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    Chapter 4   
 Etiology of Leukemia in Children with Down 
Syndrome                     

       Ana     C.     Xavier     ,     Yubin     Ge      , and     Jeffrey     W.     Taub    

    Abstract     Down syndrome (DS) or trisomy 21 is the most common congenital 
genetic abnormality in the United States, and affected individuals have a unique 
predisposition to develop acute leukemias early in life. It is estimated that children 
with DS have a 40- and 150-fold increased risk of developing acute lymphoblastic 
leukemia (ALL) and acute myeloid leukemia (AML), respectively. The increase in 
leukemia risk is likely caused by endogenous alterations of genetic factors, includ-
ing imbalances in chromosome 21-localized genes and altered biochemical path-
ways in DS cells. The hallmark features of DS-AML include the early development 
of a precursor disorder known as transient abnormal myelopoiesis (TAM), which 
clinically resembles AML but is transient in nature, and the presence of  GATA1  
(Xp11.23) mutations, which are detectable in the majority of TAM and DS-AML 
cases. On the other hand, DS-ALL leukemogenesis is linked to alterations in the 
 CRLF2  gene and associated mutations affecting pathways involving either the  JAK2  
or  RAS  genes. In this chapter we review current concepts of mechanisms leading to 
mutagenesis and leukemia in DS.  
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      Introduction 

 Acute leukemia is the most common type of cancer in children. Although the etiol-
ogy of acute leukemias remains largely unknown, there is supporting evidence in 
the literature suggesting that leukemogenesis is a multi-step process in which vari-
ous genetic hits may be involved. Remarkable relationships exist between chromo-
some 21 and predisposition to leukemia, leukemogenesis, and response to therapy. 
Hallmark features of pediatric acute leukemias frequently involve quantitative and/
or qualitative changes involving chromosome 21. 

 Down syndrome (DS; trisomy 21) is a disorder characterized by the constitutional 
presence of an extra copy of chromosome 21, and such individuals carry a 
signifi cantly higher predisposition to develop leukemia, especially early in life. A 
progressively better understanding of the processes involved in malignant 
transformation in DS cells is providing additional opportunities to answer 
fundamental questions that still remain in relation to leukemogenesis and response 
to cancer therapy in patients without DS. 

 DS is the most common birth defect in the United States and is one of the most 
studied genetic conditions (Parker et al.  2010 ). John Langdon Down fi rst described 
this disorder in 1866 in a group of children displaying common phenotypic features 
and cognitive impairments (Down  1866 ). It was only in 1959 that the presence of an 
extra copy of chromosome 21 was detected as constitutionally present in patients 
with DS (Lejeune et al.  1959 ). The fi rst description of leukemia occurring in a child 
with DS was published in 1930 (Cannon  1930 ). Since then, it has become evident 
that individuals with DS have a striking predisposition to develop acute leukemia 
early in life and that the elevated risk can extend for several decades (Scholl et al. 
 1982 ; Hasle et al.  2000 ). Interestingly, the increased risk of malignancy seems to be 
limited to the development of leukemias only, since solid tumors occur signifi cantly 
less frequently in children and adults with DS in comparison with individuals 
without DS (Xavier et al.  2009 ). In terms of leukemia risk, it is estimated that 
children with DS have a 40- and 150-fold increased risk of developing acute 
lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), respectively, in 
comparison with children without DS (Fong and Brodeur  1987 ; Hasle  2001 ), 
making them a signifi cant proportion of patients enrolled in clinical trials. In fact, 
children with DS represent approximately 2 % and 15 % of the pool of pediatric 
patients with ALL and AML, respectively (Zeller et al.  2005 ; Ragab et al.  1991 ). 
The increased risks of both types of acute leukemia in the same individual seem to 
be independent (Hellebostad et al.  2005 ). Interestingly, there is a 500-fold increased 
risk of children with DS developing the rare subtype of AML, acute megakaryocytic 
leukemia (AMkL; French-American-British [FAB] classifi cation M7) (Zipursky 
et al.  1994 ). AMkL cases correspond to less than 2 % of adult patients with AML 
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and up to 10 % of pediatric AML cases (Athale et al.  2001 ). In contrast, AMkL is 
the most common subtype of AML in patients with DS (Zeller et al.  2005 ; Al-Ahmari 
et al.  2006 ; Rao et al.  2006 ; Kudo et al.  2007 ; Reinhardt et al.  2005 ; O’Brien et al. 
 2008 ; Ravindranath et al.  1992 ; Gamis et al.  2003 ). This unique increase in leukemia 
risk is likely the result of endogenous genetic factors including chromosome 
21-localized genes and altered biochemical pathways in DS cells that may drive 
leukemogenesis.  

