hamatani and colleagues 
[ 132 ].  RET / PTC  rearrangements showed signifi cantly increased frequency with 
increased radiation dose. In contrast,  BRAF  V600E mutation was less frequent in 
cases exposed to higher radiation dose.   

16.4      RET  Rearrangements in Cancers Other than Thyroid 

16.4.1     Leukaemia 

 For many years RET activation has been related only to thyroid malignancies. 
Recent reports have opened the possibility that this gene can instead work as an 
oncogene in different systems (Fig.  16.5 ).  RET  rearrangements causing the fusion 
of  RET  tyrosine kinase gene to  FGFR1OP  (fi broblast growth factor receptor 1 
oncogene partner) or  BCR  genes have been recently reported in chronic myelo-
monocytic leukaemia (CMML) [ 133 ]. The two  RET  fusion genes generated by two 
balanced translocations t(10;22) and t(6;10) respectively led to aberrant activation 
of RET and are able to transform haematopoietic cells and drive differentiation 
towards monocytic/macrophage lineage [ 133 ].  RET  fusion to  FGFR1OP  has also 
been very recently described in acute myeloid leukaemia (AML) secondary to pri-
mary myelofi brosis [ 134 ], and a previous report already suggested  RET  overex-
pression in human leukaemic cells as well as upregulation in AML with 
myelomonocytic differentiation [ 135 ,  136 ]. Thus, although with a still unknown 
prevalence, CMML and AML are clearly associated to  RET  activation through 
gene rearrangement.

16 RET and Thyroid Carcinomas



370

  Fig. 16.5    Tumours positive for  RET  rearrangements       
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16.4.2        Lung Cancer 

 Several independent studies have identifi ed  RET  rearrangements in a subset of lung 
adenocarcinomas (about 2 % of NSCLCs), predominantly occurring in never- 
smokers and younger patients and related to a more severe prognosis when com-
pared to EGFR mutation positive cancers. A chromosomal inversion between the 
long and short arms in the centromeric region of chromosome 10 generates a novel 
 KIF5B  (kinesin family member 5B)- RET  fusion gene in these patients [ 137 ].  RET - 
PTC1    ,  RET - PTC3  and  RET - PTC7  fusions were also identifi ed in a smaller percent-
age of NSCLCs [ 138 – 140 ]. The mutually exclusive nature of the RET fusions and 
other oncogenic alterations (EGFR, RAS, ALK) suggest that the   KIF5B - RET    fusion 
is a driver mutation. Moreover, the tumorigenic potential of KIF5B-RET, CCDC6- 
RET and NCOA4-RET has been confi rmed using in vitro and in vivo transforma-
tion assays [ 138 – 140 ]. Also in this case, the transforming capacity is linked to the 
constitutive ligand-independent kinase activity of RET upon fusion with a coiled-
coil domain of the partner gene. Because the growth of the RET positive tumours is 
strongly addicted to RET activity, suppression of RET could be a potent therapeutic 
strategy for patients with  RET  rearrangements.  

16.4.3     Other Cancers 

 A study on chromosomal breakpoints in radiation-transformed epithelial breast cell 
lines has indicated  RET  as a candidate gene. Interestingly these cells express both 
extra-cellular and kinase domain of the receptor, suggesting different mechanism of 
activation than PTC rearrangements [ 141 ]. Moreover,  RET  is overexpressed in 
breast cancers [ 142 ] and targeting RET improves response to therapy [ 143 ,  144 ] 
raising the possibility that  RET  rearrangements could be used as diagnostic/prog-
nostic markers. Interestingly, 20 % of primary peritoneal carcinomas have been 
detected with RET/PTC1 rearrangements [ 145 ]. Finally,  RET  fusions with  KIF5B  
(chromosome 10) and  GOLG5  (Chromosone 14) were also found in about 3 % of 
Spitz naevi and spitzoid melanomas [ 146 ]. The last rearrangement has been also 
described in papillary thyroid carcinomas occurring in children exposed to radioac-
tive fallout from the Chernobyl nuclear accident [ 147 ]. The occurrence of  RET  
fusions early in spitzoid neoplasms suggests that is a driver event in the pathogen-
esis of these tumours (Fig.  16.5 ).   

16.5     Diagnostic and Therapeutic Role of  RET / PTC  
Rearrangements 

 The development of new technologies such as whole genome and transcriptome 
sequencing that can be performed within the time necessary for making therapeutic 
decisions has opened the possibility to identify for each cancer its unique mutation 
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events in order to make the medical therapeutic decision that can be more effective. 
This will especially benefi t those patients whose cancer does not have any known 
cancer driven mutations. The recent identifi cation of  RET / PTC  fusion genes in 
malignancies other than thyroid cancers has opened the possibility to use  RET  
sequencing as a diagnostic tool at least in those cancers that do not contain any 
known driver mutation. The identifi cation of  RET  fusions in NSCLC patients has 
allowed a rapid bench to bedside process leading to the initiation of a prospective 
phase II clinical study for advanced cancer patients using cabozantinib, a multi-
tyrosine kinase inhibitor and potent RET inhibitor. Recently published preliminary 
results are encouraging as they show progression-free disease in all treated patients 
[ 148 ]. 

 RET targeting agents fall in two groups: small-molecules inhibitors targeting the 
ATP-binding site of the intracellular receptor kinase domain [ 149 ] and monoclonal 
antibodies that either interfere with RTK activation or target RTK-expressing cells 
for destruction by the immune system [ 150 ]. Monoclonal antibodies against the 
extracellular domain of RET have been developed with the aim of using them for 
the treatment of medullary thyroid carcinomas, on the surface of whose cells the 
RET protein is expressed and constitutively activated as a consequence of gain of 
function point mutations targeting either extracellular cysteines or various residues 
in the kinase domain [ 151 ]. Several compounds able to target the RET kinase have 
been developed; among them Sunitinib, Sorafenib, Vandetanib and XL-184 are in 
clinical studies in patients with thyroid cancer [ 27 ,  152 ,  153 ]. In particular, 
Vandetanib demonstrated therapeutic effi cacy in a phase III trial of patients with 
advanced MTC and has been approved by FDA for the treatment of patients with 
locally advanced or metastatic MTC [ 154 ]. TKI’s inhibitors are being tested also in 
differentiated thyroid cancer patients refractory to conventional therapy. The results 
of phase II–III clinical trials conducted so far are promising with a partial response 
ranging from 14 to 49 % and stable disease from 34 to 68 % [ 155 ]. Continuous 
progress in understanding cancer pathogenesis and identifying molecules involved 
in carcinogenesis will lead to development of novel anti-cancer drugs targeting only 
tumour cells while sparing normal cells that could be used as fi rst line therapy as 
well as in patients that are not responsive to conventional treatments.     
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  Abstract     Recurrent chromosomal rearrangements resulting in the fusion of andro-
gen regulated genes with ETS transcription factor family members  ERG  or  ETV1  
are the most common molecular abnormality in prostate cancer. In the ensuing 
decade since this discovery, enormous progress has been made in understanding the 
diversity, biogenesis, and function of ETS gene fusions, both in vitro and in vivo. 
ETS gene fusions and associated co-occurring or mutually exclusive genetic events 
provide a rational basis for the comprehensive molecular subtyping of prostate can-
cer with potential utility for precision medicine approaches. As the most specifi c 
known biomarker in prostate cancer, ETS gene fusions may have utility in tissue 
based diagnosis, risk stratifi cation of precursor lesions, early detection, and distin-
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guishing between clinically aggressive and indolent cases of prostate cancer. While 
the vast majority of recurrent gene rearrangements in prostate cancer involve the 
ETS gene family, additional low frequency fusion events involving known onco-
genes  BRAF ,  KRAS ,  RAF1 , and  FGFR2  have also been described. These rare events 
suggest that small subsets of prostate cancer patients harbour fusion events with 
immediate clinical signifi cance and are candidates for targeted therapy.  

  Keywords      TMPRSS2  :ERG   •    ETS   genes   •   FGFR3   •   RAS/RAF family   •   Early 
detection  

17.1         Discovery of  ETS   Gene Fusions in  Prostate   Cancer 

 While the use of DNA microarrays for global gene expression profi ling to charac-
terize cancer transcriptomes successfully allowed for molecular classifi cation, bio-
marker discovery, and prognostic categorization, this methodology identifi ed 
relatively few causal cancer genes [ 1 – 4 ]. The development of a novel technique of 
DNA microarray interpretation, termed cancer outlier profi le analysis (COPA) 
(Reviewed in [ 5 ,  6 ]), nominated two members of the  ETS   transcription factor fam-
ily,  ERG  and  ETV1 , as high ranking expression outliers in multiple prostate cancer 
profi ling studies [ 7 ]. In all of the prostate cancer samples investigated, overexpres-
sion of  ERG  and  ETV1  was mutually exclusive (i.e. a single tumour sample may 
overexpress either  ERG  or  ETV1 , but never both), suggesting functional 
redundancy. 

 Given that  ETS   transcription factors are driving gene fusion partners in Ewing’s 
sarcoma (most commonly  FLI1 ), the possibility that the high-level overexpression 
of  ERG  and  ETV1  in prostate cancer might similarly result from gene rearrange-
ment was investigated. Exon-walking quantitative PCR demonstrated loss of expres-
sion of the 5′ exons of the respective ETS family member in both  ERG  and  ETV1  
overexpressing prostate cancers, with subsequent 5′-RNA ligase-mediated rapid 
amplifi cation of cDNA ends (5′-RACE) unexpectedly identifying replacement of 
these lost 5′ ends of the ETS gene with sequences from the 5′ untranslated region of 
  TMPRSS2    [ 7 ]. 

 Given that   TMPRSS2    is a strongly androgen regulated gene, this discovery pro-
vided a mechanism for the marked  ETS   gene over-expression seen in prostate can-
cer, where the 5′ promoter elements of  TMPRSS2  are subverted to drive aberrant 
androgen mediated expression of  ERG  or  ETV1 . These gene fusions encode a nearly 
full length ETS transcription factor [ 6 ,  8 ] with the 5′ partner rarely encoding trans-
lated sequence (akin to   IGH    mediated over-expression of   MYC    in Burkitt’s lym-
phoma), as shown in Fig.  17.1 .

   This initial analysis identifi ed  ERG  or  ETV1  rearrangements in approximately 
half of all PSA-detected prostate cancers, making  ETS   family fusions the most 
prevalent gene fusion in human cancer.  
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17.2     Diversity of  ETS   Gene Fusions in  Prostate   Cancer 

 In close to 90 % of prostate cancers harbouring  ETS   gene fusions, the 3′ fusion 
partner is  ERG ; with other  ETS  transcription factors participating at a lower fre-
quency including (in decreasing prevalence)  ETV1  [ 7 ,  9 ],  ETV4  [ 10 ],  ETV5  [ 11 ], 
 ELK4  [ 12 ], and  FLI1  [ 13 ] (Fig.  17.1 ). Interestingly, the ETS family genes involved 
in fusions contain a highly conserved ETS DNA binding domain that is slightly 
divergent from the ETS family members that have not been observed in prostate 
cancer. In contrast to the 3′ partners from ETS gene family, numerous 5′ partners 
have been identifi ed including known androgen driven genes (including   TMPRSS2   , 
 SLC45A3 ,  KLK2 ,  HERV - K _ 22q11.23  and  CANT1 ), as well as one with an androgen- 
insensitive promoter ( DDX5 ), one with a constitutively active promoter ( HNRPA2B1 ), 
and a single case of an androgen-repressed promoter ( HMGN2P46 / C15orf21 ) [ 7 , 
 10 ,  11 ,  14 – 18 ] (Fig.  17.1 ). Unlike other ETS gene members, the  SLC45A3 : ELK4  
fusion represents a read-through event of adjacent genes with no genomic disruption 
generating an oncogenic transcriptional chimaera [ 12 ,  19 – 21 ]. The roster of 5′ part-
ners is still incomplete, and with the emergence of sensitive RNA-seq technology 
the identifi cation of rare, novel 5′ partners will continue [ 19 ,  22 ,  23 ]. 
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  Fig. 17.1    Diversity of recurrent gene fusions identifi ed in prostate cancer. Recurrent chromo-
somal rearrangements leading to gene fusions have been identifi ed in >50 % of PSA-screened 
Caucasian cohorts. The most common 5′ fusion partner is the untranslated region of the androgen 
induced gene   TMPRSS2   . Additional recurrent 5′ fusion partners include other androgen induced 
genes (such as  SLC45A3 ), an androgen repressed gene ( HMGN2P46 / C15ORF21 ) and ubiqui-
tously expressed genes (such as  DDX5 ). The most common 3′ fusion partner is a nearly full length 
ERG gene, a member of the  ETS   transcription factor family. Additional recurrent 3′ fusion partners 
include other ETS genes (such as  ETV1 ), truncated or full length RAS/RAF family members (such 
as  BRAF ) and full length  FGFR2        
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 Despite the broad diversity of  ETS   family gene rearrangements in prostate can-
cer,   TMPRSS2   : ERG  is by far the most prevalent fusion observed, with the large 
majority involving exon 1 of  TMPRSS2  (NM_005656) fused to exon 4 of  ERG  
(NM_004449). The Exon 1  TMPRSS2 : Exon 4  ERG  gene fusion encodes an ERG 
protein product lacking only 4 N-terminal amino acids compared to wild type and, 
like full-length TMPRSS2 [ 14 ,  24 ,  25 ], expression of the fusion gene is androgen 
driven [ 7 ]. The androgen dependent nature of  TMPRSS2 : ERG  gene expression is 
refl ected in the massive overexpression of the ERG protein reported by immunohis-
tochemistry (IHC) in prostate cancer tissue, with similar levels irrespective of the 5′ 
fusion partner, including non- TMPRSS2  5′ partners like  SLC45A3  [ 26 – 29 ]. 

 Additional reported   TMPRSS2   : ERG  splice variants include exons 2, 4, or 5 of 
 TMPRSS2  fused to exons 2, 3, or 5 of  ERG , as well as novel  TMPRSS2  start 
sequences, and fusions with deletions of various internal ERG exons [ 7 ,  30 – 39 ]. As 
is the case with specifi c 5′ fusion partners, the high level of ERG protein expression 
also appears independent of individual  TMPRSS2 : ERG  fusion splice variants [ 27 ]. 
Multiple reports have described associations between specifi c  TMPRSS2 : ERG  
splice variants and various biological phenotypes using model systems; however, 
given that multiple splice isoforms are frequently expressed in a single patient’s 
tumour, the relevance of these fi ndings to human prostate cancer is unclear [ 32 ,  38 , 
 40 – 42 ].  

17.3     Prevalence of  ETS   Gene Fusions in  Prostate   Cancer 

 In the initial report of  ETS   gene fusions from a PSA-screened radical prostatectomy 
cohort,  ERG  or  ETV1  rearrangements were reported in 79 % of cancers using fl uo-
rescence in situ hybridization (FISH) [ 7 ]. Subsequent studies have used a variety of 
techniques to assess the prevalence of ETS gene fusions in prostate cancer, includ-
ing reverse transcription-PCR (RT), FISH, quantitative PCR (qPCR), and more 
recently, IHC. A recent summary of ETS family rearrangements looking across 
10,779 cases from multiple studies report a prevalence of 47 % [ 43 ]. The variability 
in the reported prevalence of ETS rearrangements between studies underscores the 
importance of several factors for assessing for ETS gene fusions, including the 
method of detection, source of specimen, and cohort characteristics (including race/
ethnicity, population vs PSA screened, etc.) and has been extensively reviewed [ 6 ]. 
The method of detection utilised in a study can dramatically infl uence the 5′ part-
ners, 3′ ETS genes, and specifi c gene fusions detected. For example, RT-PCR based 
methods for fusion detection have limited sensitivity for detecting novel 5′ partners 
and can under-report rearrangement prevalence, as was the case with  ETV1  [ 9 ,  30 , 
 33 ,  37 ,  44 ]. Similarly, the development of ERG antibodies for IHC as a robust 
marker of  ERG  gene fusion has facilitated the screening of larger cohorts [ 27 ,  45 ], 
but this approach precludes detection of rearrangements of other ETS family 
members. 
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 Additionally, the method used to obtain tissue can infl uence  ETS   gene fusion 
detection, particularly  ERG  rearrangements. Tissue acquired via transurethral resec-
tion of the prostate (TURP) procedures is primarily from the central portion of the 
gland (transition zone). Multiple studies have demonstrated that transition zone 
tumours consistently have lower rates of  ERG  fusions, from 12 to 18 % [ 46 – 52 ]. 
This suggests that alternative genetic mechanisms drive these tumours compared to 
those found in the outer portion of the gland (peripheral zone), which are typically 
sampled by core needle biopsy after PSA screening and show  ERG  rearrangement 
rates of 40 % or higher [ 29 ,  53 – 55 ]. These differences also confound comparison of 
PSA-screened and population based studies, which are typically composed of 
biopsy and TURP specimens, respectively. 

 Finally, the construction of the cohort studied can profoundly impact the rate of 
 ETS   rearrangement detections. Non-Caucasian patients reliably demonstrate lower 
rates of  ERG  fusions across numerous studies [ 53 ,  56 – 63 ], suggesting that further 
study of diverse demographic groups will likely uncover additional molecular sub-
types of prostate cancer. Recent reports also demonstrate that ETS fusions are more 
frequent in younger patients and those with lower PSA [ 64 ,  65 ].  

17.4     Functional Characterization of  ETS   Gene Family 
Rearrangements 

  ETS   gene expression promotes malignant phenotypes and is critical for prostate 
cancer cell survival. In vitro studies using the VCaP cell line, (which naturally har-
bours the   TMPRSS2   : ERG  rearrangement [ 66 ]), show  TMPRSS2 : ERG  directed 
siRNA inhibits transcription of ETS dependent genes, cell growth, invasion, metas-
tasis and xenograft tumour growth [ 42 ,  67 ]. Forced overexpression of truncated 
 ERG ,  ETV1 ,  ETV4  or  ETV5  in benign immortalised prostate epithelial cells drives a 
unique ETS transcriptional programme promoting cell invasion [ 7 ,  10 ,  11 ,  68 ,  69 ]. 

 In vivo work demonstrates a functional role for  ETS   gene fusions in prostate 
cancer pathogenesis, consistent with its evolutionary selection. Multiple studies 
utilising mice with  ERG  or  ETV1  under androgen regulation exhibit neoplastic pre-
cursor lesions (similar to prostatic intraepithelial neoplasia (PIN) in humans) with 
variable penetrance, but do not develop invasive carcinoma [ 5 ,  9 ,  70 – 76 ]. Combining 
 ERG  or  ETV1  overexpression with deletion of the  PTEN  tumour suppressor results 
in accelerated prostate carcinogenesis in some mice backgrounds [ 71 ,  72 ,  77 ]. 
Similarly, mouse prostate epithelial cells engineered to overexpress  ERG  and the 
androgen receptor ( AR ) form invasive cancer when transplanted into donor mice 
[ 74 ]. Taken together, these fi ndings suggest ETS gene fusions accelerate prostate 
carcinogenesis; however, these model systems do not progress beyond local disease 
preventing investigation of the contribution of ETS genes to metastasis and 
advanced disease. Critically, in human prostate cancer tissues, ETS gene fusions are 
an early event, likely mediating the transition from high grade prostatic  intraepithelial 
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neoplasia (HGPIN) to invasive cancer, and are not observed more frequently in 
advanced compared to localised prostate cancer [ 6 ,  78 – 80 ].  

17.5     MAPK Pathway Gene Fusions in  Prostate   Cancer 

 Signalling via the MAPK pathway is critical for human carcinogenesis with activa-
tion of individual pathway members identifi ed in a wide variety of cancer types. In 
prostate cancer specifi cally, overexpression of RAS in LNCaP prostate cancer cell 
lines promoted an androgen hypersensitive state in vitro and signifi cantly advanced 
tumour growth and progression in xenograft models [ 81 ]. Conversely, abrogating 
RAS signalling restores androgen sensitivity to hormone refractory prostate cancer 
cell lines [ 82 ]. Additionally, large scale integrative genomic profi ling has shown 
that distant metastases of prostate cancer demonstrate signifi cant upregulation of 
MAPK member expression at high frequencies, although mutations at recurrent 
hotspots in  KRAS  and  BRAF  are relatively uncommon [ 83 – 85 ]. 

 In 2010, using paired-end whole transcriptome sequencing, gene fusions involv-
ing  BRAF  and  RAF1  were identifi ed in two  ETS   rearrangement negative prostate 
cancer samples (Fig.  17.1 ) [ 23 ]. One case involved an intrachromosomal rearrange-
ment resulting in the fusion of the untranslated exon 1 of  SLC45A3  as the 5′ partner 
with exon 8 of  BRAF  as the 3′ partner. As noted above,  SLC45A3  is an androgen 
dependent gene known to act as a 5′ fusion partner with multiple ETS family mem-
bers including  ERG ,  ETV1 ,  ETV5 , and  ELK4  [ 9 ,  11 ,  12 ,  19 ,  86 ,  87 ]. This  BRAF  
fusion is therefore under androgen dependent control expressing the presumed con-
stitutively active C-terminal kinase domain of BRAF without the N-terminal Ras 
binding regulatory domain. Expression of the  SLC45A3 - BRAF  fusion gene in 
RWPE cells (human benign immortalised prostate epithelial cells) generates a 
37 kDa protein, resulting in increased proliferation, invasion, and xenograft tumour 
formation, emphasizing the oncogenic potential of this fusion [ 23 ]. 