    Down Syndrome–Acute Lymphoblastic Leukemia 

 Essentially there are no clinical distinctions between patients with DS-ALL and 
those without it. The peak incidence of ALL in children without DS is between 2 
and 5 years, with the majority of cases actually being diagnosed in children aged 
2–3 years. Thereafter the incidence steadily decreases, being much less common 
among children older than 10 years ( Howlader et al. 2013a ,  b ). The age of 
presentation for children with DS-ALL is similar (Robison et al.  1984 ; Pui et al. 
 1993 ; Chessells et al.  2001 ; Whitlock et al.  2005 ) or slightly older (Ragab et al. 
 1991 ; Dordelmann et al.  1998 ). Strikingly, ALL has been unreported among children 
with DS younger than 1 year. No cases of infant DS-ALL were registered among 
653 DS cases treated in various collaborative group clinical trials (Ponti di Legno 
Study Group) between 1995 and 2004 (Buitenkamp et al.  2014 ). Similarly, no cases 
of infant DS-ALL were present in other large treatment cohorts (Whitlock et al. 
 2005 ; Lundin et al.  2014 ; Arico et al.  2008 ). The reasons for this apparent protection 
against infant ALL in DS remain unknown. 

 Features including gender, race, initial white blood cell (WBC) count, lymph-
adenopathy, and hepatosplenomegaly are not signifi cantly different between DS and 
children without DS with ALL at presentation (Ragab et al.  1991 ; Pui et al.  1993 ; 
Chessells et al.  2001 ; Dordelmann et al.  1998 ). However, DS children with ALL 
have a lower frequency of central nervous system involvement at presentation and 
less commonly present with an anterior mediastinal mass (Pui et al.  1993 ; Bassal 
et al.  2005 ), although these fi ndings have not been consistent among different 
DS-ALL cohorts (Zeller et al.  2005 ; Pui et al.  1993 ; Chessells et al.  2001 ; 
Dordelmann et al.  1998 ). 

 There are some noticeable differences in regard to common pediatric prognostic 
features that may be secondary to different pathogenesis processes. ALL of the 
T-cell phenotype is a very aggressive malignancy derived from T-cell progenitor 
cells, accounting for about 15 % of the pediatric leukemia cases in children without  
DS (Pizzo and Poplack  2011 ), and historically has an inferior outcome in compari-
son with acute leukemias of the B-cell phenotype. For reasons that remain unknown, 
T-cell ALL occurs rarely among DS children. In fact, several cohorts of patients 
with DS-ALL covering a large time span reported no cases of T-cell ALL at all 
(Zeller et al.  2005 ). Lower frequencies of common cytogenetic abnormalities are 
also seen among children with DS-ALL. They have a lower incidence of the hyper-

4 Etiology of Leukemia in Children with Down Syndrome



92

diploid karyotype, the  ETV6 - RUNX1  t(12;21) fusion protein (Zeller et al.  2005 ; Pui 
et al.  1993 ; Lundin et al.  2014 ), or other genetic alterations such as t(9;22) (q34;q11) 
( BCR / ABL  fusion gene),  MLL  rearrangements, and t(1;19) ( TCF3 - PBX1  fusion 
gene) (Pui et al.  1993 ; Chessells  2001 ; Forestier et al.  2008 ). 