 The second case identifi ed a balanced reciprocal translocation resulting involv-
ing  ESRP1 , a regulator of mRNA splicing with  RAF1  (or  CRAF ) (Fig.  17.1 ). The 
 ESRP1 - RAF1  fusion brings together exon 13 of  ESRP1  (including its RNA recogni-
tion motifs) with exon 6 of  RAF1  (including the C-terminal kinase domain of 
 RAF1 ). The lack of the N-terminal RAS binding domain again suggests constitutive 
activation of RAF1 kinase activity in the fusion protein, but the functional signifi -
cance of the RNA binding domains from  ESRP1  is unclear [ 23 ]. Interestingly, 
 ESRP1  is not an androgen regulated gene unlike the majority of 5′ fusion partners 
noted in prostate cancer. Furthermore, the reciprocal gene arrangement of  RAF1 - 
ESRP1     was also detected in this patient. Similar to the  SLC45A3 - BRAF  fusion, 
expression of  ESRP1 - RAF1  in RWPE cells generates a 120 kDa fusion protein that 
promotes proliferation and cell invasion in vitro. Additionally, expression of both 
fusion proteins resulted in increased activating phosphorylation of downstream sig-
nalling proteins such as MEK and ERK. 
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 Using break-apart FISH for  BRAF  and  RAF1 , 6 of 349 prostate cancer cases 
showed  BRAF  alterations (5 rearrangements and 1 deletion of the 5′ probe) and 4 of 
450 prostate cancer cases showed  RAF1  disruption (including 1 rearrangement and 
3 deletions of the 3′ probe), suggesting a prevalence of 1–2 % [ 23 ]. Interestingly, 
these additionally discovered cases did not involve  SLC45A3  or  ESRP1 , signifying 
that, similar to  ETS   family rearrangements, this class of gene fusions has a hetero-
geneous group of 5′ partners. This was supported by Beltran et al. who subsequently 
reported an  EPB41 : BRAF  fusion identifi ed through targeted sequencing in clini-
cally localised prostate cancer with Paneth cell–like differentiation [ 88 ]. Likewise, 
 BRAF  and  RAF1  fusions were detected by FISH at 2.5 % and 1.5 %, respectively, in 
a cohort of 218 Chinese men with prostate cancer [ 89 ]. Of note, the vast majority of 
cases with  BRAF  or  RAF1  rearrangements were associated with aggressive clinical 
behaviour and high tumour grade [ 23 ,  88 ,  89 ]. 

 In addition to the low frequency but recurrent rearrangements involving  BRAF  
and  RAF1 , one other very low frequency fusion involving MAPK pathway mem-
bers has been described involving  KRAS  (Fig.  17.1 ). Using the knowledge that sites 
of genetic rearrangement are often secondarily amplifi ed, Wang et al. used an array 
comparative genomic hybridization (aCGH) dataset of ten prostate cancer cell lines 
to identify amplifi cations near putative breakpoints to nominate novel fusion pro-
teins [ 90 ]. Within the prostate cancer cell line DU145, a fusion between exon 3 of 
 UBE2L3  (which encodes for an ubiquitin conjugating enzyme) at the 5′ end and 
exon 2 of  KRAS  at the 3′ side was confi rmed. Overexpression of the  UBE2L3 - KRAS  
fusion induced oncogenic phenotypes in RWPE cells in a MEK/ERK independent 
fashion [ 90 ]. Using both break apart FISH and aCGH breakpoint analysis,  KRAS  
rearrangements were identifi ed in 2 of 62 metastatic human prostate cancer sam-
ples; however, no  KRAS  aberrations were identifi ed in 259 clinically localised pri-
mary tumours. 

 The fusions involving MAPK pathway members are essentially exclusive with 
 ETS   gene family rearrangements. A possible biologic explanation of this phenom-
enon comes from reports demonstrating ETS transcription factors, such as ETV1, 
are activated downstream of RAF/MEK/ERK signalling [ 91 – 94 ], and the fi ndings 
that ETS fusions mimic MAPK signalling [ 69 ], providing a redundant pathway in 
prostate cancer cells. Critically, the discovery of recurrent gene rearrangements 
involving MAPK signalling molecules have generated considerable interest despite 
their low frequency due to the availability of existing FDA approved therapies that 
target these oncogenes (discussed below).  

17.6     Additional Gene Rearrangements in  Prostate   Cancer 

 The proliferation of RNA-seq technology has revealed additional, non- ETS  , non- 
MAPK pathway gene rearrangements in prostate cancer involving a number of loci. 
Whole transcriptome profi ling of Chinese men with prostate cancer (known to have 
a lower prevalence of ETS gene rearrangements compared to Caucasians, discussed 
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above) identifi ed multiple novel fusion events involving  USP9Y - TTY15 ,  CTAGE5 - 
KHDRBS3    ,  RAD50 - PDLIM4 , and  SDK1 - AMACR  [ 95 ]. The  USP9Y - TTY15  fusion 
transcript represents a transcriptional read-through event between adjacent genes 
and produces no predicted open reading frames, leading to speculation that it func-
tions as a long non-coding RNA, a class of molecules that have drawn recent atten-
tion in prostate cancer [ 96 – 98 ]. The high frequency of the  USP9Y - TTTY15 , 
 CTAGE5 - KHDRBS3 ,  RAD50 - PDLIM4 , and  SDK1 - AMACR  fusions in this study of 
Chinese men underscores the decreased frequency of ETS fusions in non-European 
men (which was present in 18.5 % of study patients) and suggests these novel rear-
rangements may have a role in prostate cancer pathogenesis in this population. 
Importantly, however, these fusions have yet to be functionally characterized or 
validated at the genomic level, and numerous chimaeric RNAs have been identifi ed 
in prostate cancer without functional characterization [ 99 ]. 

 The recent discovery of a  SLC45A3 - FGFR2  interchromosomal gene fusion in a 
metastatic prostate cancer patient arose from an integrative, comprehensive clinical 
sequencing project named MI-ONCOSEQ [ 100 ,  101 ].  SLC45A3 , as discussed 
above, is an androgen responsive gene and frequently acts as a 5′ fusion partner for 
  ETS    and  BRAF  fusions in prostate cancer. Oncogenic point mutations and amplifi -
cations of  FGFR2  have been associated with breast, gastric, colon, endometrial, and 
ovarian cancers [ 102 ]. Similar to ETS family rearrangements, the  SLC45A3 - FGFR2  
fusion is predicted to drive expression of full-length FGFR2 from the untranslated 
exon 1 of  SLC45A3  in an androgen dependent manner (Fig.  17.1 ). Supporting this 
fi nding was the outlier expression of  FGFR2  noted in this case compared to a cohort 
of 84 other prostate cancer specimens [ 101 ]. Outlier expression of  FGFR2  has been 
noted rarely (≪1 %) in other prostate cancer cohorts [ 103 ], hinting that this fusion 
event may be present at low frequency outside this index patient.  

17.7     Clinical Utility of Gene Rearrangement Status 
in  Prostate   Cancer 

 Given the extraordinary specifi city of  ETS   gene rearrangements for prostate cancer, 
they have been extensively evaluated as possible biomarkers for use in the clinical 
setting as well as a possible therapeutic target. However, due to the fact that gene 
fusions appear in ~50 % of prostate cancer foci, there are obvious limits to their 
sensitivity as a biomarker. It is also important to consider that prostate cancer is 
typically multifocal, and the presence of a gene fusion can be variable across tumour 
foci, as they are genetically distinct clones. Despite these caveats, many studies 
have investigated the application of gene rearrangement status in use for early dis-
ease detection, diagnostic adjuncts, and risk stratifi cation. 

 In contrast to PSA, the products of  ETS   gene fusions are not secreted and, there-
fore, not detectable in serum. However,   TMPRSS2   : ERG  transcripts can be identifi ed 
in the urine of men with prostate cancer following digital rectal exam [ 104 – 115 ]. 

A.S. McDaniel and S.A. Tomlins



389

The detection of such a highly cancer specifi c in a noninvasive setting makes 
 TMPRSS2 : ERG  detection in the urine an appealing target for use in screening/early 
detection of prostate cancer. 

 The development and validation of a clinical grade, transcription mediated 
amplifi cation (TMA) based assay for   TMPRSS2   : ERG  in whole urine following digi-
tal rectal exam found that higher levels of urine  TMPRSS2 : ERG  were associated 
with negative prognostic indicators for prostate cancer including increased tumour 
size, high Gleason score at prostatectomy, and upgrading of biopsy Gleason grade 
at prostatectomy [ 112 ]. This test yields a  TMPRSS2 : ERG  continuous score (urine 
 TMPRSS2 : ERG  transcript number/urine  PSA  transcript number) for dynamic and 
quantifi able detection of  TMPRSS2 : ERG  transcripts, similar to the clinically 
 available Progensa PCA3 test [ 116 ]. Combining the TMA based  TMPRSS2 : ERG  
assay with urine  PCA3  improved the ability of the  Prostate   Cancer Prevention Trial 
risk calculator (PCPTrc) to identify men with prostate cancer who were biopsied 
following urine testing [ 112 ]. Similarly, the urine  TMPRSS2 : ERG  level, urine  PCA3  
level, and PSA density were all correlated with prostate cancer on follow up biopsy 
presence of cancer on biopsy in a multivariate model, with nearly equivalent areas 
under the curve (AUC) for TMPRSS2:ERG (0.67) and  PCA3  (0.66) [ 114 ]. Lin et al. 
likewise found that both urine T2:ERG and PCA3 may have utility in risk prediction 
for men on active surveillance [ 117 ]. Young et al. compared the urine  TMPRSS2 : ERG  
levels with the tissue expression of ERG in matched prostatectomy specimens via 
immunohistochemistry, showing that urine score was strongly correlated to the total 
volume of tumour expressing ERG and to the number of foci present expressing 
ERG [ 118 ]. Taken together, these data support the cancer specifi city of urine 
TMPRSS2:ERG, and when combined with  PCA3 , provides improved ability to 
identify men with prostate cancer compared to existing prediction models. 

 Diagnosis of prostate cancer is typically made by a surgical pathologist review-
ing core biopsies using cytological and morphological features of glandular cells to 
determine the presence of carcinoma. In certain situations, the morphologic evi-
dence for carcinoma is qualitatively or quantitatively insuffi cient, and immunohis-
tochemistry is used as a diagnostic adjunct. Most commonly, antibodies to AMACR, 
an androgen responsive protein overexpressed in most prostate cancers [ 3 ], and 
markers of basal cells (such as p63 and high molecular weight cytokeratin), which 
are typically lost in cancer foci, are used. Although useful for aiding in prostate 
cancer diagnosis, these markers can be aberrantly expressed in benign glands, car-
cinoma mimickers, and can be absent in carcinoma (in up to 20 % of cases) [ 119 –
 122 ]. Many studies have investigated ERG immunohistochemistry as a diagnostic 
aid and have demonstrated positive ERG staining to be at least 99.99 % specifi c for 
prostate carcinoma, with exceptionally rare staining in benign glands, which are 
nearly always in close proximity to ERG positive carcinoma (Fig.  17.2 ) [ 26 – 29 ,  45 , 
 47 ,  54 ,  55 ,  123 – 126 ].

   High grade prostatic intraepithelial neoplasia (HGPIN), an entity where cyto-
logically atypical cells line architecturally normal glands, is the presumed precursor 
to prostate cancer and can be diffi cult to distinguish from invasive carcinoma in the 
biopsy setting [ 127 ]. While almost all cases of HGPIN express AMACR [ 120 ,  128 ]; 
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ERG staining is positive in only 15 % of cases, these ERG positive glands are nearly 
always located adjacent to   TMPRSS2   : ERG  rearranged invasive cancer [ 27 ,  45 ,  53 , 
 54 ,  77 ,  124 ,  129 ,  130 ]. Therefore, in the context of a prostate biopsy with a chal-
lenging focus of atypical glands concerning for cancer, if the diagnosis of HGPIN 
can be excluded, ERG positivity indicates the presence of cancer and is more spe-
cifi c than AMACR/basal cell marker staining [ 29 ]. 
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  Fig. 17.2    ERG immunohistochemistry as a diagnostic adjunct in prostate cancer.  a  Low magnifi -
cation view (40×) of a small suspicious focus on a single core ( red arrow ) from a 12 core prostate 
biopsy. Inset shows high power magnifi cation (400×) highlighting the cytological and architectural 
atypia.  b  Medium power (200×) view of suspicious focus that was subsequently stained with  c  
ERG as well as  d  PIN-4 cocktail (AMACR, red chromogen; p63 and CK903, brown chromogen). 
The atypical glands in question show strong nuclear staining with ERG and expression of AMACR; 
while basal cell markers are absent ( black arrowheads ); confi rming the diagnosis of prostate 
cancer       

 

A.S. McDaniel and S.A. Tomlins



391

 When HGPIN is encountered in isolation, the risk of carcinoma being present on 
subsequent prostate biopsy is around 25 %, which is not signifi cantly different from 
the risk of cancer on repeat biopsy following a benign diagnosis [ 128 ]. No known 
clinical, demographic, or morphologic features exist than can reliably identify 
which men with isolated HGPIN are at high risk for cancer on follow up. Therefore, 
many urologists will not perform a repeat biopsy based solely the presence of 
HGPIN. The fact that ERG staining of HGPIN appears to only happen when directly 
adjacent to ERG positive carcinoma suggests that ERG positive isolated HGPIN on 
a prostate biopsy likely represents unsampled prostate cancer, and therefore may 
have use in risk stratifi cation of patients with isolated HGPIN. To address this pos-
sibility, Park et al. evaluated prostate biopsies of 461 PSA screened patients with 
isolated HGPIN at baseline and at 12, 24, and 36 months of follow-up as part of a 
randomized, phase III clinical trial [ 131 ]. Fifty one patients (11.1 %) had ERG posi-
tive HGPIN, and this group was more likely to progress to prostate cancer on sub-
sequent biopsy (53 % of ERG positive HGPIN patients developed cancer while 
only 35 % of ERG negative HGPIN patients developed cancer). These fi ndings cor-
relate with a Chinese cohort that also identifi ed a higher incidence of cancer follow-
ing ERG positive HGPIN [ 132 ]. These studies suggest that ERG positive isolated 
HGPIN warrants closer follow-up than ERG negative HGPIN and the fusion status 
can help drive clinical decision making.  

17.8     Gene Fusions as a Basis for Molecular Subtyping 
and Targeted Therapy in  Prostate   Cancer 

 Several studies have now demonstrated that  ETS   positive and ETS negative pros-
tate cancers are indeed distinct molecular subtypes based on mutation profi ling and 
gene expression analysis [ 80 ,  83 ,  85 ,  133 – 135 ]. The ETS negative group of prostate 
cancers include tumours with outlier overexpression of  SPINK1  (encoding a pepti-
dase inhibitor, found in ~10 % of prostate cancers) [ 136 ], loss or inactivation of 
 CHD1  (encoding a chromatin remodelling enzyme, found in ~5 % of prostate can-
cers) [ 137 ,  138 ], and/or mutations in  SPOP  (SPOP is involved in ubiquitin mediated 
degradation, found in 15 % of prostate cancers) [ 83 ,  139 ] as well as MAPK member 
fusions (discussed above, 1–2 % of prostate cancers). While these non-ETS molec-
ular subgroupings are only found in ETS fusion negative tumour foci, they are not 
necessarily exclusive from one another [ 83 ,  84 ,  133 ]. These molecular subtypes 
have been used as a basis for predicting outcome as well as designing therapies. 

 The utility of   ETS    fusions in predicting prognosis is extremely complex, and has 
been recently reviewed [ 6 ]. Novel associations of  ERG  rearrangement status have 
recently been reported in regards to modulating the association between obesity and 
lethal prostate cancer [ 140 ], as well as progression while on active surveillance 
[ 141 ]. In multiple studies, combining  ETS  rearrangement status with status of the 
 PTEN  locus (an important tumour suppressor that is frequently inactivated in pros-
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tate cancer) has been shown to have predictive value in various clinical situations, 
including PSA-screened, prostatectomy treated cohorts as well as incidentally dis-
covered, conservatively managed patients;  ETS  rearrangement negative,  PTEN  wild 
type tumours were shown to have the best prognosis in multiple studies [ 142 – 145 ]. 
As the ability to comprehensively profi le tumours becomes clinically feasible, 
molecular subtyping (utilising  ETS  fusion status;  CHD1 ,  SPINK1 , and  SPOP  status; 
 RAF1 / BRAF  fusion status; and important cancer genes such as  PTEN ,   TP53   , and 
 RB1 ) has the potential to transition prostate cancer from a single clinically hetero-
geneous disease to a collection of distinct diseases defi ned by molecular features 
with separate risk factors, prognostic outcomes and therapeutic approaches. 

 Design of small molecule inhibitors to directly block transcription factors (like 
 ETS   family members) has proven to be challenging [ 146 ]; however, Pop et al. have 
recently reported the discovery of a compound that directly binds ETV1 and inter-
feres with its transcriptional activity (Fig.  17.3 ) [ 147 ].

   Other progress has been reported in targeting  ETS   fusions indirectly through 
interacting proteins such as PARP1 (poly (ADP)-ribose polymerase 1) (Fig.  17.3 ). 
PARP1 initiates the base excision DNA repair pathway activity and is necessary for 
maintaining ETS mediated oncogenic phenotypes in ETS fusion positive cell lines. 
Inhibition of PARP1 using the inhibitor olaparib in an ETS positive context leads to 
cell death via accumulation of DNA damage and leads to reduction tumours size in 
xenograft models [ 148 ]. Further, PARP1 inhibition reverses radiation resistance 
conferred to  ER G overexpression [ 149 ]. Phase I trials of PARP1 inhibitors are 
encouraging [ 150 – 152 ]; and a multi-institutional phase II clinical trial for patients 
with metastatic, castrate resistant prostate cancer (stratifi ed by ETS fusion status) 
evaluating PARP1 inhibition in the context of next generation anti-androgen treat-
ment is underway (NCT01576172). Similar efforts to target additional ETS- 
interacting proteins such as PRKDC/DNA-PK [ 148 ] and USP9X [ 153 ] (Fig.  17.3 ) 
provide a possible avenue to apply precision medicine approaches to the  ETS  rear-
ranged subtype of prostate cancer. 

 Directly targeting gene fusion products with small molecule inhibitors has 
proven to be an effective treatment strategy in certain cancers, as fi rst demonstrated 
through the development of imatinib in chronic myeloid leukaemia [ 154 ]. The dis-
covery of  RAF1 ,  BRAF , and  FGFR2  gene rearrangements in a small subset of pros-
tate cancer identifi es a possible analogous approach for patients with these tumours 
using approved or investigational inhibitors of RAF or FGFR kinase activity or 
downstream targets such as MEK (Fig.  17.3 ). Preclinical data shows the increased 
proliferation, invasion, and colony forming capabilities of RWPE cells overexpress-
ing either  SLC45A3 - BRAF  or  ESRP1 - RAF1  are sensitive to MAPK/MEK pathway 
inhibition [ 23 ]. These results suggest that including these fusions in screening/
molecular subtyping of prostate cancer can identify patients that can benefi t from 
these drugs. Although rare within the context of prostate cancer (1–2 % as discussed 
above), the absolute number of patients that could benefi t is much larger (thousands 
of men in the US each year) due to the overall high prevalence of prostate cancer.  
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  Fig. 17.3    Potential strategies to target gene fusions in prostate cancer. Numerous potential strate-
gies have emerged for treating prostate cancer with  ETS  , RAS/RAF and FGFR2 fusion proteins. 
Androgen receptor inhibition can block production of androgen driven ETS, RAS/RAF and 
FGFR2 fusion proteins. Likewise, chimaeric mRNAs could be targeted by siRNA/
shRNA. Historically, nuclear transcription factors, such as ETS gene fusions, have been consid-
ered undruggable. However, a small molecule capable of directly binding to ETV1 and disrupting 
transcription has recently been reported. Similarly, strategies to target required ERG cofactors, 
such as PARP1, and deubiquitinases, such as USP9X, also show promise. Targeting RAF/RAS 
fusion proteins may be possible by direct inhibitors or targeting obligate downstream targets (such 
as the RAF target MEK). Likewise, FGFR2 fusion proteins may be targetable by direct FGFR 
inhibitors       
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17.9     Summary and Future Directions 

 The discovery of gene fusions in prostate cancer initiated a fundamental shift in the 
understanding of prostate cancer enabling the molecular subtyping of patients and 
providing insight into the underlying biology of this disease. These gene fusions 
have led to improvements in early detection markers, risk stratifi cation, and possi-
ble new therapies. We envision that in the near future, gene fusions and other key 
molecular alterations will be incorporated into routine clinical practice to provide 
more individualised therapy for patients with prostate cancer.  
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  Abstract     Discovery of the  EML4-ALK  fusion-type oncogene had triggered exten-
sive search for tyrosine kinase fusions in lung cancer (and other cancer types), 
resulting in the identifi cation of various  ALK -,  ROS1 -,  RET -,  FGFR1/2/3 - and other 
kinase gene-fusions. Marked therapeutic effi cacy of ALK inhibitors was swiftly 
confi rmed in patients with  ALK -rearranged tumours, and some of the compounds 
are already brought to the clinics. Likewise, specifi c inhibitors for each fusion 
kinase are currently under clinical investigation. Lung cancer is thus one of the 
tumour types that identifi cation of fusion genes has most contributed to improve 
directly the treatment strategies for.  
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18.1         Introduction 

 Lung cancer remains the leading cause of cancer-related deaths worldwide, with 
~1.4 million individuals dying of this disorder annually [ 1 ]. On the basis of patho-
logical characteristics as well as the clinical response to chemo- and radiotherapy, 
lung cancer is subdivided into small cell lung cancer (SCLC) and non–small cell 
lung cancer (NSCLC), the latter of which includes squamous cell carcinoma, ade-
nocarcinoma, and large cell carcinoma. 

 Only a decade or so ago, essentially a single driver oncogene was known for lung 
cancer—mutated  KRAS . Recently, however, remarkable progress has been made in 
our understanding of the genetic alterations that underlie, and in the development of 
new treatment strategies for, lung cancer (mainly NSCLC). First, somatic activating 
mutations of the epidermal growth factor receptor (EGFR) were identifi ed in ~10–
40 % of individuals with lung adenocarcinoma, and specifi c inhibitors of EGFR 
have proved to be effective for the treatment of such individuals [ 2 ]. And second, 
 EML4-ALK  was identifi ed as a fusion oncogene in ~4–5 % of NSCLC cases [ 3 ]. 
This was the fi rst recurrent fusion gene shown to be associated with lung cancer, 
and its discovery, together with that of   TMPRSS2    -   ERG    in prostate cancer, revealed 
the importance of fusion-type oncogenes in epithelial tumours. The identifi cation of 
 EML4-ALK  led to the rapid development of ALK inhibitors as potential therapeutic 
agents, with one such drug, crizotinib, having been approved by the U.S. Food and 
Drug Administration (FDA) only 4 years after discovery of the fusion gene.  EML4- 
ALK   encodes a constitutively active protein tyrosine kinase (PTK) that plays a piv-
otal role in carcinogenesis. Lung cancer cells harbouring this PTK are dependent on 
its activity, such that inhibition of this activity is highly effective in inducing tumour 
cell death. 