 Another important differentiation is that DS children with ALL have an inferior 
outcome and a greater incidence of treatment-related mortality compared with chil-
dren without DS with ALL. Early reports showed that despite having similar age 
and WBC count at diagnosis, patients with DS-ALL had signifi cantly lower remis-
sion rates, higher mortality rates during induction, and decreased long-term overall 
survival (Robison et al.  1984 ; Kalwinsky et al.  1990 ; Levitt et al.  1990 ). These dif-
ferences have since been confi rmed by multiple different trials (Ragab et al.  1991 ; 
Pui et al.  1993 ; Chessells et al.  2001 ; Whitlock et al.  2005 ; Dordelmann et al.  1998 ; 
Bassal et al.  2005 ; Rajantie and Siimes  2003 ). Intensifi cation of therapy may be 
benefi cial in improving event-free survival (EFS), although patients with DS-ALL 
continue to face excessive treatment-related morbidity and mortality (Ragab et al. 
 1991 ; Buitenkamp et al.  2014 ; Patrick et al.  2014 ), with higher rates of severe muco-
sitis and infections, owing to more severe and prolonged myelosuppression 
(Buitenkamp et al.  2014 ; Rabin et al.  2012 ). Systemic toxicity may be intrinsically 
related to the constitutional presence of an extra copy of chromosome 21, with sub-
sequent differences in pharmacokinetics of drugs or pharmacodynamic effects in 
the tissues (Garre et al.  1987 ; Buitenkamp et al.  2010 ). For instance, DS children 
poorly tolerated treatment with the antifolate agent, methotrexate. The reduced 
folate carrier gene is localized to chromosome 21 ( SLC19A1 , 21q22), and its 
increased expression in various DS tissues may result in increased intracellular 
methotrexate transport and consequent increased cellular toxicity. These unique dis-
tinctions suggest that besides the linkage to leukemogenesis, trisomy 21 is also 
linked to metabolism of chemotherapy drugs, toxicity, and response to therapy 
(Xavier et al.  2009 ). 

    The “Two-Hit” Model of DS-ALL Leukemogenesis 

 The exact mechanisms by which an additional copy of chromosome 21 predisposes 
to leukemia remain unknown. Carcinogenesis is a complex process that results in 
essential alterations in cell physiology, usually driven by mutations, genomic 
instability, epigenetic events, etc. DNA can be modifi ed spontaneously in nature or 
after environmental exposure to mutagenic factors, such as viruses, radiation, or 
chemicals. Mutagenesis in certain types of cancer is greatly infl uenced by 
environmental factors, such as tobacco exposure and lung cancer (Doll and Peto 
 1978 ), or virus oncogenicity in bladder cancer (Parada et al.  1982 ). 

 In terms of leukemogenesis, it has been proposed that pediatric ALL results from 
at least two independent and sequential genetic mutations or events (Greaves  1988 ). 
The “two-hit” model of leukemogenesis was postulated by Mel Greaves: a 
preleukemic clone would arise in utero during the expansion of the B-cell precursor 
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compartment (“fi rst hit”), creating a “preleukemia state,” and a second mutation 
(“second hit”) would potentially occur after birth, likely resulting from environmen-
tal exposures such as infections, or even inherited susceptibility (Greaves  2002 ). 
This model is well accepted for ALL cases characterized by the presence of chro-
mosomal translocations that result in functional leukemia fusion genes (e.g.,  ETV6 -
 RUNX1  fusion genes) (Greaves  2002 ). 