 The discovery of  EML4-ALK  and the clinical success of ALK inhibitors have 
become a paradigm for the development and implementation of effective molecu-
larly targeted therapy for cancer. The approach thus requires (1) the identifi cation 
of an essential growth driver, (2) the development of specifi c inhibitors, (3) the 
simultaneous development of companion diagnostics, and (4) the treatment of 
only those patients who harbour the targeted genetic alteration. Since the identifi -
cation of  EML4-ALK , many additional gene fusions have been detected in lung 
cancer (Table  18.1 ), with similar clinical application of these discoveries now 
being under way.
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  Table 18.1    Fusion genes in 
lung cancer  

 Fusion gene  Frequency  Reference 

  EML4-ALK   4–5 %  [ 3 ] 
  KIF5B-ALK   <1 %  [ 9 ] 
  TFG-ALK   –  [ 10 ] 
  STRN-ALK   –  [ 11 ] 
  KLC1-ALK   –  [ 12 ] 
  HIP1-ALK   –  [ 13 ] 
  CD74-ROS1  

     1–3 % 

 [ 10 ] 
  SLC34A2-ROS1   [ 10 ] 
  SDC4-ROS1   [ 27 ] 
  TPM3-ROS1   [ 27 ] 
  EZR-ROS1   [ 27 ] 
  LRIG3-ROS1   [ 27 ] 
  CCDC6-ROS1   [ 28 ] 
  GOPC-ROS1   [ 29 ] 
  KDELR2-ROS1   [ 30 ] 

   KIF5B-RET    

     1–2 % 

 [ 27 ,  33 – 35 ] 
  CCDC6-RET   [ 27 ] 
  NCOA4-RET   [ 36 ] 
  TRIM33-RET   [ 37 ] 

  FGFR3-TACC3   –  [ 11 ,  40 ] 
  FGFR2-CCAR2   –  [ 40 ] 
  FGFR2-CIT   –  [ 28 ] 
  BAG4-FGFR1   –  [ 40 ] 
  MPRIP-NTRK1   –  [ 41 ] 
  CD74-NTRK1   –  [ 41 ] 
  AXL-MBIP   –  [ 28 ] 
  SCAF11-PDGFRA   –  [ 28 ] 
  MAP4K3-PRKCE   –  [ 28 ] 
  BCAS3-MAP3K3   –  [ 28 ] 
  ERBB2IP-MAST4   –  [ 28 ] 
  MARK4-ERCC2   –  [ 42 ] 
  KRAS-CDH13   –  [ 28 ] 
  APLP2-TNFSF11   –  [ 28 ] 
  ZFYVE9-CGA   –  [ 28 ] 

(continued)
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18.2         ALK  Fusions 

18.2.1     EML4-ALK and Other ALK Fusions 

 The  EML4-ALK  fusion-type oncogene was identifi ed with a functional screening 
approach [ 3 ]. The  EML4  (echinoderm microtubule-associated protein–like 4) and 
 ALK  (anaplastic lymphoma kinase) genes are both located on the short arm of human 
chromosome 2 but have opposite orientations, with a small inversion involving the 
two loci, inv(2)(p21p23.2), being responsible for fusion of the two genes (Fig.  18.1 ).

   The EML4 portion of the fusion protein contains a coiled-coil domain essential 
for oligomerization, whereas the ALK portion contains the catalytic domain. The 
constitutive oligomerization of EML4-ALK mediated by the coiled-coil domain 
thus results in constitutive PTK activation and thereby confers transforming ability. 
Most other kinase fusions also include a partner protein that contains an oligomer-
ization motif. 

 The marked oncogenic activity of EML4-ALK was demonstrated in transgenic 
mice. The promoter of the surfactant protein C gene was used to drive the expres-
sion of  EML4-ALK  specifi cally in bronchial alveolar cells. The transgenic mice 
were found to develop hundreds of adenocarcinoma nodules soon after birth, and 
treatment of the animals with ALK inhibitors resulted in eradication of the tumour 
nodules [ 4 ]. Similar data were obtained with another transgenic mouse model, with 
the EML4-ALK–positive tumours also being shown to be sensitive to a heat shock 
protein 70 (HSP70) inhibitor [ 5 ]. 

 The fusion points of  ALK  are located exclusively within intron 19, resulting in 
fusion to exon 20 of  ALK  in the corresponding mRNAs. On the other hand, various 
fusion points of  EML4  have been identifi ed. Given that the coiled-coil domain is 
present at the amino terminus of EML4 (corresponding to exon 2), any in-frame 
fusions that include  EML4  exon 2 will likely generate an oncogenic kinase. Indeed, 
whereas the originally discovered form of  EML4-ALK  was the result of ligation 
between intron 13 of  EML4  and intron 19 of  ALK , many other  EML4  introns are 
potential fusion sites. Although introns 6 and 13 of  EML4  are the “hotspots” for 
fusion, all variants should be screened for clinically, given that they are all sensitive 
to ALK inhibitors [ 6 – 8 ]. 

 Fusion gene  Frequency  Reference 

  TPD52L1- 
TRMT11    

 –  [ 28 ] 

  RHPN2-PEPD   –  [ 42 ] 
  SIRT2-NPHS1   –  [ 42 ] 
  NIPAL3-ATAD3B   –  [ 42 ] 
  UBFD1-CDH11   –  [ 42 ] 
  GRHL2-PTPN12   –  [ 42 ] 
  GLE1-CCBL1   –  [ 42 ] 

  Only in-frame fusion genes are listed  

Table 18.1 (continued)
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 Other  ALK  fusions shown to result from chromosome rearrangement in lung 
cancer include  KIF5B-ALK  [ 9 ],  TFG-ALK  [ 10 ],  STRN-ALK  [ 11 ],  KLC1-ALK  [ 12 ], 
and  HIP1-ALK  [ 13 ]. Whereas  KIF5B-ALK  was confi rmed to be recurrent, the other 
fusions have as yet been described only in case reports.  

18.2.2     Clinicopathologic Features 

 Several large-scale screenings for  ALK  rearrangement have revealed clinical charac-
teristics of lung cancer positive for such rearrangement [ 8 ,  14 ,  15 ]. Individuals with 
lung cancer positive for  EML4-ALK  tend to be never- or light smokers, and their 
tumours are almost exclusively adenocarcinoma (with rare cases of squamous cell 
carcinoma). They also tend to be relatively young at the time of tumour detection, 
with a mean age of diagnosis of around 50 years. Importantly,  EML4-ALK  and 
 EGFR  mutations appear to be mutually exclusive in the vast majority of tumours. 
Lung adenocarcinoma negative for  EGFR  mutations is thus a good target for studies 
of  EML4-ALK . Pathologically,  EML4-ALK –positive tumours often manifest a 
mucinous cribriform or signet-ring cell pattern, although other pathological sub-
types are also observed [ 16 ].  

18.2.3     Crizotinib 

 Crizotinib (previously known as PF-2341066) was the fi rst compound to enter clini-
cal trials for  EML4-ALK –positive NSCLC. It is an orally available competitive 
inhibitor of ATP binding to the PTKs MET and ALK [ 17 ], with median inhibitory 
concentrations of 5–20 nM and 24 nM, respectively. Clinical trials of crizotinib 

  Fig. 18.1     A small inversion within the short arm of human chromosome 2 generates the  
 EML4-ALK   fusion gene . The  EML4  and  ALK  genes have opposite orientations, but a small inver-
sion, inv(2)(p21p23.2), results in their fusion in the same direction.  WD  WD domain,  CC  coiled- 
coil domain,  TM  transmembrane domain       
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have been notable for two characteristics: (1) the companion diagnostic test—a 
break-apart fl uorescence in situ hybridization (FISH) assay for detection of  ALK  
locus rearrangement—was simultaneously developed; and (2) with the application 
of this assay, only NSCLC patients with  ALK  fusions were enrolled. These charac-
teristics made it possible to demonstrate the marked effi cacy of crizotinib in an 
unusually short period of time. 

 The report of the fi rst crizotinib trial revealed an overall response rate of 57 %, 
with an estimated probability of 6-month progression-free survival of 72 % [ 14 ]. 
Major adverse events included visual disturbance, nausea, vomiting, and diarrhoea, 
and severe events included liver toxicity and pneumonitis. On the basis of these data 
(without the results of a phase 3 trial), the U.S. FDA swiftly approved crizotinib in 
August 2011. A subsequent phase 3 study revealed that crizotinib was superior to 
the standard chemotherapies with regard to both response rate and progression-free 
survival [ 18 ].  

18.2.4     Resistance to Crizotinib 

 Whereas crizotinib was found to be highly effective for the treatment of patients 
with  ALK  rearrangement–positive tumours, most such treated patients eventually 
manifest disease relapse. The fi rst study to decipher the resistance mechanisms was 
based on analysis of pleural effusion in a patient who underwent relapse after 
~6 months of successful crizotinib treatment [ 19 ]. Deep sequencing with a next- 
generation sequencer revealed two point mutations—C1156Y and L1196M—within 
the kinase domain of ALK only in the crizotinib-tolerant tumour (Fig.  18.2 ). Of 

  Fig. 18.2     Amino acid changes in the kinase domain of ALK responsible for tolerance to 
crizotinib . Various crizotinib resistance mutations have been identifi ed in the kinase domain of 
ALK in  EML4-ALK –positive tumours.  Arrowheads  indicate the numbers of patients identifi ed for 
each mutation, with those for L1196M (gatekeeper mutation) being shown in  pink        
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note, these two mutations arose not in the same cell clone, but separately in different 
cancer cells present in the same pleural effusion, refl ecting a high mutation rate in 
the cancer genome.

   Several additional mutations—including 1151Tins, L1152R, F1174L, G1202R, 
S1206Y, and G1269A—were separately shown to confer crizotinib resistance on 
cancer cells [ 20 – 23 ]. In total, ~30 % of drug tolerance cases can be explained by 
point mutations, insertions, or deletions in the kinase domain of EML4-ALK. The 
L1196 residue of ALK is the gatekeeper site, corresponding to T790 in EGFR and 
T315 in the PTK ABL, both of which are the most frequent resistance mutation sites 
for the targeted drugs, gefi tinib and imatinib, respectively. 

 Other genetic alterations may also contribute to drug tolerance. Amplifi cation of 
 EML4-ALK  has thus been observed in a small number of cases [ 22 ,  23 ]. Moreover, 
the EGFR signalling pathway has been found to be activated in some crizotinib- 
resistant tumours; in most of these instances, however, the up-regulation of this 
pathway is not due to mutational activation of EGFR [ 23 ], suggesting that increased 
production of ligands for EGFR family proteins or other mechanisms are responsi-
ble.  EGFR  or  KRAS  mutations have also been detected in crizotinib-resistant 
tumours [ 22 ], and amplifi cation of   KIT    has been reported as a mechanism for drug 
tolerance [ 23 ].  

18.2.5     Second-Generation ALK Inhibitors 

 Several second-generation ALK inhibitors—such as alectinib (Chugai), ceritinib 
(Novartis), AP26113 (Ariad), X-396 (Xcovery), PF-06463922 (Pfi zer), CEP-37440 
(Teva), RXDX-101 (Ignyta), TSR-011 (Tesaro) and ASP3026 (Astellas)—have 
been developed in an attempt to overcome the problem of crizotinib resistance. 
These compounds are more potent and more ALK-specifi c compared with crizo-
tinib. Importantly, all of these agents are effective against  EML4-ALK –positive 
tumours that harbour the crizotinib-resistant gatekeeper mutation L1196M. A phase 
1/2 study of alectinib in crizotinib-naïve patients with  ALK  rearrangement–positive 
NSCLC yielded a remarkable response rate of 93.5 % [ 24 ]. On the other hand, the 
response rates for ceritinib and AP26113 in crizotinib-resistant patients were 
reported to be 73 % [ 25 ] and 67 % [ 26 ], respectively. Based on these data, ceritinib 
was approved as a therapeutic drug in U.S. as of April 2014, and alectinib was 
approved in Japan as of July 2014. 

 Variants of EML4-ALK harbouring point mutations that confer crizotinib resis-
tance have been found to exhibit different sensitivities to second-generation ALK 
inhibitors. For instance, EML4-ALK(G1202R) is more sensitive to ASP3026 than to 
alectinib [ 23 ]. Rebiopsy (or serial biopsy) of tumour cells at the relapsed stage thus 
becomes important for selection of the most appropriate drug for a given patient.   
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18.3      ROS1  Fusions 

18.3.1     Types of ROS1 Fusion Proteins 

 Fusion of the ROS1 tyrosine kinase to SLC34A2 or CD74 in lung cancer was dis-
covered by a phospho-proteomics approach in 2007 [ 10 ]. Subsequent analyses 
revealed many additional fusion partners for ROS1 including SDC4 [ 27 ], TPM3 
[ 27 ], EZR [ 27 ], LRIG3 [ 27 ], CCDC6 [ 28 ], GOPC (also known as FIG) [ 29 ], and 
KDELR2 [ 30 ]. Among these various fusion proteins, CD74-ROS1 and SLC34A2- 
ROS1 appear to be the dominant types. The clinical characteristics of lung cancer 
positive for ROS1 fusion are similar to those that are positive for  ALK  rearrange-
ments, with affected patients tending to have adenocarcinoma and an early disease 
onset as well as to be never- or light smokers.  

18.3.2     Targeted Therapies 

 The NSCLC cell line HCC78 harbours the  SLC34A2-ROS1  fusion gene, the protein 
product of which is constitutively activated. ROS1 is as sensitive to crizotinib as is 
ALK, and treatment of HCC78 cells with crizotinib revealed that they are dependent 
on SLC34A2-ROS1 activity [ 31 ]. Furthermore, a patient with ROS1 fusion–positive 
NSCLC showed an almost complete response to treatment with crizotinib [ 31 ]. 

 In addition to crizotinib, many other ALK inhibitors also effectively suppress 
ROS1 activity. Several compounds including crizotinib are thus in clinical trials for 
 ROS1  rearrangement–positive tumours. Mechanisms of drug tolerance in such 
tumours are also currently under investigation. A crizotinib resistance mutation 
(G2032R) in the kinase domain of CD74-ROS1 was identifi ed in an individual with 
relapsed NSCLC positive for this fusion protein [ 32 ]. This mutation in CD74-ROS1 
corresponds to the G1202R mutation in EML4-ALK (Fig.  18.2 ). Further examina-
tion is warranted to determine whether other crizotinib resistance mutations identi-
fi ed in EML4-ALK also arise in ROS1 fusions.   

18.4      RET  Fusions 

18.4.1      KIF5B-RET    and Other  RET  Fusions  

 With the use of different screening systems, four groups almost simultaneously 
identifi ed   KIF5B-RET    as a fusion gene present in 1–2 % of lung adenocarcinoma 
cases [ 27 ,  33 – 35 ]. The two fusion partners both map to chromosome 10, with a 
small inversion involving the two loci giving rise to the gene fusion. Given that the 
KIF5B protein contains many dimerization motifs, various introns of  KIF5B  can 
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potentially serve as the site of fusion with  RET  and thereby generate an activated 
tyrosine kinase. In addition to  KIF5B , other fusion partners of  RET  have been iden-
tifi ed, albeit at lower frequencies, including  CCDC6  [ 27 ],  NCOA4  [ 36 ], and  TRIM33  
[ 37 ]. Most fusion points in  RET  are located in intron 12, with the result that partner 
proteins become directly fused to the intracellular tyrosine kinase domain of 
RET. Similar to NSCLC positive for  ALK  or  ROS1  rearrangement, most  RET  
fusion–positive tumours are adenocarcinomas, have an early onset, and develop in 
individuals who are never- or light smokers [ 27 ,  36 ]. In contrast to  ALK  rearrange-
ment–positive tumours, however, tumour cells positive for  RET  fusions are poorly 
differentiated [ 36 ].  

18.4.2     Targeted Therapies 

 Various RET inhibitors—including cabozantinib, vandetanib, and sunitinib—are 
under investigation for their therapeutic effi cacy in individuals with NSCLC posi-
tive for  RET  fusions. An early study of cabozantinib published in 2013 demon-
strated a partial response in two out of three patients [ 37 ]. Treatment of the 
 CCDC6-RET –positive adenocarcinoma cell line LC-2/ad with vandetanib induced 
apoptosis associated with shutdown of phosphorylation (activation) of the target 
protein kinases AKT and ERK1/2 [ 38 ]. In contrast, knockdown of the fusion protein 
by RNA interference resulted in only partial suppression of the phosphorylation of 
these signalling molecules and did not prevent cell growth. Similarly, whereas the 
kinase inhibitor sorafenib blocked phosphorylation of the RET fusion protein, it 
failed to induce cell death. These results thus suggest that oncogenic proteins other 
than CCDC6-RET are activated in LC-2/ad cells, and that blockade of RET- 
mediated signalling alone may not be suffi cient to exert antitumour activity. Whether 
this situation is LC-2/ad–specifi c or applicable to other  RET  fusion–positive 
tumours should be revealed by clinical trials of RET inhibitors.   

18.5     Other Gene Fusions in Lung Cancer 

18.5.1    FGFR Family Fusions 

 Fusions involving fi broblast growth factor receptor (FGFR) genes are unusual in 
that (1) in most instances, the tyrosine kinase gene is the 5′ partner, not the 3′ one 
(Fig.  18.3 ), and (2) they occur most frequently in squamous cell lung carcinoma. 
The fusion protein FGFR3-TACC3 was originally identifi ed in glioblastoma, with 
the coiled-coil domains of TACC3 replacing the carboxyl terminus of FGFR3 [ 39 ], 
and it was subsequently found to be a recurrent genetic alteration in squamous cell 
carcinoma of the lung [ 11 ,  40 ]. One case positive for FGFR2-CCAR2 and another 
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for BAG4-FGFR1 were discovered for the same disorder [ 40 ]. Another fusion of 
FGFR2, FGFR2-CIT, was identifi ed in lung adenocarcinoma [ 28 ].

18.5.2         NTRK1  Fusions 

 Fusion of the neurotrophic tyrosine kinase receptor type 1 gene ( NTRK1 ) to two 
different 5′ partners ( MPRIP  and  CD74 ) was detected in female never-smokers with 
lung adenocarcinoma [ 41 ]. MPRIP also contains coiled-coil domains, with its 
fusion to the intracellular kinase domain of NTRK1 thus increasing kinase activity. 
Treatment of the  MPRIP-NTRK1 –positive patient with crizotinib (a weak inhibitor 
of NTRK1) resulted in successful disease control, albeit for a short period.  

18.5.3     Other Fusions 

 Other PTK fusion genes identifi ed in lung cancer include  AXL-MBIP  and  SCAF11- 
PDGFRA   [ 28 ]. Of note, the MBIP portion of the AXL-MBIP fusion protein con-
tains leucine-zipper domains, which may function as a dimerization motif. 
Serine-threonine kinase genes have also been found to participate in gene fusions, 
such as  MAP4K3-PRKCE  [ 28 ],  BCAS3-MAP3K3  [ 28 ],  ERBB2IP-MAST4  [ 28 ], and 
 MARK4-ERCC2  [ 42 ]. 

 Various nonkinase fusions have also been discovered, including KRAS-CDH13 
[ 28 ], APLP2-TNFSF11 [ 28 ], ZFYVE9-CGA [ 28 ], TPD52L1-TRMT11 [ 28 ], 
RHPN2-PEPD [ 42 ], SIRT2-NPHS1 [ 42 ], NIPAL3-ATAD3B [ 42 ], UBFD1-CDH11 
[ 42 ], GRHL2-PTPN12 [ 42 ], and GLE1-CCBL1 [ 42 ]. Whether or how these fusion 
proteins contribute to carcinogenesis remains to be determined.   

  Fig. 18.3     Schematic structure of fusion proteins involving FGFR family members . Fusions 
of FGFR1, FGFR2, and FGFR3 are shown.  TM  transmembrane domain,  CC  coiled-coil domain       
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18.6     Concluding Remarks 

 Chromosome rearrangements have been extensively searched for in lung cancer (as 
well as other cancer types) with the use of next-generation sequencers. Many of 
those identifi ed are presumably “passenger mutations,” merely refl ecting chromo-
some instability in cancer cells. However, if a chromosome rearrangement results in 
the fusion of two genes in-frame, and if the fusion involves a protein kinase gene, 
then it warrants further investigation.  ALK  fusions and  ROS1  fusions, for instance, 
are essential growth drivers to which cancer cells become addicted and which are 
ideal targets for the development of therapeutic agents. Nevertheless, other types of 
fusion may also contribute to carcinogenesis, as exemplifi ed by those involving 
transcription factor genes in leukaemia and prostate cancer. 

 As the number of targetable fusion proteins increases, it becomes a demanding 
task in the clinic to diagnose precisely which fusion event has taken place in a given 
tumour. Conventional diagnostics will be challenged in terms of both the time and 
budget required for such a determination. Novel strategies and techniques for diag-
nosis, such as those based on next-generation sequencers, are thus urgently needed. 
Given that a proto-oncogene can be activated by fusion to various partners in differ-
ent tissues, as demonstrated by “ALKoma,” [ 43 ] future diagnostics may override 
the tissue barrier and be uniformly applicable to all human cancers.     
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  Abstract     Two of the fi rst types of cancer genomes analysed, ovarian and colorectal, 
show substantial differences in many key aspects ( e.g . copy number profi les and 
number of point mutant driving lesions) but both now have evidence for structural 
variants that drive these tumours. About ten papers have published one or more 
recurrent drivers in these tumour types with a few important fi ndings. First, there is 
a wide range in the number of structural rearrangements from just a few to hundreds 
per cancer genome. Second, most common rearrangements mirror the patterns seen 
in other tumour types where the exact gene pair is less important than the types of 
genes that are being rearranged. Finally, these tumour types emphasize the com-
plexity of the problem from technical as well as epidemiological perspectives – the 
validation of rearrangements as being recurrent (and thus as likely drivers) remains 
a major challenge.  
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19.1         Introduction 

 High-grade serous ovarian cancer (ovarian cancer) and adenocarcinoma of the colon 
and rectum (colon cancer) are an interesting pair of cancer types to compare and 
contrast in considering structural rearrangements that drive oncogenesis. From a 
clinical perspective, these cancers are quite distinct. Ovarian cancer is nearly always 
identifi ed late in progression with widely disseminated disease throughout the abdo-
men and is lethal in the vast majority of cases. Colon cancer, on the other hand, is 
often identifi ed at an early stage; even as precancerous lesions. Although late stage 
cancer has poor outcomes, the majority of individuals diagnosed with colon cancer 
survive. 

 These two tumours were amongst the fi rst subjected to systematic genomic inter-
rogation involving high-resolution copy number analysis and exome sequencing for 
hundreds of distinct tumours for each type, as well as a more limited whole genome 
sequencing analysis [ 1 ]. Further analysis, particularly as part of the “Pan-Cancer” 
efforts [ 2 ] has highlighted specifi c commonalities and differences between the fi rst 
12 tumour types, examined by  The Cancer Genome Atlas (TCGA)  . Additionally, 
both tumour types have been the focus of more targeted analyses to specifi cally 
identify structural rearrangements, usually through targeted RNAseq to identify 
fusion transcripts that are indicative of underlying genomic rearrangements. 

 A fi rst analysis of structural rearrangements can start with an examination of 
DNA copy number, which might inform us as to the level and prevalence of rear-
rangements in the cancer genome. As can be seen in Fig.  19.1 , ovarian cancer has 
massive numbers of copy number changes while the copy number patterns of colon 
cancer are far more muted. Figure  19.1  emphasizes the large scale copy number 
gains and losses which account for the majority of altered DNA content but the 
minority of all chromosome breakpoints.

   Work preceding TCGA analysed the copy number spectrum of these two dis-
eases, fi nding that there are approximately 30 focal copy number changes per can-
cer genome (focal is defi ned as smaller than a chromosome; median is 1.8 
megabases) in colon cancer and approximately 50 copy number changes per genome 
in ovarian cancer [ 3 ]. The balance between focal gains and losses is quite closely 
matched in both cases. About 20 % of the colon cancer copy number events are 
large (i.e. on the order of a chromosome arm), while 10 % of the ovarian copy num-
ber events are arm-level events [ 3 ]. This result implies there must be a very large 
number of rearrangements in each cancer genome – the amount of focal copy num-
ber changes is a lower bound on rearrangements because it cannot identify copy 
neutral rearrangements nor can it identify very small rearrangements. Analysing the 
public copy number data using the GISTIC analysis from the Broad GDAC (  http://
gdac.broadinstitute.org    ) fi nds that there are 135 copy number breakpoints in colon 
cancer and 360 copy number breakpoints in ovarian cancer, which implies that there 
a very large number of potential functional rearrangements in these cancer genomes. 

 A comparison of the number of signifi cantly mutated genes inferred to be onco-
genic drivers shows far more drivers in colon cancer (32) than in ovarian cancer (6) 
and the prevalence of such drivers is far higher; 4.2 per tumour in colon cancers 
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versus 0.96 per tumour in ovarian cancers, as determined by MutSig2.0 [ 4 ] from the 
July 15, 2014 Broad GDAC Firehose run [ 5 ]. This is important because it should 
fl avour our interpretation of the types of structural rearrangements that might be 
present in a cancer genome, and it might also infl uence their overall frequency. 
Indeed, the Pan-Can analysis of 12 tumour types puts ovarian and colon cancer on 
opposite ends of a spectrum comparing mutations and copy number drivers, colon 
is “M-class” (primarily driven by recurrent point mutations) while ovarian is 
“C-class” (primarily driven by recurrent copy number changes) [ 6 ]. These analyses 
suggest structural rearrangements that create fusion genes might be more common, 
or more important, in ovarian cancer than in colon cancer.  

19.2     Structural Rearrangements 

 Genomic rearrangements are now being systematically identifi ed in whole genome 
studies (see Chaps.   2     and   5    ). It is readily apparent there is substantial variation in the 
number of rearrangements in a cancer genome, with fewer than 10 in some genomes 

  Fig. 19.1    Copy number data for TCGA ovarian serous cystadenocarcinoma (OV) and TCGA 
colon adenocarcinoma (COAD). 569 OV and 427 COAD samples from Affymetrix SNP6 platform 
are shown with blue indicating loss and red indicating gain. The pattern of copy number change in 
colon is quite simple, with most chromosomes showing normal copy number, while the pattern for 
ovarian is much more complicated, with nearly all chromosomes subject to copy number changes. 
Copy number changes were analysed at Broad using Firehose GISTIC 21 pipeline. Publicly avail-
able Level 4 GISTIC 2 data from Firehose (  http://gdac.broadinstitute.org/runs/analy-
ses__2014_04_16/data/COAD/20140416/    ) was used for generating the copy number heatmap 
(Figure reprinted by permission from Macmillan Publishers Limited: Nature, Cancer Genome 
Atlas Network [ 18 ])       
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and on the order of 1,000 in other genomes [ 7 ]. The cause of these rearrangements 
can either be deletions, tandem insertions or translocations [ 7 ]. One of the most 
exciting fi ndings has been that structural rearrangements often involve complex 
rearrangements with many chromosomes involved [ 8 ,  9 ]. In ovarian cancer there is 
evidence for a tandem duplication phenotype [ 10 ].  

19.3     Specifi c Fusions in Ovarian Cancer 

 I start the discussion of specifi c structural rearrangements with ovarian cancer. 
There are only three examples of recurrent rearrangements in this tumour type and 
they are all recent, having been published in just the past few years. 

 The fi rst report of a recurrent fusion transcript in ovarian cancer was of the 
 ESRRA  gene to  TEX40/TEX40  [ 11 ]. The structure of the fusion is shown in Fig.  19.2 .

   Identifi cation of  ESRRA-TEX40  was through a fairly typical fusion gene pipe-
line, analysing RNAseq data from one dozen cases for evidence of discordant gene 
mappings. Of some concern, the initial screening was done in pooled samples, 
which were later tested for evidence of fusions. An appropriate control was that the 
 ESRRA-TEX40  fusion was tested in a substantial number of ovarian cancers from 
distinct research sites (Fred Hutchinson Cancer Research Center, FHCRC and 
British Colombia Cancer Agency BCCA), and while its presence was lower in that 
population, it was independently identifi ed. The preliminary estimate was 7–26 % 
of cases were positive for this fusion. 

 “Nine of the 42 cases screened at the FHCRC and 1 of the 25 cases screened at 
the BCCA were fusion-positive” [ 11 ]. 

  Fig. 19.2    (From Salzman 2011). Fusion transcript of  TEX40/c11orf20  to  ESRRA . ( a ) The genomic 
structure of the  TEX40  and  ESSRA  genes. ( b ) Observed fusion transcripts. ( c ) RT-PCR from indi-
vidual tumours showing presence of the fusion transcripts (Figure reprinted by permission from 
Macmillan Publishers Limited: Science-Business eXchange. Salzman et al. [ 11 ])       
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 RNAseq detects a fusion transcript that merges exon 2 of ESRRA to either exon 
3, 4, or 5 of TEX40. Given the biology of ovarian cancer (an oestrogen-driven 
tumour type), it is suggestive that a close homolog of the oestrogen receptor gene 
( ESR1 ) should be involved. No mechanistic study of the fusion has yet been pub-
lished but the ESRRA-TEX40 story does not end with the fi rst Salzman effort. A 
negative report could not fi nd evidence for the fusion in RNAseq data from 10 ovar-
ian cancers, and no evidence of the fusion could be found in PCR of reverse tran-
scribed cDNA from 230 ovarian cancer cases [ 12 ]. Micci et al. suggest the fact the 
genes are only 11,000 basepairs apart from one another is somehow responsible for 
artifi cially observing the fusion transcript. Allowed to comment, Salzman and col-
leagues reported RNAseq from 420 cases in the TCGA ovarian cancer dataset [ 13 ] 
identifi ed three examples of the  ESRRA-TEX40  fusion. Recalculating the frequency 
of the fusion based on the full set of data it was inferred that while recurrent, the 
fusion has a frequency on the order of 1 % of ovarian cancer cases (Salzman 
et al. 2014,   http://www.plosbiology.org/annotation/listThread.action?root=78349    . 
Response to reference: [ 12 ]). It seems unlikely that the fi nal chapter has been writ-
ten on  ESRRA-TEX40 . 

 The recurrent copy number aberrations in ovarian cancer have long suggested 
some of them might lead to recurrent rearrangements that could not be easily identi-
fi ed in conventional karyotyping. Following up on this idea, it was found 11q13.2 is 
routinely joined to 19p13.2 using spectral karyotyping (SKY) [ 14 ], and in the 
SKOV-3 ovarian cancer cell line, this breakpoint joins the   HOOK2    gene to   SCTN3    
[ 15 ]. Expanding this observation into clinical specimens, fl uorescence in situ 
hybridization (FISH) was used to identify tumours that co-localized these two chro-
mosome bands [ 16 ]. The rearrangement was found in 45 % of all cases they anal-
ysed but it was highly biased toward low/intermediate-grade tumours, not those that 
we would call high-grade serous ovarian cancers [ 16 ]. Further, the boundaries of the 
rearrangement are not clear, meaning that  HOOK2  and  SCTN3  are not always at the 
junctions of the rearrangements. 

 The fi nal effort to identify fusion transcripts created by rearrangements of the 
ovarian cancer genome identifi ed 356 fusion transcript candidates [ 17 ]. The group 
used a similar chimaeric read approach to the Salzman effort; generating RNAseq 
data from seven cases. The group found that 16 candidates had been previously 
identifi ed. The 47 best candidate fusions were selected and 15 of the fusions were 
validated using PCR from cDNA. Six of the fusions are interchromosomal, or long- 
range intrachromosomal events. The other nine fusions involved co-located gene 
pairs in the genome and are likely caused by transcriptional read-through events 
from one gene into the adjacent gene. The six events considered likely to be caused 
by rearrangements in the genome were further validated by RT-PCR in RNA from 
28 additional cancer cases, 10 normal ovarian samples, and 4 normal fallopian tube 
samples. Of the six, just two were restricted to the cancers and four of the six 
involved chromosome 19. 

 Of the two fusions reported in Kannan et al. [ 17 ], one fusing  CDKN2D  to  WDFY2  
was recurrent in 20 % of cases (12 of 60). The fusion is caused by a chromosomal 
rearrangement of chromosome 19 at about 10.6 megabases to chromosome 13 at 
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about 52.2 megabases. Mapping of the breakpoints by long-range PCR in one case 
allowed it to be determined the rearrangement boundaries were not universally 
the same. The protein encoded by the fusion transcript is likely a shortened form of 
the WDFY2 protein. The fusion transcript is expressed in the ovarian cancer cell 
line OV-90, which suggests an easy approach to study its mechanism. 

 Obviously the community has not fully vetted the frequency or impact of the 
rearrangements that have been found, with disagreements as to their frequency and 
meaning. What does seem evident is there are unlikely to be a large number of 
highly frequent aberrations, and the existence of even a small number of frequent 
(say >20 %) rearrangements is in doubt. A distinct possibility is there will be a very 
large number of rare but important drivers, some of which will fall into the class 
of fusions like ESRRA-TEX40, where some reasonable understanding of the biol-
ogy is present. Others will look like 11q13.2-19p13.2, where it is not clear any gene 
fusions are important.  

19.4     Specifi c Fusions in Colon Cancer 

 In comparison to ovarian cancer, there is a larger community working on recurrent 
rearrangement detection in colon cancer, and the community is having better suc-
cess verifying rearrangements detected by other groups. In total, there are at least 
three recurrent gene fusions and the implication of many more functional, but per-
haps more rare, fusions. 

 The fi rst effort to identify rearrangements in colon cancer focused on the use of 
whole genomes sequencing from nine colon cancers [ 9 ]. As was seen in the broader 
analysis [ 7 ], there was a wide range of rearrangements detected in each colon tumour, 
with as few as 5 and as many as 182, for an average of 75 rearrangements each. As these 
rearrangements were detected from ~30× whole genome sequence, exact break-
points could be found, making validation of the rearrangements considerably easier. 
In total, 92 % of all predicted rearrangements were validated by PCR from genome 
DNA. Further, there was ample evidence of complex rearrangements involving 
many chromosomes (Fig.  19.3 ), suggesting issues of tumour contamination by nor-
mal or perhaps, the mechanisms encouraging point mutations are the same as the 
mechanisms facilitating rearrangements. There was a positive correlation between 
the number of somatic substitutions and the number of somatic rearrangements.

   Analysing the specifi c mutations Bass et al. [ 9 ] found, 82 % of the rearrange-
ments are intrachromosomal (just 18 % are interchromosomal), but of the intrachro-
mosomal events, about half were long-range (defi ned as chromosomal regions 
greater than 1 Mb apart). Despite the very large number of rearrangements (>600), 
just 11 were found to cause rearrangements predicted to encode for in-frame fusion 
proteins. The group then screened each of these rearrangements in cDNA from 97 
tumours and found one, a fusion of  VTI1A  to  TCF7L2 , in 3 of the 97 tumours. 
Function of the TCF7L2 fusion is discussed in more detail below. 

 Also using whole genome sequence approaches, TCGA published an analysis of 97 
whole genomes sequenced to approximately 10× clone coverage [ 18 ]. The decrease 
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in sequencing depth is important to recognize – it greatly diminished the power of 
the rearrangement detection. In these 97 whole genomes, just 250 rearrangements 
were detected (range 0–10, mean 2.6). On average, the 3× decrease in sequencing 
depth decreased the power by 30-fold (assuming the true means were equivalent). 
Somewhat surprisingly, the rate of predicted in-frame fusions was much higher, 
with 18 detected (18/250 vs 11/620). Of these 18 in-frame fusions, 3 were predicted 
to fuse  NAV2  to  TCF7L1  (located on chromosomes 11 and 2 respectively). 
Additionally, the TCGA report highlights the potential role of rearrangements in 
gene inactivation events, 21 cases had rearrangements expected to inactivate the 
 TTC28  gene. 

 The fi nal major study in colon cancer utilized RNAseq to identify fusions. The 
Largaespada group sequenced RNA from 68 colon cancers and found 36 recurrent 
rearrangements [ 19 ]. Of those rearrangements, a few were characterized in more 
depth because they were predicted to alter Wnt signalling by altering R-spondin 
regulation. Specifi cally,  RSPO2  was involved in rearrangement in 2 of 68 cases, 
whereas  RSPO3  was involved in rearrangements of 5 of the 6 cases.  

19.5     Functions of Rearrangements in Colon Cancer Genomes 

 The studies from Bass et al. [ 9 ] and from Seshagiri et al. [ 19 ] both characterized a 
few pathways biologically and highlighted how some of these aberrations are likely 
to function. The Bass work indicated TCF7L2 was important (and the TCGA work 

  Fig. 19.3    Complex structural rearrangements in the genome of colon cancer from Bass et al. [ 9 ]. 
Chromosomes are labelled about the copy number plot at the top of the image. A very large num-
ber of rearrangements are found between chromosomes 5 and 11 spread across a large section of 
each chromosomes (lower two panels,  red lines  linking rearrangements) (Figure reprinted by per-
mission from Macmillan Publishers Limited: Nature Genetics, Bass et al. [ 9 ] doi:   10.1101/
gr.4247306    )       
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identifi ed its close homolog TCF7L1), whereas the Largaespada effort identifi ed the 
R-spondins, RSPO2 and RSPO3. 

  TCF7L2  encodes the TCF4 transcription factor, which dimerizes with 
CTNNB1 in to regulate the genes responsible for intestinal epithelial cell 
 differentiation and proliferation. As mentioned, the fusions involving both  TCF7L1  
and  TCF7L2  are predicted to make in-frame fusions that include nearly the entire 
coding sequence of  TCF7L1  or  TCF7L2  [ 9 ,  18 ]. In all likelihood, these fusions are 
functional. The fusion of  VTI1A  to  TCF7L2  is caused by an intrachromosomal dele-
tion, and in the NCI-H508 cell line, this deletion is 540,000 basepairs [ 9 ]. Induction 
of RNA interference-mediated knockdown of  VTI1A-TCF7L2  in NCI-H508 resulted 
in substantial abatement of anchorage independent-growth, strongly implying its 
oncogenic activity (Bass 2011). 

 Following the genomic characterization work, a newer study has added confu-
sion to our understanding of the fusion transcript  VTI1A-TCF7L2 . Nome et al. [ 20 ] 
found a high rate of the fusion transcript in cancer tissue but also a high rate of the 
fusion transcript in normal colon tissues and other normal tissues. Further, the group 
found a frequent chimaeric transcript involving the RP11-57H14.3 gene with 
TCF7L2 (Fig.  19.4 ), [ 20 ], adding even more confusion to our understanding of the 
locus. The RP11-57H14.3 to TCF7L2 fusion is in non-canonical gene order, sug-
gesting either a missed genomic rearrangement or a circular RNA [ 21 ]. It seems 
highly likely TCF7L2 is a functionally important molecule in the biology of colon 
cancer, but there is clearly much more work to understand its regulation – both in 
normal tissues and in cancer.

  Fig. 19.4    TCF7L2 transcript fusions in colon cancer from Nome et al. [ 20 ]. ( top ) Sequence reads 
that support the fusion transcript linking exons 1–4 of  TCF7L2  to exon 3 of RP11-57H14.3. 
( bottom ) The genomic region encoding  VTI1A , RP11-57H14.3 and  TCF7L2  (Figure reprinted 
from Nome et al. [ 20 ])       
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   The R-spondins have very plausible biology associated with colon cancer as they 
are responsible for activation of Wnt signalling, which has long been known to 
regulate colon cancer biology [ 22 ]. The  RSPO  fusions have been analysed in some 
detail. In the initial publication [ 19 ], a fusion of  EIF3E  to  RSPO2  caused by a 
100,000 basepair deletion and a  PTPRK-RSPO3  fusion (both on chromosome 
6q22.2-q22.3) were observed. The  RSPO3  fusion transcript is predicted to encode 
full-length protein. Functional validation of the fusion transcripts indicated that they 
retained function [ 19 ]. A follow-up study by another group found the  EIF3E-RSPO2  
fusion in 2 of 75 cases and the  PTPRK-RSPO3  fusion in 1 of 75 cases [ 23 ].  

19.6     Conclusion 

 Summarizing the biology of the rearrangements in ovarian and colon cancer leads 
us to a fuzzy picture. Structural rearrangements in the genome of ovarian and colon 
cancers are clearly an important component of most, if not all, of the oncogenic 
lesions that cause cancer. Nonetheless, the fi eld is clearly in its infancy, and it is not 
clear if oncogenic rearrangements will be found in just a small fraction of cases or 
in most cases. The evidence to date is admittedly confusing, with high profi le and 
exciting observations fading somewhat when deeply scrutinized. The examples 
identifi ed to date often mirror the biology of the common and more prevalent rear-
rangements. Intrachromosomal rearrangements (either deletions or rearrangements) 
are most common, as in the case of  TMPRSS2  - ERG   in prostate cancer [ 24 ], while 
interchromosomal rearrangements are less common but likely important. Some 
hope the systematic sequencing projects, like TCGA and ICGC, would have fi rmly 
answered such questions, and perhaps they will; but arguably, the sensitivity and 
specifi city of these large projects is not quite where it needs to be to conclude that 
structural rearrangements driving cancer are truly rare. It seems likely, as the tech-
nology continues to improve, the true answer will become clear.     
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  Abstract     Animal models of tumour formation induced by chromosomal transloca-
tions are unique tools to study the consequence and tumourigenic potential of these 
chromosomal abnormalities in a living animal. There are several approaches to gen-
erate mouse translocation models including microinjection into one-cell embryos of 
the translocation or fusion transgene, bone marrow transplantation models for leu-
kaemia/lymphoma, and gene targeting by homologous recombination for specifi c 
expression in chimaeric mice using embryonic stem cells. Other model organisms 
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such as zebrafi sh are also available as alternatives to mice. In addition, new gene 
editing technologies promise to facilitate rapid generation of parallel models of 
human chromosomal abnormalities.  

  Keywords     Chromosomal translocations   •   Fusion genes   •   Leukaemia   •   Sarcoma   • 
  Preclinical models  

20.1         Why It Is Important to Recapitulate Human 
Chromosomal Translocations in Preclinical Models 

 Animal models of tumour formation induced by chromosomal translocations or 
inversions are unique tools for obtaining information about the consequence and 
tumourigenic potential of these chromosomal abnormalities occurring in a living 
animal. In the context of this chapter, we will include all oncogene activations and 
gene fusions, including those that arise by inversions (for example in prostate can-
cer, see Chap.   17    ), under a generic classifi cation of translocations for simplicity. 
Animal tumour models allow the dissection of the molecular mechanisms of growth 
control, cell death and differentiation driven by the translocation event, the study of 
the disease development from the earlier stages to the overt neoplasia, and the 
development of new treatment strategies. In particular the latter objective is criti-
cally important as a preclinical setting to test new drugs and new therapeutic 
approaches such as nanoparticle delivery [ 1 ]. The de novo models are superior to 
the much maligned xenograft approach used in drug development since transgenesis 
(all forms) start the tumour process from a single genetic change (i.e. the transgene) 
and may require additional mutations to fully manifest overt cancer whereas xeno-
grafts employ tumour cell lines or biopsies of fully fl edged tumours. 

 There are several approaches to generate translocation gene models ranging from 
random chromosomal insertion of transgenes constructed to express activated genes 
and fusions or gene targeting for specifi c expression (these general options are sum-
marized in Fig.  20.1 ). At the end of the chapter, we briefl y review new gene editing 
technologies that promise to facilitate more rapid generation of parallel models of 
human chromosomal abnormalities.

20.2        Strategies to Model Chromosomal Translocations 
and Translocation Genes by Transgenesis 

20.2.1     Generation of Transgenic Mice by DNA Microinjection 
into Mouse Zygote Embryos 

 Mice are the most widely used animal models for transgenic studies since they have 
several technical advantages. The mouse genome shows a high degree of conserva-
tion with the human genome: of approximately 22,000 human protein coding genes, 
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about 18,000 have an identifi able mouse orthologue, with median 85 % sequence 
identity (Source: ensembl version 81, July 2015). Mice are readily available and 
have high reproductive rate. Moreover breeding strategies can combine different 
strains harbouring genetic alterations that create a versatile approach for the re-
creation and study of human diseases. 

 A well-characterized approach to generate transgenic animals is the microinjec-
tion into pro-nuclei of one-cell embryos, fi rst developed in the early 1980s where 
fertilized oocytes are surgically collected from a female donor mouse and exoge-
nous DNA is micro-injected [ 2 – 5 ]. After exogenous DNA enters the nucleus, a ran-
dom double strand breakage (DSB) occurs and chromosomal DNA and exogenous 
DNA are ligated by the non-homologous end joining (NHEJ). The DNA usually 
integrates at one genomic site with a copy number that can vary from one to several 
hundreds. With this technique, all the cells of the adult mouse will carry the trans-
gene and it will be expressed in all cells in which the specifi c promoter is active. In 

A. Transgenic 

All cancer types 

D. Translocator C. Knock-in 

Pro-
nuclear 
injection 

HR in 
ES cells 

Inducible 

HR in 
ES cells 

Inversion for 
conditional knock-in 

B. Bone marrow 
transplantation 

Viral transduction  

Leukaemia/lymphoma 

  Fig. 20.1    General approaches to model chromosomal translocation and gene fusions. ( a ) 
Transgenic mouse models can be generated by microinjection of an expression cassette coding for 
the translocation or fusion gene. Variants of this system are inducible forms of transgenes. ( b ) 
Bone marrow transplantation: isolated bone marrow cells can be transduced with retroviral or 
lentiviral vectors harbouring the transgene and transplanted into a recipient mice to create a mouse 
model of leukaemia/lymphoma disease. ( c ,  d ) Chromosomal translocation mimics can be created 
by gene targeting in embryonic stem cells ( ES  cells) transfected with a vector designed to recom-
bine via homologous recombination (  HR   ) with the ES genome. Engineered ES cells can be injected 
into blastocysts to create chimaeric mice that in turn can be bred to give germline transmission of 
the targeted loci. In this strategy, knock-in ( c ) mice express the translocation protein as an endog-
enous gene. Conditional forms of knock-in can be made and the invertor model is fully conditional 
dependent on the transcriptional orientation of the knock-in gene. Complete recapitulation of the 
human chromosomal translocation event can be achieved by the translocator model ( d ) in which a 
de novo chromosomal translocation occurs via cre- loxP  inter-chromosomal translocation. 
Inversions and deletions can also be obtained by application of cre- loxP  recombination       
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the following sections, we have discussed some examples, but not fully comprehen-
sive, of the application of this technology to leukaemia/lymphoma development. 