  Trisomy 21     Taking this model into account for DS-ALL, it is possible that the “fi rst 
hit” is actually the presence of an extra copy of chromosome 21. A trisomic state 
would lead to gene dosage imbalances that promote changes in physiological cell 
processes or lead to deleterious mutations. In fact, some studies using DS mouse 
models have suggested that the presence of trisomic genes can induce the 
development of heart defects (Liu et al.  2011 ) and promote cognitive behavior 
changes. Liver and marrow of DS human fetuses collected at early gestational ages 
display expansion of the erythroid and megakaryocytic (Yu et al.  2010 ) compartments 
and changes in lymphopoiesis without the presence of additional mutations, 
suggesting that the abnormal fetal hematopoiesis is likely driven by the presence of 
an extra copy of chromosome 21 (Chou et al.  2008 ; Tunstall-Pedoe et al.  2008 ; 
Roberts et al.  2013 ) (Fig.  4.1 ).
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  Fig. 4.1    Gene dosage imbalances caused by the presence of an extra copy of chromosome 21 in 
Down syndrome babies would lead to abnormal fetal hematopoiesis. Consequently, altered 
physiological cell processes would promote gene rearrangements and deleterious mutations, 
leading to the development of acute lymphoblastic leukemia ( a ) or acute myeloid leukemia ( b )       
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    Underlining the importance of chromosome 21 in the etiology of leukemias is 
the fact that somatic quantitative or qualitative changes in chromosome 21 are com-
monly found in non-DS B-precursor ALL patients. For instance, the t(12;21) 
(p13;q22) chromosomal translocation that leads to the  ETV6 - RUNX1  fusion gene is 
present in about 20–30 % of the non-DS-ALL pediatric cases (Pui et al.  2008 ). 
Among these patients a large proportion exhibit secondary aberrations, with the 
most frequent being the presence of an extra copy of chromosome 21 (Loncarevic 
et al.  1999 ; Ma et al.  2001 ). High hyperdiploid karyotype (defi ned as 51–65 chro-
mosomes per cell), which occurs in 20–25 % of the non-DS B-precursor ALL cases 
(Paulsson and Johansson  2009 ), almost uniformly have three to four copies of the 
chromosome 21. 

 Of note, children with DS-ALL may have similar cytogenetic abnormalities such 
as t(12;21) (p13;q22) or high hyperdiploid karyotype, although these changes are 
found in a much smaller proportion of cases (Zeller et al.  2005 ; Pui et al.  1993 ; 
Dordelmann et al.  1998 ; Buitenkamp et al.  2014 ; Arico et al.  2008 ; Bassal et al. 
 2005 ; Chessells  2001 ; Forestier et al.  2008 ; Lanza et al.  1997 ; Maloney et al.  2010 ). 
Interestingly, array comparative genome hybridization analyses of DS-ALL sam-
ples without  ETV6 - RUNX1  fusion showed cytogenetic changes similar to those 
found in non-DS  ETV6 - RUNX1  positive ALL samples (Lo et al.  2008 ). Other estab-
lished genetic alterations such as t(9;22) (q34;q11) ( BCR / ABL  fusion gene),  MLL  
rearrangements, and t(1;19) ( TCF3 - PBX1  fusion gene) are also found in DS-ALL, 
but at a lower frequency (Pui et al.  1993 ; Chessells  2001 ; Forestier et al.  2008 ; 
Kalwinsky et al.  1990 ). This suggests that constitutional trisomy 21 may promote an 
apparent protection against common recurrent genetic abnormalities in ALL that 
involve chromosomal translocations, with consequent reduction of DS children pre-
senting with infant leukemia ( MLL- rearranged ALL), Ph+ ALL ( BCR - ABL ), and 
T-cell ALL (multiple different translocations involved) (Zeller et al.  2005 ; 
Buitenkamp et al.  2014 ). These differences stress the heterogeneity of childhood 
leukemia and the complexity of leukemogenesis in different groups of patients. 

  Chromosome 21-Localized Genes     Several chromosome 21-localized genes can 
potentially play a role in leukemogenesis in an unbalanced state.  RUNX1  (alternative 
names  AML1 ; core-binding factor, runt domain α-subunit 2, CBFA2) is the gene 
more frequently implicated in leukemia.  RUNX1  is part of the  RUNX  gene family 
( RUNX2  and  RUNX3 ) of transcription factors (TFs) that bind DNA via a Runt 
domain and a β-subunit encoded by the  CBFB  (core-binding factor, β-subunit, 
CBFB) gene.  RUNX1  plays key regulatory roles during hematopoiesis via regulation 
of various hematopoietic genes (Cohen  2009 ) which, when altered, result in 
leukemia.  RUNX1  is frequently found translocated in patients with AML ( AML1 - 
 ETO ,  AML1 - MDS1 - EAI1 ,  AML1 - FOG2 ) (Helbling et al.  2004 ; McNeil et al.  1999 ; 
Chan et al.  2005 ) and ALL ( ETV6 - RUNX1 ) (Hong et al.  2008 ), and the chimeric 
proteins that result from the fusion induce leukemogenesis.  