20.2.1.1     Transgenic Mouse Models of Leukaemia/Lymphoma 

 The fi rst transgenic translocation gene mouse model was the  Eu - myc  mouse model-
ling the effect of   MYC    gene activation following chromosomal translocation in 
Burkitt B-cell lymphoma [ 6 ].  MYC  translocation juxtaposes the  MYC  gene to one of 
the three immunoglobulin genes, leading to ectopic  MYC  expression [ 7 ]. The  Eμ - 
Myc     transgenic mice develop an aggressive pre-B or B cell leukaemia within 1 year 
of age. This model formally showed ectopic MYC is oncogenic but did not fully 
recapitulate Burkitt lymphoma phenotype, possibly due to heavy expression loads 
caused by the immunoglobulin enhancer. 

 The fi rst chromosomal translocation discovered by cytogenetic analysis (the 
Philadelphia chromosome, see Chap.   7    ) was shown to create the fusion protein 
 BCR-ABL1   [ 8 ], a constitutively active tyrosine kinase identifi ed in chronic myelog-
enous leukaemia (CML). Several strategies have been employed to develop mouse 
models of the  BCR - ABL1  fusion gene using transgenic technology. An early model 
overexpressing the  BCR - ABL1  transgene under the control of the immunoglobulin 
heavy-chain enhancer or retroviral long terminal repeat developed T-cell lympho-
mas and neuro-ectodermal tumours [ 9 ]. Inducible transgenic models of  BCR - ABL1  
expression were created using the tetracycline regulation system [ 10 ] where the 
transgene was controlled by an inducible tetracycline operator/repressor system. In 
these models, when expression of the  BCR - ABL1  transgene was controlled by 
induction through a tetracycline activator controlled from a MMTV-LTR (mam-
mary tumour virus long terminal repeat) promoter [ 11 ], or from the CD34 promoter 
[ 12 ], pre B-cell acute lymphoblastic leukaemia or a myeloproliferative syndrome 
resembling thrombocythemia, respectively, occurred. In a similar inducible  BCR - 
ABL1     mouse model, the tetracycline activator was expressed under the control of 
the   TAL1   / SCL  (stem cell leukaemia) gene 3′ enhancer and the transgenic mice 
developed full blown CML-like leukaemia, with a survival period of 4–10 weeks, 
characterized by neutrophilia, leukocytosis and splenomegaly. A critical fi nding 
emerging from  BCR - ABL1  inducible transgenic models was that the effect was 
reversible (by tetracycline) showing that the tumours were responsive only to BCR- 
ABL1 [ 11 ,  13 ]. 

 T-cell acute leukaemia is characterized by many different recurrent chromo-
somal translocations (see Chap.   10    ) and amongst these are  LMO2   translocations 
t(11;14)(p13;q11.2) and t(7;11)(q34;p13) [ 14 ]. Furthermore, LMO2 has been 
activated in four patients subjected to gene therapy for X-SCID correction, using 
an IL2Rγc- expressing retrovirus, resulting in T cell leukaemia [ 15 ,  16 ]. T-cell 
acute leukaemia has been modelled in transgenic mice using  LMO2  transgenes 
where  Lmo2  is expressed from  CD2 ,  Thy1  or  metallothionein  promoters resulting 
in clonal T cell neoplasia [ 17 – 21 ], including mice in which the transgene was 
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controlled by the general transcription  metallothionein  promoter [ 21 ]. This 
strongly suggests that the oncogenic role of LMO2 is restricted to the T cell lin-
eage. This contention is supported by observations about the role of LMO2 in a 
pre-leukaemias (pre- symptomatic) phase as abnormal expression of LMO2 has a 
profound effect on T cell differentiation within the thymus. It was discovered that 
a role for LMO2 in the asymptomatic phase was to cause a partial differentiation 
block at the stage of immature thymocytes (CD4; CD8 double negative (DN) 
cells) [ 19 ,  20 ]. In particular, the DN3 thymocyte subset (CD44-; CD25+) was 
relatively increased in  CD2 - Lmo2     transgenic mice prior to their showing any leu-
kaemia phenotype [ 22 ]. This thymocyte subset has an increased self-renewal 
capacity in a syngeneic transplantation assay [ 23 ]. These observations highlight 
an important element of transgenic models of human disease where it is possible 
to fi nd and study asymptomatic, early stages of cancer development that is not 
possible for human LMO2-associated T-ALL since patients present with overt 
disease and the pre-leukaemic phase is not seen. 

 The reciprocal translocations involved   RUNX1    or  KMT2A / MLL  genes commonly 
occur in leukaemia (see Chaps.   8     and   11    ). The translocation  t(8;21)  (q22;q22) leads 
to the expression of the fusion protein RUNX1-RUNX1T1 (previously AML1- 
RUNX1T1). A knock-in mouse model for RUNX1-RUNX1T1 was fi rst developed 
(for a discussion of knock-in technology, see Sect.  3.2 ), but expression of the fusion 
protein resulted in embryonic lethality. To bypass this, several strains of transgenic 
mice expressing RUNX1-RUNX1T1 have been generated, in particular an induc-
ible transgene under the control of a tetracycline responsive element. However, leu-
kaemias did not develop in these mice [ 24 ]. A conditional mouse model of AML 
with expression of  RUNX1 - RUNX1T1  restricted to the haematopoietic compartment 
was produced using BM cells derived from a transgenic mouse expressing  RUNX1 - 
RUNX1T1     under the control of a TET-ON system to reconstitute lethally irradiated 
recipient animals. Reconstituted mice developed long latency indolent myeloprolif-
erative disease, and RUNX1-RUNX1T1 ablation leads to recovery from the pheno-
type [ 25 ]. Interestingly, the expression of the   ETV6 - RUNX1    fusion gene (previously 
 TEL - AML1 ; generated by the  t(12;21)  (p13;q22) chromosomal translocation) is not 
suffi cient to induce leukaemogenesis in transgenic mouse models [ 26 – 28 ] even 
though the ETV6-RUNX1 fusion is the most commonly found in childhood acute 
lymphoblastic leukaemias (ALLs) (see Chap.   10    ). 

 The mixed lineage leukaemia ( KMT2A ) gene, located on chromosome 11, band 
q23, is a gene frequently involved in chromosomal translocations and is involved in 
the development of the whole range of haematological malignancies (see Chap.   11    ). 
Modelling these translocations has mainly been through the use of ES cell gene 
targeting methods (see below Sect.  3 ) but a transgenic mouse line overexpressing an 
 KMT2A - AFF1  fusion gene has been studied and the transgenic mice developed 
B-cell lymphoma in the spleen, liver and lungs with long latency, while concomitant 
mutant  ΚRAS  accelerated the leukaemia onset [ 29 ]. However, this model does not 
provide a recapitulation of the early onset and phenotype of childhood disease asso-
ciated with a  KMT2A  rearrangement.   
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20.2.2     Haematopoietic Stem Cell Transplantation Models 

20.2.2.1     Bone Marrow Transplantation Methodology 

 A method that can be applied to murine haematopoietic stem cells (HSCs) is their 
transduction ex vivo using lentiviral or retroviral vectors harbouring a transgene of 
interest (e.g. a fusion gene) [ 30 ,  31 ]. After transplantation of these infected donor 
cells into lethally irradiated recipient mice, the transduced HSCs repopulate the 
recipient bone marrow (BM) and stably reconstitute their entire haematopoietic sys-
tem, detectable in the recipient mouse after about 1 month post-transplantation [ 32 , 
 33 ]. This technique provides a useful tool to dissect the infl uence of a transgene 
expression in the haematopoietic and tumour development. Compared to the gen-
eration of a transgenic mouse model, the bone marrow reconstitution approach has 
the advantage of being rapid and effi cient, the exogenous gene expression is con-
fi ned to the haematopoietic lineage and donor cells can be transplanted to several 
recipient mice, with the disadvantage of the non-inheritance of the transgene. 
Further the co-expression of the transgene with a tracking gene, such as that encod-
ing green fl uorescent protein, allows the donor cell engraftment effi ciency to be 
monitored.  

20.2.2.2     Bone Marrow Transplantation Models 

 Mouse bone marrow transplantation assays were fi rst employed to create mouse 
models of the   BCR - ABL1    fusion found in Philadelphia chromosome-positive 
CML. The retroviral transduction of a  BCR - ABL1  transgene into BM cells, followed 
by transplantation into irradiated recipient mice, proved a faithful model of human 
CML [ 34 – 36 ]. However, transduction of other gene fusions have not been such a 
good reproduction of human leukaemia.   RUNX1   - RUNX1T1  expressing lentiviruses 
transduced into murine HSCs or total BM followed by BM transplantation to recipi-
ent mice resulted in haematological abnormalities but not to frank leukaemia [ 37 –
 39 ]. Conversely, transduction of a truncated isoform of  RUNX1 - RUNX1T1  
( RUNX1 - ETO9a ) into mouse foetal liver, followed by transplantation, caused spon-
taneous full-blown leukaemia without the need of any other secondary mutations 
[ 40 ]. Similarly, models of   ETV6 - RUNX1    using mouse BM transplantation showed 
impairment of normal haematopoietic differentiation and B cell differentiation 
block, but no leukaemic development [ 27 ,  28 ]. In another study, reconstituted mice 
develop leukaemia with low incidence, increased by concomitant  Cdkn2a  
(p16 INK4a p19 ARF)  loss, but the phenotype did not represent the B-cell precursor acute 
lymphoblastic leukaemia (BCP-ALL) associated with  ETV6 - RUNX1  translocation 
[ 26 ]. The mixed success of BM transplantation studies to recapitulate the human 
cancers may refl ect many different short-comings of the technique but the fi ndings 
suggest hidden levels of complexity in the aetiology of these human leukaemias.    
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20.3      Chromosomal Translocation Mimics Created by Gene 
Targeting 

20.3.1     Gene Targeting of Mouse Embryonic Stem Cells 

 The transgenic methods (DNA microinjection or viral transduction) have the disad-
vantage of non-specifi c insertion sites in the genome of the introduced DNA. New 
gene targeting methods have been developed to allow the targeting to specifi c chro-
mosomal locations [ 41 – 43 ] and have been of particular utility to recreate de novo 
chromosomal translocations involving two different chromosomal loci in the 
genome and conditional translocation mimics [ 2 ,  44 – 47 ]. The strategies that can be 
used to implement gene targeting to create mouse models of chromosomal translo-
cations are summarized in Fig.  20.2c, d .

   The general method of gene targeting involves using mouse pluripotent embry-
onic stem (ES) cells transfected with a vector designed to recombine via homolo-
gous recombination ( HR  ) at specifi c sites with the ES genome. When a targeted ES 
clone is identifi ed, it can be injected into blastocysts for the creation of chimaeric 
mice carrying cells of donor ES origin and recipient blastocyst origin and these 
implanted into the uterus of a pseudo-pregnant foster mother to allow the embryos 
to come to term. Temporal gene expression can be achieved by direct homologous 
recombination into a tissue or cell-specifi c gene (knock-in discussed below). 

 The outcome of the  HR   events can be amended by utilizing site-specifi c recom-
binases (commonly  Cre  / loxP  and the Flp/ frt ) to create conditional forms of genetic 
modifi cation (i.e. where the effect of the gene alteration is restricted spatially and 
temporally) lending a further degree of sophistication to the mouse pre-clinical can-
cer models [ 46 ,  48 ]. The Cre or Flp recombinases recognize short nucleotide 
stretches located in genomes and can delete, invert or translocate between chromo-
somes. Thus a spatial, conditional genetic modifi cation is one where a transcrip-
tional stop signal, fl anked by recombinase recognition sequences, is inserted near a 
gene and can be removed by expressing recombinase [ 49 ]. Alternatively, genes can 
be fl anked by recombinase recognition sequences and activated by recombinase 
(e.g. the invertor model discussed below) or inter-chromosomal translocation can 
occur between recombinase recognition sequences located on non-homologous 
chromosomes (the translocator model discussed below).  

20.3.2      The Knock-in Mouse Chromosomal Translocation 
Mimics 

 The homologous recombination knock-in concept (Fig.  20.2a ) was specifi cally 
developed for gene fusion in 1996 by the fusion of the human  AF9  cDNA into the 
mouse  Kmt2a  gene [ 50 ] to recapitulate the effect of the t(9;11)(p21.3;q23.3) human 
translocation that forms the KMT2A-MLLT3 fusion protein. Chimaeric and fi rst 
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generation heterozygous mice for the knock-in fusion developed AML from the 
sixth month of age, recapitulating the human disease. The targeted mice showed 
increased myeloid cell proliferation in the bone marrow from birth, where presum-
ably secondary mutations occurred to contribute to the overt disease. 

 The knock-in approach lacks cell type and temporal control, since the knock-in 
gene (e.g. KMT2A-MLLT3) is expressed under the control of the targeted gene 
promoter and therefore the fusion protein will be expressed in every cell in which 
the endogenous promoter is active. If the fusion protein is expressed in the prenatal 
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  Fig. 20.2    Generation of chromosomal translocation mimics via homologous recombination in ES 
cells. ( a ) In the knock-in mouse model, the cDNA sequence of a gene (depicted as gene B) is 
knocked-in at the appropriate exon of the target gene (depicted in  blue ) in order to create a fusion 
gene. The inserted cDNA is fused in-frame with the coding sequences of the host gene, thereby 
making a fusion product with that gene and the cDNA sequence brings the new translation termi-
nation codon. ( b ) The invertor mouse model is based on the knock-in concept but is a fully condi-
tional knock-in approach. A cDNA fl anked by inverted  loxP  sites is knocked-in with inverted 
transcriptional orientation to the intron of the target gene and thus is initially silent.  Cre  -mediated 
recombination inverts the cDNA cassettes placing the sequence in the correct transcriptional ori-
entation to cause transcription of the fusion gene. ( c ) The methods in  panels a  and  b  do not fully 
reproduce the effects of inter-chromosomal translocation as they mimic only one of the derivative 
chromosomes (these methods are applicable to intra-chromosomal inversion or deletion, although 
in the former two potential products could be important). The translocator mouse model fully 
recapitulates inter-chromosomal translocations as the method creates a de novo reciprocal chromo-
somal translocation using the recombinase-mediated recombination.  LoxP  sites are inserted in the 
introns of the genes involved in the chromosomal translocation, corresponding to the intronic site 
where a human chromosomal translocation breakpoint occurs. After activation of Cre expression, 
inter-chromosomal translocation can occur to produce two derivative (der) translocation chromo-
somes. Key: LoxP site:  yellow triangle . chr: chromosome. exons:  blue  and  red boxes . cDNA: 
 striped boxes  and the direction of transcription is indicated by the  black chevrons . Stop codon: 
 black triangle        
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stage and interferes with normal mouse development, the knock-in approach can 
result in embryonic lethality, such as in the case of  KMT2A - AFF1  fusion protein 
[ 51 ] or   RUNX1   - RUNX1T1  [ 52 ]. In another study, a viable knock-in model of the 
 KMT2A - AFF1  fusion [ 53 ] yielded mice that developed long latency B cell lympho-
mas where clonal tumours appeared suggesting that secondary mutations are 
required for  KMT2A - AFF1  tumourigenesis. An amendment to the knock-in 
approach was developed for a conditional  RUNX1 - RUNX1T1  model using a LoxP- 
STOP insertion [ 54 ] so that the knock-in strain could be bred with a  Cre  -expressing 
strain under the control of an inducible promoter. While this strategy obviated the 
embryonic lethality of the RUNX1-RUNX1T1 protein, RUNX1-RUNX1T1 
 expression was not able to induce leukaemia alone, but only in co-operation with 
other mutations induced by ENU treatment. 

 The fi rst knock-in mouse model of   ETV6 - RUNX1    was designed to induce the 
expression of the fusion protein under the control of the endogenous  ETV6  pro-
moter. A truncated human   RUNX1    cDNA was targeted into exon 6 of the  ETV6  
gene. A  loxP  fl anked transcriptional stop site was present upstream of the  RUNX1  
cDNA and the excision of the stop site was achieved during early embryogenesis by 
breeding  RUNX1  knock-in mice with a  Gata1 -  Cre    mouse strain.  ETV6 - RUNX1  
knock-in mice, however, failed to develop leukaemia even though normal B cell 
development was impaired [ 55 ]. Coupling a  ETV6 - RUNX1  knock-in with the induc-
tion of secondary mutations produced by the Sleeping Beauty transposase derived 
mice that developed leukaemia with a BCP-ALL phenotype in 20 % of cases [ 56 ]. 

 The development of models of sarcoma translocations have been impaired by a 
number of technical issues, including embryonic lethality of mice expressing the 
fusion proteins produced in these human cancers (see the Chaps.   14     and   15     for a full 
description of sarcoma translocations). One successful model of synovial sarcoma 
has been developed [ 57 ] where the  SS18 - SSX2  fusion was gene targeted into the 
 ROSA26  locus (ubiquitously expressed) with a loxP-STOP preventing  SYT - SSX  
expression. The activation of the  SYT - SSX  gene was achieved using Myf5- Cre   and 
these mice developed a synovial-type sarcoma. This strategy is potentially applica-
ble to other forms of sarcoma where the intriguing variance of translocation fusions 
occurs.  

20.3.3     The Translocator Mouse Model Recapitulates Human 
Chromosomal Translocations 

 Mouse models with conditional gene expression avoid limitations due to embryonic 
lethality by permitting expression of the fusion protein in specifi c cell types and at 
specifi c stages of cellular differentiation. The translocator mouse model (Fig.  20.2b ) 
exploits the capability of  Cre  -mediated recombination to mediate chromosomal 
translocations in vivo as shown in ES cells [ 58 ,  59 ]. This approach represents an 
ideal model to recapitulate a human chromosomal translocation since it permits 
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creation of de novo translocations in vivo without the need of selection. Further, the 
translocations naturally create both reciprocal translocation alleles and thus has 
important consequences for those rearrangements where there are issues about the 
involvement of both derivative translocation chromosomes in the development and/
or maintenance of the cancer. 

 Translocators were fi rst made by  loxP  site insertion into  Kmt2a  and  Mllt3  [ 60 ] in 
order to mimic the human translocation t(9;11)(p21.3;q23.3) and  Aml1  ( Runx1 ) and 
 RUNX1T1  to mimic the translocation  t(8;21)  (q22;q22.12) [ 61 ]. Tumours arose in 
translocator mice that were mimics of the human t(11;19)(q23;p13.3) fusing  Kmt3a  
with  Mllt1  by  Cre   expressed from the  Lmo2  gene [ 62 ]. This revealed an interesting 
apparent feature of the  KMT2A-MLLT1   fusion, namely that a leukocytosis occurred 
that seemed to be dependent only on KMT2A-MLLT1 since the ensuing primary 
neoplasias were lethal to the mice, but could not be transplanted [ 62 ]. 

 The translocator model can mimic cell-specifi c chromosomal translocations by 
using  Cre   recombinase expressed from cell-specifi c genes. In this way, the  Kmt2a - 
MllT1     and  Kmt2a - Mllt3  fusions were compared using  Cre  expressed from pluripo-
tent progenitors ( Lmo2 - Cre ) or committed T cells ( Lck - Cre ) [ 63 ]. While  Kmt2a - Mllt3  
translocations only gave myeloid tumours and did not seem penetrant in T cells, 
 Kmt2a - MllT1  translocations occurring in the T cell lineage led to the development 
of either myeloid and T-cell tumours. This showed that  KMT2A-MLLT1   can dictate 
lineage reassignment from the T-cell to the myeloid compartment demonstrating the 
role of KMT2A-fusion proteins and also the lineage plasticity of T cells, even after 
 RAG  -mediated T cell receptor rearrangement [ 63 ]. 

 A drawback of the translocator model is cost and time. The method requires 
three targeted alleles (the   Cre    knock-in and the two  loxP  donor chromosomes) and 
cross breeding of mice to generate carriers of the three genes. A recently developed 
adaptation of the translocator method, the fast throughput chimaeric system, gener-
ates multiple, sequentially targeted ES cells used to develop cohorts of translocator 
chimaeras [ 64 ]. This method reduces the time for generation of translocator mice 
and the number of mice needed. For instance, the  Kmt2a - Mllt1 chimaera transloca-
tor system produced neoplasias of the same phenotype and rate of appearance in the 
chimaeric mice as in the germline translocators.  

20.3.4     The Invertor Mouse Model 

 A requirement of the translocator model is that the mouse genes to be translocated 
must be in the same transcriptional orientation with respect to the chromosome 
centromere, to avoid the formation of dicentric and acentric derivatives chromo-
somes after the translocation event. Some cases (e.g.  Kmt2a  and  Aff1 ) are therefore 
unsuitable for the translocator approach. The invertor method is a fully conditional 
knock-in approach devised to apply to situations where the translocator method 
could not be applied [ 65 ] but only produces one of the translocation chromosome 
mimics since it relies on an amended knock-in strategy. For the invertor method, a 
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cDNA, fl anked by  loxP  sites, is knocked-in by homologous recombination in ES 
cells, into the intron of the target gene but with an inverted transcriptional orienta-
tion and therefore it is transcriptionally silent (Fig.  20.2c ). After  Cre   expression, the 
knocked-in gene is inverted and the fusion gene created to produce the fusion pro-
tein in a cell-specifi c way, depending on the expression pattern of Cre. The fi rst 
invertor mouse expressed the  EWSR1 - ERG  fusion gene controlled by  Rag1 - Cre  [ 65 , 
 66 ] resulting in T-cell leukaemia [ 66 ]. A similar application was used for modelling 
the  Kmt2a - AFF1  fusion [ 67 ]. The mice carrying the  Kmt2a - AFF1  invertor cassette 
were crossed with a Cre expressing strain under the control of B cell or T cell pro-
moters, the majority of which progressed to long latency, mature diffuse large B-cell 
lymphomas, providing further evidence of the instructive model of KMT2A-fusion 
associated leukaemias [ 67 ]. However, it is noted once again that attempts to model 
human B cell tumours in mice induced a different phenotype to that observed in 
human tumours.   