 Nonsense/missense or deletion mutations involving  RUNX1— that lead to a gene 
“haploinsuffi cient state”—have been found to be causative of an autosomal 
dominant disorder known as familiar platelet disorder with associated myeloid 
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malignancy (FPD/AML). FPD/AML is characterized by platelet dysfunction, 
altered megakaryopoiesis, and elevated risk of developing AML (Song et al.  1999 ). 
In this condition the simple inactivation of one allele is suffi cient to predispose to 
leukemia (Song et al.  1999 ). In mouse models,  RUNX1  haploinsuffi ciency has been 
shown to alter hematopoiesis (Mukouyama et al.  2000 ). Similarly, Preudhomme 
et al. ( 2000 ) found an elevated incidence of missense mutations or deletions in the 
Runt domain, likely resulting in nonfunctional AML1 protein, in multiple different 
cases of hematological disorders characterized by abnormalities of  RUNX1 , 
including acquired trisomy 21 and tetrasomy 21 (Mukouyama et al.  2000 ; Roumier 
et al.  2003 ). On the other hand, overexpression of  RUNX1  in a cell model (NIH3T3 
cells) induced neoplastic transformation (Kurokawa et al.  1996 ), suggesting that a 
higher  RUNX1  gene dosage can induce leukemia per se.  RUNX1  gene amplifi cation 
either via multiple copies of chromosome 21 or via high-level amplifi cation 
(intrachromosomal amplifi cation or extra chromosomes) has been reported in 
pediatric ALL. These cases usually have corresponding increases in AML1 
transcripts that are equivalent to the number of the amplifi ed  RUNX1  gene 
(Busson-Le Coniat et al.  2001 ). Interestingly, patients with B-precursor ALL and 
intrachromosomal amplifi cation of chromosomal 21 (iAMP21) have a very poor 
prognosis. Genomic characterization of cases harboring iAMP21 showed recurrent 
abnormalities in other genes such as  IKZF1 ,  CDKN2A / B ,  PAX5 ,  ETV6 , and  RB1 , 
likely secondary to chromosome 21 rearrangements (Rand et al.  2011 ). 

  Subsequent Genetic Changes     Once perturbed hematopoiesis is established, 
multiple additional genetic abnormalities can take place (“second hit”?). Specifi c 
cytogenetic changes have been observed in DS-ALL. Otherwise rare in non-DS- 
ALL (<3 %), up to 30 % of the patients with DS-ALL have translocations involving 
chromosomes 8 and 14 [t(8;14) (q11;q32)] ( IGH - CEBPD  fusion gene) (Forestier 
et al.  2008 ; Moore et al.  2003 ; Lundin et al.  2009 ). CCAAT/enhancer-binding 
protein δ (CEBPD) TF is part of the CEBP family of TFs composed of at least six 
multifunctional basic leucine zipper (bZIP) members, which play important roles in 
cellular differentiation, particularly hematopoietic tissues, hepatocytes, and 
adipocytes. The regulation of these genes is extremely complex and involves 
hormones, cytokines, nutrients, toxins, etc. (Ramji and Foka  2002 ), and all members 
of this family have been implicated in leukemias or solid tumors (Ramji and Foka 
 2002 ; Nerlov  2007 ). The fusion of  IGH  (immunoglobulin G heavy-chain locus; 
IGHG1) to  CEBPD  leads to activation of  CEBPD  and overexpression of the gene by 
mechanisms that remain unclear.  