20.4     Zebrafi sh as a Model System for Creating 
Chromosomal Translocations 

 As an alternative to mouse modelling, Zebrafi sh provides several unique features, 
such as the possibility of large-scale genetic and chemical screens with relatively 
low cost and relatively minimal space requirements coupled to fast embryonic 
development. Moreover, transparent embryos generated by the external fertilization 
permit in vivo imaging of fl uorescent tagged cells. Zebrafi sh are particularly suit-
able for the generation of haematological malignancy models since developmental 
stages and genetic patterns are highly conserved with mammals [ 68 ]. However, thus 
far, relatively little success has been achieved. 

 Several Zebrafi sh transgenic or knock-in models have been generated as human 
chromosomal translocation mimics for fusion proteins, such as  ETV6 - JAK2a  [ 69 ], 
 EWSR1 - FLI1  [ 70 ],  NUP98 - HOXA9  [ 71 ],   RUNX1   - RUNX1T1  [ 72 ,  73 ] and   ETV6 - 
RUNX1         [ 74 ]. Transgenic Zebrafi sh expressing   MYC    under the control of the Rag2 
promoter represent a model of aggressive T-ALL able to recapitulate some aspects 
of the human disease [ 75 ]. In a conditional version of the model,  MYC  expression 
was induced after the animals reached sexual maturity, leading to I expression and 
development of T-ALL with a delayed onset [ 76 ]. 

 Transgenic expression of the   ETV6 - RUNX1    fusion protein was induced ubiqui-
tously under the control of  Xenopus  elongation factor 1 or the Zebrafi sh β-actin 
promoters, and in B and T cell lymphoid progenitors using the Zebrafi sh  Rag2  pro-
moter. Fish with ubiquitous  ETV6 -  RUNX1    expression showed progenitor cell 
expansion and a B-cell differentiation arrest that evolved into B-cell leukaemia but 
only in a low proportion of the fi sh [ 74 ], whereas ETV6- RUNX1 - Rag2  fi sh did not 
develop leukaemia or progenitor cell expansion. The ubiquitous overexpression of 
the  RUNX1 - RUNX1T1  fusion protein leads to early embryonic lethality in fi sh, as it 
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does in mice, while conditional activation of  RUNX1 - RUNX1T1  in Zebrafi sh 
embryos caused reprogramming of haematopoietic progenitor cells into granulo-
cytic cells [ 72 ] but leukaemias again failed to manifest.  

20.5     New Methods for Possible Application to Chromosomal 
Translocation Modelling 

 The vast majority of transgenic mice produced so far relied on the use of micro- 
injection of expression constructs into fertilized oocytes or on homologous recom-
bination in mouse ES cells. There are advantages and limitations to these methods 
as outlined above. Among limitations of the transgenic methods is the random 
insertion of the DNA constructs that can lead to anomalies or the size of the expres-
sion construct designed to emulate the expression. Bacterial artifi cial chromosomes 
(BACs) are a category of vectors that can harbour large fragments of genomic DNA 
(up to 300 kb), that can also be easily modifi ed and sub-cloned using homologous 
recombination in  E. coli  recombineering [ 77 – 79 ] BACs are vehicles that can allow 
the insertion of complete genes sequences together with natural regulatory ele-
ments, for example a translocation fusion gene. A limitation is again that, simplisti-
cally, only one translocation allele can be studied per BAC clone. 

 An additional set of tools that are potentially useful for chromosomal transloca-
tion mimics are the gene editing methods. Initially, the use of engineered sequence- 
specifi c endonucleases has emerged as a valuable alternative for the generation of 
targeted mutations. Two classes of engineered endonucleases can be used to manip-
ulate the animal genome: zinc-fi nger nucleases (ZFNs) [ 80 ] and transcription 
activator- like effector nucleases (TALENs) [ 81 ,  82 ]. After binding of a pair of endo-
nucleases to the target sites in the genome, the cleavage domains heterodimerize to 
introduce a double-strand break followed by non-homologous end-joining [ 83 – 85 ]. 
Gene insertions have been achieved using TALENS [ 86 ] and this could be applied 
to knocking-in translocation genes. 

 An analogous technology that holds great promise for mimicking the conse-
quences of chromosomal translocations is the RNA-guided nuclease CRISPR/
CAS9 system. This is based on the activity of clustered regularly interspaced short 
palindromic repeat (CRISPR) genes, derived from the endogenous adaptive immune 
system of bacteria and archea [ 87 – 89 ]. CRISPR associated (Cas) proteins are endo-
nucleases that form an RNA/protein complex together with a guide RNA (gRNA) to 
direct the CRISPR complex to the corresponding nucleic acid with which it shares 
a short stretch of homology, and mediates its degradation by the Cas protein. It is 
also possible to effi ciently perform CRISPR/Cas-directed targeting directly into the 
one-cell embryo, by co-injecting a  Cas9   expressing mRNA and synthetic gRNAs. 
Jaenisch and collaborators targeted with high effi ciency mouse ES cells by using 
several gRNAs simultaneously and generated mice carrying disruptions in multiple 
genes [ 90 ]. The CRISPR/Cas system has also be applied to knock-in studies, for 
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instance a study used the CRISPR/Cas9 mediated homology independent DSBs 
repair to introduce donor DNA of up to 5.7 kb into the Zebrafi sh genome [ 91 ]. 
Further, recent work inducing simultaneous breaks on non-homologous and homol-
ogous chromosomes using zinc fi nger nucleases, TALENS or CRISPR/cas9 has 
shown that inter-chromosomal translocations and intra-chromosomal inversions can 
occur [ 92 – 95 ]. While these events are not conditional, they demonstrate that 
sequence specifi ed double strand breaks can result in exchanges, and suggest that 
these systems could be adapted to generate tissue-specifi c chromosomal 
translocations. 

 Taken together, adaptations of the gene editing technologies could produce rapid 
and effi cient chromosomal translocation mimics that will more faithfully recapitu-
late the corresponding human cancer mutations and, with the use of chimaeric mice 
[ 50 ], also fulfi l an aim of the 3Rs ethical framework for reduction in animal num-
bers in these crucial pre-clinical cancer models.     
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   Abstract     Disease-causing chromosomal translocations tend to cause the up- 
regulated expression of proteins, or result in fusion proteins with altered functional-
ity. Four sets of chromosomal translocations are presented as case studies to 
illustrate how the protein products of chromosomal translocations disrupt normal 
cellular processes through a range of different mechanisms. For translocations 
affecting  LMO2  and  MYC  expression, alterations to transcriptional regulation ulti-
mately cause disease. In the case of the Philadelphia Chromosome, BCR-ABL1 
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disrupts cell signalling and cell cycle regulation by generating an always active 
form of the ABL1 tyrosine kinase. Upregulation of  BCL2  blocks apoptosis. In each 
case the molecular basis of activity, and strategies for inhibition by directly target-
ing the disease causing proteins are summarized.  

  Keywords     Apoptosis   •   Kinases   •   Fusion proteins   •   Protein over-expression   • 
  Transcriptional regulation  

21.1         Proteins Function Within Networks of Interactions 

 In biology, molecules rarely, if ever, exist in isolation. Rather it is the dynamic inter-
play between different entities, whether they be protein, nucleic acids, lipids, carbo-
hydrates or small molecules, that mediate biological processes. During normal 
development and homeostasis, these interactions are regulated, at least in part, 
through the availability of the different components. Alterations of normal cellular 
levels of proteins and other components can cause major disruptions to these net-
works of biomolecular interactions. 

 Disease-causing chromosomal translocations tend to cause the up-regulation of 
proteins such that they are expressed in cells where they wouldn’t normally be pres-
ent, are expressed at much higher levels than is normal, or have been otherwise 
activated as a result of the translocation. There are several different types of molecu-
lar outputs. In some cases fusion proteins are produced via the splicing of two dif-
ferent protein-coding regions of genes resulting in new functionality through the 
generation of multifunctional polypeptides. In other cases, fusion events cause regu-
latory parts of a gene (e.g., promoters or enhancers) to infl uence the protein coding 
region of a second gene, resulting in the up-regulated protein expression of an oth-
erwise wild-type protein. In either case, cell-specifi c promoters often drive the over-
expression of proteins or parts of proteins that shouldn’t be in those cells, or would 
be present only at much lower levels. For example, promoters from T-cell receptor 
genes in T-cells, or immunoglobulin genes in B-cells, can drive T-cell and B-cell 
malignancies, respectively. Gene fusion events can also result in the loss of regula-
tory regions of proteins so that mechanisms that dampen down gene transcription or 
translation in that cell type are no longer in force. 

 Many different types of regulatory proteins are associated with chromosomal 
translocations. A small number of these are shown in Table  21.1  and include large 
numbers of transcription factors/transcriptional regulators and kinases, but also 
 feature tumour suppressors, growth factors and RNA-binding proteins. Four exam-
ples are described in more detail in the remainder of this chapter.
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21.2         LMO2 and Transcriptional Programmes in T-ALL 

21.2.1     Translocations Involving LMO2 and T-ALL 

 LIM-only protein 2 (LMO2/Rhombotin 2) was originally discovered in association 
with chromosomal translocations in acute lymphoblastic T-cell leukaemia (T-ALL) 
in children. LMO2 is a transcriptional regulator that has important roles in several 
stages of blood cell development, including the maintenance of stem cells and red 
blood cell development. Although LMO2 is present at the early stages of T-cell 
development, under normal circumstances its expression is down-regulated at the 
DN2 stage of development [ 12 ]. In mouse models, and in gene therapy trials in 
humans (where retroviral insertion of occurred close to  LMO2 ), forced expression 
of LMO2 in T-cells leads to the onset of T-ALL with a long onset period. For both 
chromosomal translocations that lead to T-ALL, t(11;14)(p13;q11.2) and t(7;11)
(q34;p13), T-cell receptor genes (the δ-chain gene ( TRD ) at 14q11.2 and the β-chain 
gene ( TRB ) at 7q34) are fused upstream of  LMO2  at 11p13, leading to high levels 
of LMO2 in T-cells [ 13 – 15 ]. However, in mice that carry non-conditional trans-
genes for  LMO2  (i.e., the transgene should be expressed in all cells), the only 
observed phenotype is T-ALL with a long period of onset [ 16 ,  17 ]. In addition to 
chromosomal translocations, a cryptic deletion (del(11)(p12p13)) around  LMO2  
leads to T-ALL. The deletion is postulated to remove a negative regulatory element 
leading to increased expression of the protein [ 18 ].  

21.2.2     The Structure and Function of LMO2 

 The sequence of LMO2 contains little more than two LIM domains that mediate 
interactions with other proteins (e.g., Fig.  21.1a ). Thus, LMO2 functions by taking 
part in transcriptional complexes. Recent gene expression and multi-factorial chro-
matin immunoprecipitation with deep sequencing studies indicate that LMO2 is one 
of a set of transcription factors and regulators (including LMO1/2, LDB1, CBFA2T3 
(also known as ETO2), GATA1/GATA2/GATA3, TAL1/LYL1, RUNX1 family and 
ETS family proteins) that act in a combinatorial fashion to regulate gene expression 
a range of blood cell types. The indications are that LMO2 can take part in a variety 
of transcriptional complexes, but its best characterized role is as a bridging factor 
between the DNA-binding basic helix-loop-helix and GATA proteins at bipartite 
E-box/GATA sites, and the cofactor protein LDB1 (LIM domain binding protein 1), 
which mediates long range chromatin interactions.

   LMO2 is required for haematopoietic stem cell (HSC) maintenance [ 20 ]. The 
upregulation of LMO2 in T-cells disrupts transcriptional programmes such that 
T-cell differentiation genes are down-regulated (e.g., by sequestration of  TFPT / E2A  
genes into LMO2-containing transcriptional complexes) and HSC genes are upreg-
ulated [ 21 ] (Fig.  21.1b ). Although other mechanisms may contribute [ 22 ,  23 ], the 
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  Fig. 21.1     LMO2 and T - ALL . ( a ) Structure of LMO2 ( Blue ) bound to LDB1 ( Yellow ; Pdb code: 
2XJY). Zinc atoms shown as  grey spheres  and zinc-coordinating side-chains as  grey sticks . ( b ) 
Mechanisms of T-ALL induction by LMO2 (Originally published in a copy edited form in Ref. 
[ 19 ])       
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result is the introduction of stemness to pre-leukaemia DN3 cells (for example by 
activating the  NKL  homeobox genes,  HHEX ) allowing clonal expansion and the 
opportunity to acquire the transformative mutations that lead to T-ALL.  

21.2.3     Molecular Targeting of LMO2 

 To date, Rabbitts and colleagues have developed intracellular antibodies [ 24 ,  25 ] 
and peptides [ 26 ] that have anti-LMO2 activity in both cell-based erythropoiesis 
assays and tumourigenesis using a mouse explant model of LMO2-induced leukae-
mia. A single-variable domain intracellular antibody binds to an extended binding 
surface on LMO2 [ 27 ], whereas the CXXC-containing peptides likely destabilize 
LMO2 through disruptions to zinc-coordination [ 28 ].   

21.3      MYC and Transcriptional Regulation in Burkitt 
Lymphoma 

21.3.1     MYC and Burkitt Lymphoma 

 A defi ning feature of Burkitt lymphoma (a highly aggressive B-cell malignancy fi rst 
described by Burkitt in 1958 in equatorial Africa) is the presence of a chromosomal 
translocation between  MYC  ( v - myc  Avian Myelocytomatosis Viral Oncogene 
Homolog/c- myc ) from chromosome 8 and immunoglobulin genes. In the majority 
of cases (80–90 %) this involves the immunoglobulin heavy chain gene (IGH, 
t(8;14)(q24.2;q32.3)), with the remainder involving the kappa (IGK, t(2;8)
(p12;q24.2)) or lambda light chain genes (IGL), t(8;22)(q24.2;q11.2)). The same 
translocations are found in some cases of diffuse large B-cell lymphomas (DLBCL), 
follicular lymphoma and mantle cell lymphoma, where they correlate with a more 
aggressive phenotype and lower survival rate [ 29 ]. In these cases the chromosomal 
translocations are associated with higher age and cytogenetic complexity pointing 
to the translocation being a secondary event rather than the initial cause of onco-
genic transformation [ 29 ]. Burkitt lymphoma is subdivided into three epidemiologi-
cally distinct forms: endemic (common to equatorial Africa and New Guinea, and 
usually associated with Epstein Barr virus), sporadic (1–2 % of adult lymphomas in 
Europe and the USA) and HIV-associated.  
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21.3.2     The Structure and Function of MYC 

 MYC belongs to the MYC family of transcriptional factors, which also includes 
MYCN/N-Myc, and MYCL/l-Myc. These proteins contain a basic-helix-loop-helix 
(bHLH)/Leucine zipper (LZ) domain that forms heterodimers with other bHLH/LZ 
transcription factors such as MAX, and binds to Enhancer (E)-box motifs on DNA 
(Fig.  21.2a, b ). The N-terminus of MYC contains three so-called MYC-boxes that 
are essential for protein stability, protein interaction, and transcriptional activation 
or repression of MYC target genes [ 31 ]. The basic domain in the bHLH motif makes 
contacts with DNA, and the HLH/LZ and MYC-boxes mediate interactions with 
MAX and other proteins, respectively, that will modulate the DNA-binding speci-
fi city of MYC. MYC itself is a global transcriptional activator that has been 
described as acting primarily to modulate chromatin structure; however, other tran-
scriptional regulators bind to, and act concert with, MYC in a cell type dependent 
manner such that MYC can act as a repressor or an activator of transcription depend-
ing on its binding partners [ 31 ,  32 ].

   MYC is one of the four Yamanaka factors (also including KLF4, POU5F1/OCT4, 
SOXS2) that when combined are suffi cient to reprogramme differentiated cells to 

MB1 MBII MBIII NNLS bHLH ZIP
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bHLH

1 439

354-43444-63 128-143 188-199

MYC
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  Fig. 21.2     MYC . ( a ) Domain structure of MYC (not to scale). ( b ) Structure of the MYC-MAX 
heterodimer bound to E-box DNA (PDB code – 1NKP). ( c ) Interplay of viruses and MYC/IG 
translocations in Burkitt lymphoma (Adapted from Fig.  21.1 , Ref. [ 30 ])       
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become induced pluripotent stem cells [ 33 ]. The protein has been estimated to bind 
up to 15 % of human genes, including those involved in cell growth, cell cycle pro-
gression, apoptosis, differentiation, protein biosynthesis, and energy metabolism, 
adhesion and migration, angiogenesis, chromosomal stability and stem cell renewal 
[ 34 ]. MYC also controls complex networks of microRNAs, as least in part through 
transcriptional regulation of the miRNA machinery [ 35 ].  

21.3.3     Additional Factors in Oncogenic Transformation 
by MYC 

 Whereas Burkitt lymphoma is relatively rare, MYC is overexpressed in up to 70 % 
of human cancers. Mutations have also been reported that increase expression, 
activity and stability of MYC (e.g., by preventing proteolytic degradation of the 
protein [ 36 ]). These mutations likely occur after the chromosomal translocation. In 
general, the upregulation of  MYC  appears to upset the balance between apoptosis 
and proliferation. However, upregulation of  MYC  is not suffi cient to trigger onco-
genic transformation. Indeed, in most cells the overexpression of  MYC  triggers 
apoptosis, which acts in direct opposition to clonal expansion. Additional changes 
must accumulate in affected cells that counteract MYC-induced apoptosis (e.g., Fig. 
 21.2c ). Numerous examples of such changes have been reported, including inacti-
vating mutations in the TP53/CDK2NA/MDM2 pathway, down-regulation of pro- 
apoptotic proteins or up-regulation of anti-apoptotic proteins [ 37 ]. For example, 
‘double hit’ lymphomas/leukaemias that carry translocations involving  MYC  and 
 BCL2  (see below) or three-way translocations involving  MYC ,  BCL2  and immuno-
globulin genes are particularly aggressive (e.g., [ 38 ]). 

 With so many different targets, the oncogenic transformation of cells by MYC, 
whether stemming from translocations or other modes of up-regulation, involve 
multiple different pathways (e.g., [ 39 – 41 ]). Interaction with viruses appears to play 
a prominent role in endemic and HIV-associated Burkitt lymphoma. EBV was fi rst 
isolated from endemic Burkitt lymphoma patients and is detected in close to 100 % 
of these patients. However, despite the longstanding epidemiological links, the 
molecular basis of oncogenic transformation by EBV remains elusive [ 42 ]. Although 
most people carry apparently harmless latent infections by EBV, only ~5–10 % of 
sporadic cases show evidence of association with EBV [ 30 ]. It is generally consid-
ered that EBV is present prior to the chromosomal translocation, and subsequent or 
co-infection by malaria or HIV induces immunosuppression and provokes expan-
sion of germinal centre or memory B-cells leading to chromosomal translocations 
[ 30 ] (Fig.  21.2c ). EBV appears to provide protection against MYC-induced apopto-
sis by expression of the EBV proteins EBNA-1 and EBERs, some of which may act, 
at least in part, by down-regulating the expression of cellular pro-apoptotic proteins 
(e.g. reviewed in [ 30 ]). About 40 % of HIV-associated Burkitt lymphoma cases are 
also EBV-associated.  
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21.3.4     Molecular Targeting of MYC 

 In its monomeric form, MYC is intrinsically disordered. The fl exibility of intrinsically 
disordered proteins presents a challenge for rational inhibitor design. However, small 
molecules have been identifi ed that bind to MYC [ 43 ,  44 ]. 10058-F4 and 10074-G5 
stabilize the intrinsically disordered monomer over the highly ordered MYC-MAX 
heterodimer through binding to multiple distinct regions of MYC [ 45 ]. Although the 
current generation of inhibitors have limited effi cacy in vivo, apparently due to poor 
bioavailability and/or rapid metabolic breakdown [ 46 ], this approach of inhibiting the 
transcriptional activity of MYC shows some promise (reviewed in [ 47 ]).   

21.4      The Philadelphia Chromosome, Signalling and Cell 
Cycle Regulation 

21.4.1     The Philadelphia Chromosome and CML 

 The Philadelphia chromosome (Ph), t(9;22)(q34.1;q11.2), is one of the earliest and best 
known chromosomal translocations to be associated with malignancy. It is a character-
istic of chronic myeloid leukaemia (CML; 95 % of CML patients carry this transloca-
tion), is found in acute lymphoblastic leukaemia (ALL; the Philadelphia chromosome 
is associated with up to 30 % of adult and 10 % of childhood cases of ALL) and more 
rarely, in acute myeloid leukaemia (AML). The translocation involves the fusion of the 
breakpoint cluster region ( BCR ) gene on chromosome 22 with  ABL1  (the human 
homologue of the Abelson murine leukaemia virus) oncogene on chromosome 9.  

21.4.2     The Structure and Function of ABL1 

  abl  was discovered in 1980 as the oncogene in the Abelson murine leukaemia virus 
[ 48 ]. It encodes a large non-receptor tyrosine kinase that contains multiple protein- 
interaction domains including an SH2 domain (for interaction with phorphorylated 
proteins), an SH3 domain (for interaction with proline-rich proteins), a proline-rich 
region, (for interaction with SH3-domain-containing proteins) and actin binding 
domains, as well as DNA-binding domains and nuclear localisation and export 
sequences (Fig.  21.3a ). ABL1 interacts with a large variety of cellular proteins, 
including signalling adaptors, kinases, phosphatases, cell-cycle regulators, transcrip-
tion factors and cytoskeletal proteins. It is thought to function in a wide range of 
cellular processes, including regulation of cell growth and survival, oxidative stress 
and DNA-damage responses, actin dynamics and cell migration [ 49 ]. The wild-type 
protein is alternatively spliced at the N-terminus such that one isoform can be myri-
stylated, whereas the other is not. The kinase activity of ABL1 is tightly regulated by 
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both intermolecular and intramolecular interactions, and by post- translational modi-
fi cations. For example, autoinhibition is achieved through a complex series of inter-
domain interactions and associated conformational changes that involves contacts 
between the myristylated N-terminus and kinase domain [ 50 ] (Fig.  21.3b ).

21.4.3        The Structure and Function of BCR 

 BCR is an ~140-kDa protein whose function is still largely unknown. Whereas 
mice carrying a  BCR - ABL1  transgene develop CML [ 51 ], mice that are homozy-
gous null for  BCR  have defects in hormonal and behavioural stress response 
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  Fig. 21.3     BCR - ABL1 . Domain structure of ( a ) ABL1 and ( b ) BCL-ABL1 (not to scale). ( c ) 
Structure of the inactivate state of ABL1 (N-terminal to kinase domains only; PDB code-1OPK). 
( d ) Schematic of the active state (same regions). Residues Y245 and Y412, and the N-terminal 
myristate stabilize the inactive state by forming interdomain interactions. Phosphorylated Y245 
and Y412 cannot make the same interactions, and loss of the N-terminal myristate in BCR-ABL1 
promotes an ‘always activated’ state. The coiled-coil domain in BCR is also thought to be involved 
in activating the ABL1-kinase domain in BCR-ABL1       
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regulation and are prone to septic shock (MGI database). The protein has serine/
threonine kinase activity [ 52 ] and is a GTPase-activating protein for RAC1 and 
RAC2 and CDC42 [ 53 ,  54 ], and is reported to bind a range of other proteins. 
BCR also contains an N-terminal tetramerisation domain that forms a helical 
bundle [ 55 ].  

21.4.4     BCR-ABL1 Fusion Proteins 

 The protein products of the Philadelphia chromosome vary in size according to the 
breakpoints in the translocation. Although different breakpoint sequences of ABL1 
are involved, splicing of the primary hybrid transcript invariably yields an mRNA 
molecule in which  BCR  sequences are fused to  ABL1  exon a2. Thus, all but the 
N-terminal region of ABL1 is expressed (Fig.  21.3a ). The variation in protein size 
stems from the BCR component, such that three different fusion proteins are gener-
ated, which tend to be associated with distinct leukaemia types. A 210 kDa protein 
is a hallmark of CML, a 185 kDa protein is present in 20–30 % of adult and in 3–5 
% of childhood B-ALL [ 56 ,  57 ], and a 230-kDa protein has been found in chronic 
neutrophilic leukaemia (and more rarely in CML) [ 58 ]. 

 All of these BCR-ABL1 proteins result in constitutively activated ABL1 tyro-
sine kinase activity. This is brought about, at least in part, by loss of the myri-
stylated N-terminus of ABL1, thereby preventing autoinhibition, but also by the 
presence of regions from BCR. For example, the BCR N-terminal oligomerization 
domain and SH2-binding elements (that can target the SH2 domain from ABL1) 
are required for oncogenic transformation [ 59 – 61 ]. The correlation of different 
fusion proteins with distinct leukaemias suggests that other portions of BCR affect 
the function of the fusions and the phenotype of affected cells. Although the BCR 
regions contain serine/threonine kinase activity, it is the tyrosine kinase activity, 
and the ability of ABL1 to modify a large number of targets in cells, that is gener-
ally thought to trigger disease. Indeed,  ABL1  has been identifi ed as a fusion partner 
with at least eight other fusion partners in rare chromosome translocations associ-
ated with T-ALL, B-ALL and other leukaemias and ABL1 has an emerging role 
activated in various solid tumours [ 62 ]. Thus, the tyrosine kinase activity of ABL1 
(see below) has been a very effective target for drug therapies against CML and 
other cancers. 

 Multiple signalling pathways appear to mediate the oncogenic activity of BCR- 
ABL1, including the RAS, nuclear factor-κB (NFKB1), PIK3CA/PI3K-AKT1, 
JUN, CTNNB1 and signal transducer and activator of transcription 3 (STAT3) 
signalling pathways (e.g., [ 62 ,  63 ]). It should be noted, however, that the 
Philadelphia chromosome is not itself suffi cient to cause leukaemia; low levels of 
 BCR - ABL1  fusion transcripts have been detected in up to 75 % of healthy indi-
viduals [ 64 ].  
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21.4.5     Molecular Targeting of BCR-ABL1 

 Small molecules that inhibit BCR-ABL1 generally target the tyrosine kinase activ-
ity of ABL1. CML was essentially a fatal disorder until Imatinib/Gleevec/STI571 
[ 65 ] was developed to target the ATP-binding site of BCR-ABL1. This was the fi rst 
targeted therapy for cancer treatment, being specifi c for the ABL1 tyrosine kinase 
but not other similar kinases. Although the drug revolutionized treatment of CML, 
some patients cannot tolerate it, others develop resistance, and relapse can occur if 
the malignant clone is not eradicated, leading to the development of subsequent 
generations of inhibitors that give improved survival rates for CML patients 
(reviewed in [ 66 ]).   

21.5      BCL2 and the Inhibition of Apoptosis 

21.5.1     BCL2 and Follicular Lymphoma 

 BCL2 was discovered in association with the t(14;18)(q32.3;q21.3) chromosomal 
translocation in which the  BCL2  gene from chromosome 18, is juxtaposed with the 
 IGH  gene on chromosome 14 [ 67 – 69 ]. This translocation is characteristic of fol-
licular lymphoma, with an occurrence rate of 80–90 %. The same translocation is 
seen in ~20–30 % of cases of de novo DLBCL and rare cases of chronic lympho-
cytic leukaemia (CLL) [ 70 ]. Variant chromosomal translocations involving  BCL2  
and other partner genes have been described that are not preferentially associated 
with follicular lymphoma. These include the juxtaposition of BCL2 with either the 
immunoglobulin (IG)  κ  or  λ  genes, located at chromosome 2p12 [ 71 ] or 22q11.2 
[ 72 ], respectively. With the use of conventional cytogenetics methods, about 20 
lymphomas or leukaemias with variant translocations involving  BCL2  have been 
reported in the literature. One study that used Southern blot analysis and restriction 
fragment mapping identifi ed  BCL2  gene rearrangement with an IG light chain gene 
in 3 (9.4 %) of 32 CLL cases [ 73 ].  

21.5.2     The Structure and Relationships of BCL2 Family 
Proteins 

 As the name suggests, BCL2 was the fi rst discovered of the BCL2 family proteins, 
which also includes the other anti-apoptotic/pro-survival proteins (BCL2L1/
BCL-XL, BCL-W, A1/BCL2A1, MCL1), the pro-apoptotic proteins (BAX, BAK1, 
and BOK) and the less-well studied members whose designations are less well 
established (BCL-RAMBO/BCL2L13, BOO/BCL2L10, and BCLG/BCL2L14). 
Despite signifi cant sequence variation, these proteins share up to four regions of 
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conserved sequence known as BCL2 homology (BH) domains, BH1–BH4 
(Fig.  21.4a ). These multidomain BCL2 family proteins form a common fold in 
which seven amphipathic helices pack against a central solvent inaccessible hydro-
phobic helix (Fig.  21.4b ). A hydrophobic groove formed on the surface of the pro-
teins can bind helical BH3 domains from BH3-only proteins (BCL2L11/BIM, BID, 
BBC3/PUMA, BAD, HRK, BIK, BCL2L15/BFK and PMAIP1/NOXA; e.g. Fig. 
 21.4c ) or small molecule inhibitors (Fig.  21.4d ). However, there is some selectivity 
in binding. For example, BCL2L11/BIM, BID and BBC3/PUMA each bind to all 
fi ve pro- survival BCL2 family members, whereas BAD and PMAIP1/NOXA bind 
subsets of these proteins (BCL2, BCL2L1/BCL-XL, BCL-W) and (AI, MCL10), 
respectively. Many of these proteins also contain a putative transmembrane region 
and are typically associated with membranes. For example, BCL2 was detected in 
the nuclear outer membrane, mitochondrial outer (and to a lesser extent the inner) 
membranes and the endoplasmic reticulum [ 75 ].

21.5.3        The Role of BCL2-Family Proteins in Apoptosis 

 BCL2 contributes to carcinogenesis by inhibiting cell death [ 76 ]. The BCL2 family 
of proteins predominantly regulate the initiation of apoptosis by the intrinsic or 
mitochondrial pathway (Fig.  21.4e ). Diverse stimuli (such as growth factor depriva-
tion, stress, UV radiation or viruses) typically activate one or more BH3-only pro-
teins. Pro-survival proteins, including BCL2, bind to and inhibit these proteins. 
However, once a threshold of BH3-activation is reached, this inhibition is overcome, 
leading to the assembly of BAK or BAX oligomers within the outer mitochondrial 
membrane. These oligomers permeablize the mitochondria, by as yet undetermined 
mechanisms, leading to cytochrome C release, which in turn triggers apoptosome 
assembly and the cascades of caspsase activation that cause demolition of the cell 
(e.g., reviewed in [ 77 ]). The BCL2 proteins also provide some links between the 
intrinsic and extrinsic apoptotic pathways, through caspase-8 activation of BID in 
the latter pathway. Activated BID (tBID) then enters the intrinsic pathway. 

 The interplay between the pro-survival and pro-apoptotic BCL2 proteins relies 
heavily on the insertion of BH3-domains (from both multidomain and BH3-only 
proteins) into the hydrophobic groove on the multidomain proteins to either inhibit 
or activate mitochondrial permeabilization. In healthy cells, the pro-apoptotic BAX 
is monomeric, inert and largely restricted to the cytoplasm. During apoptosis, it 
becomes translocated to the outer mitochondrial membrane. Activation of BAX by 
pro-apoptotic BH3 domains triggers a conformational change that generates a meta-
stable state before ultimately resulting in BAX oligomers [ 78 ]. BCL2 can inhibit 
BAX activation by sequestering pro-apoptotic BH3 domains, but BCL2 may also 
directly prevent BAX oligomerization through interaction of the two proteins in the 
outer mitochondrial membrane, which has been reported to require conformational 
changes in both BCL2 and BAX [ 79 ]. In addition to binding to other BCL2 family 
proteins, BCL2 can reportedly bind proteins involved in other aspects of apoptosis 
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  Fig. 21.4     BCL2 . ( a ) Domains in BCL2 (BCL2-homology domains, BH1–4; Transmembrane 
domain, TM; not to scale). ( b ) Overlay of the structures of BCL2 (PBD code – 1G5M;  Blue ) and 
BCL2L1/BCL-XL (PDB code – 1LXL;  orange ). ( c ) Structure of BCL2L1/BCL-XL ( orange ) 
bound to the BH3-only protein BAD ( cyan ; PDB code – 2BZW). ( d ) Structure of BCL2L1/
BCL-XL ( orange ) bound ABT-737( cyan ; PDB code – 2YXJ). ( e ) Roles of BCL2 in apoptosis. 
 Black arrows  indicate pro-apoptosis pathways,  red bars  indicate inhibition of apoptosis (Adapted 
from Fig.  21.2 , Ref. [ 74 ])       
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(such as APAF1 and related proteins), as well as other cellular processes. Notably, 
the ability of BCL2 to inhibit apoptosis is probably not suffi cient to drive oncogenic 
transformation; the concomitant stimulation of cell proliferation and inhibition of 
apoptosis are both required [ 80 ]. Thus, the cooperation between the anti-apoptotic 
activity of BCL2 and pro-proliferation properties of proteins, such as MYC (as 
described above for MYC) or other changes drive oncogenesis. BCL2 does localize 
to nuclear membranes and some reports indicate that BCL2 can inhibit DNA repair, 
which could contribute to genome instability in cells that overexpress BCL2 and 
thereby lead to secondary mutations that cause oncogenic transformation [ 81 ].  

21.5.4     Molecular Targeting of BCL2 

 BCL2-family proteins are a very active area for small molecule inhibitor develop-
ment for use as therapeutics in cancer treatment. These BH3 mimetics include natu-
ral product derivatives and rationally designed compounds such as ABT-737 and its 
oral analogue ABT-263 (navitoclax), ABT-199, GX15-070 (obatoclax), R-(-)-
gossypol (AT-101), WEHI-539, and BM series compounds (reviewed in [ 82 ]). 
Although many of these molecules display some levels of cytotoxicity, they do have 
anti-tumour properties derived from targeting one or more BCL2 family members.  

21.5.5     Conclusion 

 These examples comprise a very small subset of known disease-associated chromo-
somal translocations (see other chapters for more details), but represent common 
modes of oncogenic transformation that occur as a result of translocations. 
Transcriptional programming, altered signalling pathways and blocks to apoptosis 
(often in combination) are the frequently observed outcomes from perturbations to 
normal cellular interaction networks. However, in many cases, inhibition of the 
aberrant interactions is an effective strategy for therapeutic treatment.      
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  Abstract     Cancer is by defi nition a disease caused by mutations in genes that con-
trol cell differentiation and growth, leading to disruption of the normal differentia-
tion programme and the generation of an abnormal cell type. Cellular identity is 
intrinsically controlled by the interplay of transcription factors with the chromatin 
modifi cation and remodelling machinery. In cancer, this whole process is dysregu-
lated, and it is abundantly clear from the types of mutations present that cancer is a 
disease of epigenetic reprogramming and transcriptional malfunction. In this review, 
we will use blood cancers as a paradigm to describe the different mechanisms by 
which transcriptional programming of chromatin and, thus, cell differentiation are 
derailed in cancer cells.  

        C.   Bonifer      (*) •    P.  N.   Cockerill    •    A.   Ptasinska    
  School of Cancer Sciences, Institute for Biomedical Research ,  University of Birmingham , 
  Birmingham   B15 2TT ,  UK   
 e-mail: c.bonifer@bham.ac.uk  

mailto:c.bonifer@bham.ac.uk


468

  Keywords     Haematopoietic malignancies   •   Epigenetic reprogramming by leukae-
mogenic oncoproteins   •   Mutations in the epigenetic regulatory machinery   • 
  Chromatin alterations in cancer   •   Deregulation of gene expression in cancer  

22.1         The Epigenetic Regulatory Machinery 

22.1.1     The Interplay of Transcription Factors 
with the Chromatin Landscape Drives Cell 
Differentiation 

 Cellular identities are defi ned by specifi c differential gene expression patterns, 
involving genes encoding regulatory factors such as signalling molecules and 
sequence-specifi c transcription factors. Cell differentiation is initiated by specifi c 
signals coming from outside the cell that act via receptors and terminate at respon-
sive transcription factors which then switch genes on or off. Each cell type dis-
plays a specifi c transcriptional network which is the union of all cis-regulatory 
elements controlling gene expression and the combinations of transcription fac-
tors binding to these elements which defi ne the regulatory logic by which genes 
interact and are controlled by outside signals [ 1 ]. Epigenetic modifi ers and chro-
matin remodelers play a central role in gene regulation because most of the 
genome is packaged into nucleosomes and exists together with various non-his-
tone proteins in a highly condensed inaccessible form. Accordingly, one of the 
main functions of transcription factors in the process of gene activation is the 
recruitment of chromatin modifi ers that are able to evict nucleosomes and render 
gene regulatory elements accessible to other elements of the transcription appara-
tus. To activate genes, transcription factors recruit co-factors, such as histone 
acetylases and chromatin remodelling complexes which modify and evict nucleo-
somes, thus paving the way for the assembly of a full transcription factor complex 
that is capable of interacting with the basal transcription machinery and drive 
mRNA synthesis [ 2 ,  3 ]. Conversely, repressor molecules recruit co-repressor 
complexes containing histone deacetylases which remove such modifi cations. 
This attracts chromatin remodelers, such as those of the of the BRG1/SMARCD3 
(SWI/SNF) and SNF2H (ISWI) families which then use ATP to either slide 
nucleosomes away from transcription factor binding sites or, conversely, to evict 
transcription factor complexes [ 4 ]. However, this simple scenario does not refl ect 
the true complexity of gene activation and gene silencing. Besides histone acety-
lation, histone tails are modifi ed by a bewildering variety of modifi cations, such 
as methylation, ubiquitination and phosphorylation, to name the most important 
ones, all of which are installed by enzymatic activities that have specifi c, but often 
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overlapping activities. An important principle is that these DNA and histone mod-
ifi cations are recognised by specifi c interacting complexes that serve to reinforce 
either the activated or the silent transcriptional state. Further details of how chro-
matin structure interacts with transcription factors and transcriptional co-factors 
to regulate gene expression during cell differentiation can be found in many excel-
lent reviews [ 3 ,  5 ,  6 ]. In the context of this review, we will only highlight a few 
important principles.  

22.1.2     The Epigenetically Silent State Is Self-Sustaining 

 The fi rst principle is that in the absence of transcription factors destined to activate 
them, genes adopt a silent state. Stably silenced, or heterochromatic genes display 
specifi c chromatin features and, in addition, their DNA is methylated at 
CG-dinucleotides. This involves a conversion to 5-methylcytosine on both DNA 
strands at CG sequences which is introduced by  DNA-methyltransferases (DNMTs)  . 
DNMT1 is regarded as a maintenance methylase because it associates with the 
DNA-replication machinery, and it requires a methylated cytosine on one strand of 
newly replicated DNA. By this means, it maintains the previously installed methyla-
tion states during replication thus restoring the original methylated state after cell 
division [ 7 ]. A correct level of DNMT1 is required for normal cell differentiation as 
exemplifi ed in the development of multiple defects in the haematopoietic system of 
mice haploinsuffi cient for  Dnmt1  [ 8 ]. In contrast, DNMT3A and DNMT3B can be 
recruited to sites not previously methylated to establish new patterns of cytosine 
methylation. 

 Methylated DNA binds methyl-binding proteins that interact with histone- 
deacetylases and is associated with high levels of histones methylated at lysine 9 
(H3K9) [ 9 ], which, in turn creates a binding site for heterochromatin protein 1 
(HP1) [ 10 ,  11 ]. Methyl-binding proteins and HP1 synergise by recruiting histone 
deacetylases and H3K9 methyltransferases, thus forming highly cooperative assem-
blies that maintain and propagate the silenced state during cell division [ 12 – 14 ]. 
The result of these interactions is that heterochromatin is both highly condensed and 
self-sustaining.  

22.1.3     Changes in Transcription Factor and Chromatin 
Assemblies Occur in Stages 

 The second principle is that both gene activation and gene silencing are multi-step 
processes that involve the cooperation of multiple factors. Active genes are bound 
by hundreds of transcription factors, all of which bind to specifi c sequences and 
their associated co-factors. The specifi c sequence composition of cis-regulatory 
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elements dictates the affi nity of transcription factor binding and thus the pattern of 
local histone modifi cations [ 15 ,  16 ]. The activation of genes from the fully hetero-
chromatic state requires the recruitment of factor complexes that remove the methyl 
groups from DNA. For many years, such an activity was elusive, but we now know 
that different mechanisms can contribute to the demethylation of DNA. One of the 
mechanisms that is of relevance in this review involves the TET-proteins which 
convert 5-methyl-cytosine into 5-hydroxy-methyl cytosine, a modifi cation which is 
recognised by the DNA repair machinery and which is then converted through sev-
eral intermediates to the original cytosine [ 17 ]. Once DNA is demethylated, it can 
be bound by transcription factors which recruit co-activators that counteract the 
activity of repressive activities. In addition, CGs within the binding sites of tran-
scription factors are being directly protected from methylation by the binding of 
these factors [ 18 – 20 ]. In the presence of the full complement of active transcription 
factors specifi c for a given cell type, genes stay active even through multiple rounds 
of cell division as some chromatin modifi ers and transcription factors have the abil-
ity to be retained on mitotic chromatin and are thought to serve as a nucleating 
signal for the reassembly of the transcriptional machinery [ 21 – 23 ].  

22.1.4     Polycomb Complexes Fine-Tune Differential Gene 
Expression 

 The third principle regards the intermediate state of genes which are in the process 
of being switched on and off during development. Cell fate changes and alterations 
in the composition of transcription factor and chromatin complexes do not function 
like binary switches with all factors simultaneously falling off when a gene is being 
silenced or simultaneously assembling when it is activated. Cell fate changes in 
development occur gradually and involve the step-wise opening up of chromatin by 
the sequential assembly of factors on multiple cis-regulatory elements in the absence 
or low level of transcription, a process that is called priming [ 24 ,  25 ]. Conversely, 
the closure of chromatin of a previously active gene also occurs gradually, together 
with the changing active transcription factor composition within the cell [ 26 ,  27 ]. 
However, actual mRNA synthesis can cease very quickly and genes can exist in a 
plastic state where they can either be activated or further repressed, depending on 
signals and developmental cues. The formation of this plastic state is mediated by 
polycomb group (PcG) complexes, which consist of a vast zoo of multiple different 
subunits, but essentially come in two fl avours, PRC1 and PRC2 [ 28 ,  29 ]. PRC2 car-
ries at its heart a histone modifi cation activity (EZH2 or EED) that deposits one, two 
or three methyl groups on histone H3K27. Work in mouse ES cells has shown that 
about 70 % of all H3 molecules contain the H3K27me2 mark, whereas H3K27me1 
marks transcribed genes, and H3K27me3 is found at the promoters of genes that are 
poised for transcription, but are not active [ 30 ]. The H3K27me3 mark creates a 
binding site for the chromodomain within the CBX family (Polycomb) subunit of 
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PRC1 which stably associates with PRC2 in chromatin. The RING1 family compo-
nent of PRC1 then deposits a ubiquitin molecule at Histone H2A. The end result of 
these interactions is a block in the activity of RNA-Polymerase II and transcription 
is halted even in the presence of bound transcriptional activators and the basal tran-
scription machinery on the gene [ 31 ]. Such poised promoters often carry an active 
chromatin mark, H3K4me3, whose deposition is catalysed by the Mixed Lymphocyte 
Leukaemia (MLL/KMT2A) complex [ 32 ]. The MLL complex is required for tran-
scription in every cell and interacts with factors which are required for transcrip-
tional elongation, such as PAF1 and the super-elongation (SEC) complex [ 33 ,  34 ], 
which is the precise activity PcG complexes are interfering with. This ability of PcG 
complexes to counteract the action of activators and to hold genes in “limbo” is 
essential for the establishment of specifi c patterns of gene expression because muta-
tion of core PcG units leads to the aberrant activation of developmental regulator 
genes and deregulation of differentiation [ 31 ]. In summary, PcG complexes are 
essential for dynamic cell differentiation as they ensure that gene regulation is fi ne- 
tuned and genes are activated and silenced at the appropriate differentiation stage.   

22.2     Mechanisms of Cancer Transcriptional and Epigenetic 
Deregulation in Cancer 

 There is now overwhelming evidence that genetic changes in cancer cells disturb 
the fi nely tuned balance of the interaction of the transcription regulatory machinery 
with the genome. For leukaemia this has been impressively highlighted by The 
Cancer Genome Atlas consortium which demonstrated that the majority of muta-
tions causing acute myeloid leukaemia (AML) affect members of the epigenetic 
regulatory machinery and signalling component. Furthermore, individual leukae-
mias carrying different mutations display different gene expression profi les [ 35 ]. A 
similar picture affecting different genes is now also emerging in other blood can-
cers, such as lymphoma [ 36 ], T-cell precursor acute lymphoblastic leukaemia [ 37 ] 
and even in solid tumours, such as breast cancers [ 38 ]. Cells can respond to such 
mutagenic events in multiple ways, none of which are mutually exclusive [ 39 ,  40 ]. 
They may display uncontrolled growth by chronically activating growth factor sig-
nals, which subvert the transcriptional control of cell cycle regulator genes. If a 
mutation occurs in the stem cell compartment, differentiation can be blocked and 
cells reside for too long in the transiently amplifying precursor compartment. In 
both cases this can lead to further mutations and genetic instability. A third type of 
mechanism contributing to leukaemia involves the activation of lineage inappropri-
ate gene expression programmes which help cancer cells to evade normal develop-
mental control mechanisms within their normal cellular context. This section will 
highlight some of these specifi c mechanisms in more detail. 
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22.2.1     Aberrant Gene Silencing 

 As described in Section A, cell differentiation involves the selective activation and 
silencing of genes. The complement of expressed transcription factors together with 
co-activators and co-repressors determines which genes are on or off. It is therefore 
not surprising that mutations in any of the members of the epigenetic regulatory 
machinery will have a profound infl uence on this process. The result is that genes 
that should be active are not and genes that should be silenced stay active. This was 
fi rst observed in studies that demonstrated aberrant DNA-methylation of tumour 
suppressor genes [ 41 ], but was then extended by genome-wide studies to show that 
DNA-methylation patterns in cancer cells are highly indicative for specifi c cancer 
types, as exemplifi ed by the display of differential methylation patterns in AML and 
lymphomas [ 42 – 45 ]. However, the details of the precise mechanism of how aber-
rant DNA methylation is established are only just beginning to be unravelled and, in 
most cases, the molecular mechanism is still unclear [ 46 ]. One way to generate a 
genome wide hypermethylation signature is by interfering with the molecular 
machinery that removes methyl groups from CG di-nucleotides as exemplifi ed in 
patients that carry mutations in the TET2 pathway [ 47 ,  48 ]. Another way of attract-
ing  de novo  methylation is lack of binding of transcription factors as there is an 
inverse correlation between DNA-methylation and transcription factor binding [ 49 ] 
as well as with the resistance to de novo methylation in cancer cells and transcrip-
tion factor association [ 50 ,  51 ]. An interesting observation was that the majority of 
aberrantly methylated CG island promoters were targets of polycomb complexes in 
embryonic stem cells, but also in other stem cell types [ 52 – 54 ], indicating that non-
expressed genes in “transition” carrying a poised RNA-Polymerase – MLL/KMT2A 
complex as well as bivalent histone marks are particularly vulnerable to epigenetic 
silencing. It has indeed been shown that loss of MLL/KMT2A from a CG island 
promoter leads to rapid loss of RNA-Polymerase binding followed by de novo 
DNA-methylation [ 55 ,  56 ], indicating that DNA-methylation is secondary to the 
cessation of transcription. 

 Many of the mutations in blood cell malignancies do not affect global transcrip-
tional regulators, but alter the functions of specifi c transcription factors required to 
drive the development of specifi c haematopoietic lineages. Without these factors, 
development is blocked and cells become vulnerable to transformation [ 57 ]. 
Examples of this notion are mutations of   RUNX1    , GATA2, SPI1/PU.1  and  CEBPΑ , 
all of which infl uence lineage-specifi c terminal differentiation and are recurrent fea-
tures in leukaemia. Experiments with knock-out mice have shown that blood cell 
development is absent in the absence of RUNX1 [ 58 ], whereas the loss of RUNX1 
past the haematopoietic stem cell (HSC) stage does not impact on stem cell num-
bers, but instead mice eventually succumb to a myelodysplastic syndrome (MDS) 
or lymphoma [ 59 ]. In addition, the expression of RUNX1 mutants found in patients 
disturbs myeloid differentiation [ 60 ]. Similarly, GATA2 is required for HSC genera-
tion and survival, and mutations of   GATA    family transcription factors have been 
found in MDS and AML [ 61 ].  GATA2  overexpression is incompatible with the 
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 survival of leukaemic cells in a mouse model of AML, indicating that the reduction 
of GATA2 activity is required for leukaemogenesis [ 62 ]. SPI1/PU.1 is absolutely 
required for myelopoiesis [ 63 ], and in mouse models a reduction in the levels of this 
transcription to 20 % or its original level was suffi cient to trigger AML [ 64 ]. This is 
consistent with the fi nding of SPI1/PU.1 haploinsuffi ciency in human AML [ 65 ,  66 ]. 
 CEBPΑ  plays a central role in myeloid differentiation, and is required for the transi-
tion of the common myeloid progenitor to the granulocyte-macrophage progenitor 
stage. This factor is one the most frequently mutated transcription factors in AML, 
and is frequently dysregulated [ 67 ]. C/EBPα function can be interfered with by either 
mutation of the gene or by epigenetic silencing by DNA-methylation [ 68 – 71 ]. 
Different truncated versions of C/EBPα are found in AML whose expression in mice 
leads to stem cell expansion and a myeloid differentiation block [ 69 ] which goes 
along with a failure to repress stem-cell specifi c genes [ 70 ]. 

 In summary, from these data a picture emerges that highlights the central role of 
transcription factors, co-activators and PcG complexes in ensuring the balance 
between proliferation and differentiation and in protecting promoters from falling 
prey to DNA-methylation and stable epigenetic silencing.  

22.2.2     Aberrant Gene Activation 

 With only very few exceptions, one mutation does not generate a tumour cell [ 72 ]. 
Multiple mutations are required for tumour formation and the reason for this may be 
the fact that tumour cells evolve to evade the multi-faceted control mechanisms by 
which an organism keeps uncontrolled cell growth at bay. Aberrant gene activation 
in cancer is likely a result of such a selection process. One of the hallmarks of 
malignant cells is that many tightly regulated growth-controlling signalling pro-
cesses are constitutively active. This is achieved by the mutation of molecules 
involved in transmitting such signals into the nucleus or autocrine/paracrine stimu-
lation of growth factor receptors. In blood cells, this involves cytokine receptors 
such as  KIT   and FLT3 as well as kinases such as ABL1 or JAK2, leading to the 
chronic activation of transcription factors integrating the response to such signals. 
For example, the direct activation of RAS pathways can lead to activation of genes, 
such as  CSF2/GM-CSF  and hypersensitivity to GM-CSF in myeloid malignancies 
via activation of the signalling-responsive transcription factors NFKB or AP1 [ 73 , 
 74 ]. The mutation of Janus Kinase (JAK) results in constitutive phosphorylation of 
the STAT transcription factors and the up-regulation of STAT target genes [ 75 ]. 
Interestingly, JAK can also directly signal to chromatin by phosphorylating histones 
directly and excluding the binding of CBX5/HP1, thus helping to aberrantly activate 
self-renewal genes in leukaemia [ 76 ]. Last, but not least, it has recently been shown 
that chronic signalling from mutated growth factor receptors can directly impact on 
polycomb mediated silencing and allow the up-regulation of lineage inappropriate 
genes in AML [ 77 ]. 
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 An example for the complete epigenetic reprogramming of a cellular phenotype 
is classical  Hodgkin lymphoma (HL)  . The malignant Reed-Sternberg cells of HL 
(HRS cells) originate from germinal centre B cells. Interestingly, HRS cells only 
make up only a small fraction of the actual tumour, the rest are normal cells of mul-
tiple lineages which may protect these cells from immune surveillance. HRS cells 
have lost much of their B cell specifi c gene expression programme and express 
multiple infl ammatory response genes, chemokines and cytokines to which the 
surrounding cells respond [ 78 ]. The consequence of the chronic activation of infl am-
matory signals is that transcription factors linking such signals to gene expression 
control are constitutively active, with the most important factor being NF-κB, 
a feature which is shared with many cancers [ 79 ]. In addition, they express 
multiple lineage inappropriate genes, including the genes encoding the receptor for 
colony-stimulating-factor 1 (CSF1R or FMS) which is the main growth factor 
receptor for the macrophage lineage, and is normally only expressed in monocytes 
and macrophages [ 80 ]. Moreover, these cells also express CSF1 itself and this 
autocrine/paracrine loop is required for HL cell survival [ 81 ]. 

 An interesting by-product of the activation of chronic signalling is the genome- 
wide activation of repeat elements. While cancer cells demonstrate hypermethyl-
ation of tumour suppressor genes, it has long been known that cancer cells display 
global hypomethylation [ 82 ]. This effect can mostly be attributed to the hypo-
methylation of repeat elements such as satellite DNAs,  ALU  elements and  LINE  
elements [ 83 ]. These elements are normally methylated and packaged into hetero-
chromatin during embryogenesis. Epigenetic silencing at this stage is effi ciently 
enforced by DNA-methylation and the action of co-repressors that maintain the 
presence of inactive histone marks. It is now clear that repeat element activation has 
detrimental consequences for normal cells as activated repeat elements are a sub-
strate for homologous recombination which has been shown to lead to genomic 
instability and translocations [ 84 ]. It was only recently shown that repeat element 
activation can also infl uence gene expression and tumour pathology [ 81 ,  85 ,  86 ]. In 
Hodgkin lymphoma, the aberrant expression of the  CSF1R  gene does not originate 
from its normal promoter, but from an aberrantly activated long terminal repeat 
(LTR) promoter of the  THE1B  family of repeats located 6.5 kb upstream of the 
normal transcription start site [ 81 ]. The activation of  THE1B  elements in HL cells is 
not restricted to the  CSF1R  locus, but occurs at many genomic locations. The 
molecular mechanism of this activation is a loss of expression of the co-repressor 
RUNX1T1I/MTG8/ETO by aberrant DNA-methylation. The link to signalling was 
established by the fi nding that  THE1B  elements contain functional binding sites for 
inducible transcription factors, including NF-κB, which are required to activate 
LTR-driven promoter activity. The artifi cial recreation of this situation in non HL 
cells by the knock-down of MTG8 and the overexpression of a constitutively active 
NF-kB was suffi cient to activate wide-spread LTR-driven expression, indicating 
that the chronic activation of inducible transcription factors and the loss of epigen-
etic control can override the safeguards that normally protect cells from the activa-
tion of LTR promoters. The result is a cell that originates from B cells, but has been 
selected to use growth factor signals that are normally specifi c for myeloid cells. 
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 Another way of aberrantly activating inappropriate gene expression programmes 
is the mutation or epigenetic silencing of genes encoding repressors. A reduction in 
the level of DNMT3A expression in mice is a trigger for genome-wide hypometh-
ylation and the development of lymphomas [ 87 ]. In humans, 22 % of all adult cases 
of AML have mutations in  DNMT3A  associated with loss or reduction of function 
[ 88 ] leading to an erosion of DNA-methylation [ 89 ], expansion of haematopoietic 
stem cells and an impediment of differentiation [ 90 ], which may underlie early 
changes in the development of AML [ 91 ]. Inactivating mutations of  EZH2  have 
been found in MDS [ 92 ], and mice with a conditional deletion of  EZH2  develop 
MDS with a global reduction of H3K27me3 and the de-repression of some PcG 
target genes. However, the precise link to leukaemogenesis is as yet unclear [ 93 ]. 

 Some of the most frequent mutations leading to transcriptional deregulation in 
leukaemia occur in the H3K4 methyltransferase KMT2A/MLL1 translocations 
involving over 100 different partner genes have been identifi ed. These are found in 
5–10 % of AML and in approximately 70 % of infant acute lymphoblastic leukae-
mia (ALL). Interestingly, these fusion proteins have lost their histone methylase 
activity as well as other domains involved the control of MLL degradation and, 
instead, are directly fused to genes encoding components of the  Super Elongation 
Complex (SEC)  , such as MLLT1/ENL or AFF1/AF4 [ 94 – 97 ]. The result of this loss 
is that the normal control mechanisms that regulate the activity of MLL/KMT2A 
are disrupted, and the recombined protein functions as a strong activator of tran-
scriptional elongation. A consequence of this activity is the chronic up-regulation of 
expression of homeobox genes, such as  HOXA9 , which is incompatible with termi-
nal haematopoietic differentiation [ 98 ]. Leukaemias with MLL/KMT2A transloca-
tions display a specifi c gene expression profi le, which is characterized by 
multi-lineage gene expression, again indicating lineage inappropriate gene activa-
tion [ 99 ]. In summary, these examples highlight how the investigation of the tran-
scriptional control of normal and malignant blood cell development has uncovered 
the important molecular players controlling haematopoiesis, leaving no doubt that 
blood cancers are fundamentally disorders of epigenetic and transcriptional 
reprogramming.   

22.3     System-Wide Studies of Cancer Development 

 The previous paragraphs have concentrated on describing the role of individual fac-
tors in cancer pathology. We are still only at the very beginning of our understand-
ing of how single mutations kick off a process that eventually culminates in a 
full-blown cancer. The main reason for this is the fact that we have only recently 
begun the process of collecting the system-wide data that allows us to compare 
cancer cells with normal cells and to make sense of the differences. However, these 
studies have already made it abundantly clear that in cancer not just a few genes are 
deregulated, but the entire transcriptional network of cancer cells has been repro-
grammed to support the survival of malignant cells within an increasingly hostile 

22 Aberrant Transcriptional Programming in Blood Cancers



476

normal cellular environment. In this chapter, we will review examples of system- 
wide studies which shine a fi rst light on this process. 

22.3.1     The Impact of Leukaemogenic Transcription Factor 
Complexes on the Chromatin Landscape 

 As outlined above, a number of studies have collected global gene expression and 
DNA methylation data and used such data to classify different types of cancer, and 
to identify subtypes of individual diseases. Since many leukaemia fusion proteins 
directly affect histone modifi ers, several studies have examined the chromatin land-
scape in cancer cells with the aim to unravel global alterations in chromatin pro-
gramming. Several studies compared histone modifi cation profi les between normal 
cells and different types of AML [ 62 ,  100 ,  101 ]. They obtained important informa-
tion about the nature of the genomic targets that were altered in leukaemia cells and 
uncovered alterations in the regulation of important drivers of differentiation and 
self-renewal. However, very few studies have actually linked the chromatin land-
scape with the actual genomic targets of nuclear oncoproteins, let alone linked aber-
rant signalling processes with alterations of transcription factor assembly in the 
nucleus. Here we will highlight leukaemia with defects in the Core-Binding Factor 
(CBF) proteins as an example of how such studies pave the way for more a global 
understanding of how cancer cells maintain their aberrant phenotype. A large sub-
class of AML is associated with chromosomal rearrangements that result in disrup-
tion of the function of either the  RUNX1   transcription factor [ t(8;21)  ] or its binding 
partner CBFB [inv(16)] which together make up the CBF complex. CBFB interac-
tion is required for high-affi nity DNA binding of RUNX1 [ 102 ]. RUNX1 function 
is also disrupted by mutations within the  RUNX1  gene in 10 % of karyotypically 
normal AMLs [ 35 ]. 

 In approximately 10 % of all AMLs, the DNA sequences encoding the DNA- 
binding domain of   RUNX1    are translocated from chromosome 21 to chromosome 8, 
and fused to the  RUNX1T1 / ETO / MTG8  [ 103 ] gene, encoding a transcriptional 
repressor protein, resulting in the formation of the fusion protein RUNX1/
RUNX1T1. This fusion protein lacks the transactivation domain of RUNX1, but 
still forms a heterodimer with CBFB. Like other oncogenes, RUNX1/RUN1T1 is 
not capable of causing leukaemia by itself, and the induction of fully developed 
AML in  t(8;21)   patients requires secondary genetic alterations [ 104 ]. As discussed 
in the fi rst chapter, the expression of RUNX1/RUNX1T1 delays differentiation and, 
thus, makes the cells vulnerable to a second mutagenic event, which in most cases 
is a mutation in a growth-promoting signalling molecule, such as  KIT   [ 35 ]. Genome- 
wide analyses in t(8;21) cell lines and in primary leukaemia cells using ChIP 
sequencing (ChIP-seq) for the fi rst time highlighted the genomic targets of RUNX1/
RUNX1T1 and their chromatin features [ 105 – 108 ]. As it turned out, RUNX1/
RUNX1T1 occupies thousands of binding sites and the infl uence of binding of this 
aberrant protein on gene expression and the chromatin landscape is extensive. In 
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t(8;21) leukaemia cell lines RUNX1/RUNX1T1 exists as a tetramer that associates 
with multiple haematopoietic regulators such as  TAL1  , ERG, FLI1 and  LMO2  , both 
in vitro and at its genomic targets. The interaction with other factors is required for 
leukaemogenicity of RUNX1/RUNX1T1 [ 106 ,  109 ]. Moreover, all t(8;21) AML 
cells retain an intact copy of  RUNX1 , which is required for cell survival, a feature 
common with other core-binding factor leukaemias [ 105 ,  110 ], and all RUNX1/
RUNX1T1 binding sites are also bound by RUNX1 [ 105 ,  108 ]. Depletion of 
RUNX1/RUNX1T1 using a knock-down approach leads to a global redistribution 
of RUNX1 binding [ 108 ]. Furthermore, global gene expression profi ling demon-
strated that depletion of RUNX1/RUNX1T1 results in differentiation of t(8;21) 
cells, with genes encoding regulators of proliferation and cell cycle progression 
being down-regulated, and myeloid differentiation genes being up- regulated [ 108 ], 
indicating that the continuous presence of the oncogene is required to block differ-
entiation. Down-regulated genes include crucial regulators of myelopoiesis, such as 
 CEBPA , partly explaining the differentiation block in t(8;21) cells. 

 In vitro experiments have shown that the  RUNX1  /RUNX1T1 protein interacts 
with the NCOR and SIN3A co-repressors [ 111 ] turning the RUNX1 trans-activator 
into a genuine repressor. However, the binding of RUNX1/RUNX1T1 is associated 
with both up- and down-regulated genes and individual RUNX1/RUNX1T1 bound 
genomic sites recruit both histone acetylases (HATs) and HDACs [ 109 ,  112 ,  113 ] 
indicating a complex and dynamic network of transcription factor and co-factor 
interactions impacting on target gene regulation. Depletion of RUNX1/RUNX1T1 
correlates with increased histone H3 lysine-9 (H3K9) acetylation [ 107 ,  108 ], which 
is consistent with a mostly repressive activity of the fusion protein. The conse-
quences of the  t(8;21)   are, therefore, more wide-ranging than simple loss of func-
tion mutations within the  RUNX1  gene, as found in other subsets of AML. 

 In summary these experiments show that the binding of  RUNX1  /RUNX1T1 to 
its targets interferes with normal transcription factor assemblies and alters their 
function, thus leading to changes in histone modifi cations and a block in differentia-
tion. Multiple pathways are altered, including those coding for signalling molecules 
and regulators of differentiation, such as C/EBPα. Moreover, the expression of 
RUNX1/RUNX1T1 causes  t(8;21)   cells to re-balance global gene expression by 
using the remaining intact RUNX1 protein to enhance self-renewal. Similar wide- 
spread transcriptional reprogramming has also been shown for another core-factor 
binding leukaemia, AML with the inv(16), which affects the gene encoding CBFB 
[ 114 ] or for  APL   caused by the expression of PML/RARA [ 115 ]. These fi nding 
show the extent to which the expression of a single aberrant transcription factor is 
capable of reprogramming the epigenetic landscape of a haematopoietic precursor 
cell and they demonstrate the monumental task ahead for therapy.   
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22.4     Outlook 

 Our most successful weapon against cancer cells is still chemotherapy which relies 
on the selective killing of fast-growing cells. This has now been complemented with 
epigenetic therapies that globally alter the DNA-methylation and histone modifi ca-
tion status of cells in the hope that the balance between cell proliferation and cell 
differentiation can be restored. However, in spite of their success, these global 
approaches could be compared to an attempt to change a derailed ecosystem by 
globally poisoning it, with the consequence that what is left of healthy ecologic 
interactions is damaged as well. Moreover, cancer cells show clonal evolution and 
change phenotype [ 116 ], or originate from quiescent stem cells out of reach for 
chemotherapy [ 91 ]. Furthermore, even the same tumour type displays a huge diver-
sity of mutations from which it is diffi cult to identify the actual “driver” mutations 
that has set the cell off on the path to become malignant. The  t(8;21)   and other such 
leukaemic mutations are prominent examples for such driver mutations, but in many 
cases of leukaemia and, in particular, in solid tumours, the picture is much less clear. 
From the data presented in the previous chapters, it is therefore obvious that we 
need to harness the power of system-wide studies to identify pathways upon which 
specifi c cancer cells depend and which can be targeted from multiple angles. Thus, 
a number of efforts are underway to integrate multiple types of high-throughput 
data and combine them with mathematic modelling approaches to reconstruct func-
tional cellular networks and predict responses to manipulation [ 117 ]. These efforts 
will hugely increase our basic knowledge of tumour pathology and will identify 
molecules and pathways that are “druggable”. With the inhibitor for the  BCR-ABL1   
kinase ( Imatinib  ) which causes chronic myelogenous leukaemia (CML), we have a 
very successful drug against a specifi c signalling molecule [ 118 ]. The extraordinary 
success of Imatinib led to the develop of a whole family of related kinase inhibitors 
effective against not just BCR-ABL1, but other cancers with signalling defects as 
well, such as gastrointestinal stromal cancers that carry   KIT    mutations [ 119 ]. 
However the clinical success of other inhibitors of signalling molecules known to 
infl uence cancer pathology, such as the RAS pathway, has been limited. It therefore 
becomes increasingly clear that system-wide studies are required to fi nd effi cient 
combinations of different drugs for different types of targets, the most important 
ones being nuclear proteins. Efforts are now directed at directly targeting aberrant 
sequence-specifi c transcription factors by small molecules [ 120 – 122 ], aberrantly 
recruited chromatin modifi ers [ 123 – 126 ], and also members of the basal transcrip-
tion machinery that are hyperactive in cancer cells [ 127 ,  128 ]. A very exciting recent 
development is the development of methods by which chromatin modifi cations and 
DNA-methylation are erased in a locus-specifi c fashion [ 129 ,  130 ], allowing us to 
glimpse a possible future where aberrant silencing of drivers of differentiation and 
tumour suppressor genes may one day be reversed. Provided that researchers are 
still allowed to dig deep into the fundamental mechanisms of normal and malignant 
cell differentiation, exciting times are ahead.     
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