 More recently, genomic abnormalities of cytokine receptor-like factor 2 (CRLF2) 
have been detected in approximately 60 % of DS-ALL cases and seem to be a 
unique feature of DS-ALL because of the rarity of non-DS cases with analogous 
abnormalities (Mullighan et al.  2009 ). Similar to the  IGH - CEBPD  scenario,  CRLF2  
(Xp22/Yp11) rearrangements can result from either (1) an intrachromosomal 
deletion of PAR1 (pseudoautosomal region 1) leading to  P2RY8 - CRLF2  fusion or 
(2) a translocation with the IGH locus at 14q32 [(X;14)(p22;q32)/t(Y;14)(p11;q32)] 
(Mullighan et al.  2009 ). Both aberrations lead to overexpression of CEBPD. Prior 

4 Etiology of Leukemia in Children with Down Syndrome



96

to the CEBPD fi ndings, Malinge et al. had detected a novel  JAK2  (9p24) mutation 
in a sample from a child with B-precursor DS-ALL that involved a 5-amino-acid 
deletion within the JH2 pseudokinase domain (JAK2DeltaIREED) (Malinge et al. 
 2007 ).  JAK2  is a tyrosine kinase that phosphorylates cytoplasmic targets essential 
for signaling of hematopoietic and growth factor receptors (Kralovics et al.  2005 ). 
Interestingly, expression of JAK2DeltaIREED in Ba/F3 cells led to constitutive 
activation of the JAK-STAT pathway and growth factor-independent cell proliferation 
(Malinge et al.  2007 ). Subsequently, the presence of  JAK2  mutations was found in 
a large proportion of patients with DS-ALL (Bercovich et al.  2008 ; Kearney  2009 ). 
 CRLF2  alterations were found to be associated with activating  JAK2  mutations and 
constitutive JAK-STAT activation, which likely contribute to DS-ALL 
leukemogenesis (Mullighan et al.  2009 ; Russell et al.  2009 ; Hertzberg et al.  2010 ). 
Interestingly, in patients not displaying abnormalities in the  JAK2  gene, driver 
mutations in  RAS  ( KRAS  and  NRAS ) were found in a high proportion of cases 
(Nikolaev et al.  2014 ). Additional analysis revealed that both  RAS  and  JAK2  drove 
subclonal expansions primarily initiated by  CRLF2  rearrangements, and/or 
mutations in chromatin remodelers and lymphocyte differentiation factors, providing 
new insights in the understanding of DS leukemogenesis (Nikolaev et al.  2014 ). 
Another way of altering expression of  CRLF2  is through gain of chromosome X, a 
common abnormality among patients with DS-ALL (38 % in DS-ALL cases versus 
20 % of non-DS-ALL cases) (Zeller et al.  2005 ; Forestier et al.  2008 ; Baker et al. 
 2003 ). All DS cases displaying extra copies of chromosome X also had overexpres-
sion of CRLF2 (Mullighan et al.  2009 ; Hertzberg et al.  2010 ), suggesting that 
CRLF2 alterations are indeed important in DS-ALL generation. 

  The Environment     The “two-hit” model of leukemias suggests that the postnatal 
genetic changes needed for leukemia development may be caused by an abnormal 
immune response to environmental factors, such as delayed infections (Greaves 
 2002 ). Lack of exposure to infections early in life would lead to poor immune system 
modulation and potentially result in leukemia (Greaves  1997 ,  2002 ). Among chil-
dren with DS-ALL, the Children’s Oncology Group (COG) found a negative asso-
ciation between acute leukemia and any infection in the fi rst 2 years of life, supporting 
the idea that early infection may be protective against leukemia in DS children as 
well (Canfi eld et al.  2004 ). Conversely, a study conducted in Mexico City showed a 
nonsignifi cant association between early infections and DS-ALL (Flores-Lujano 
et al.  2009 ). This study also did not fi nd breastfeeding to be protective of leukemia in 
DS (Flores-Lujano et al.  2009 ). Preconception, in utero, and postnatal medical test 
irradiation exposure was also studied by COG, and no positive association was found 
with DS-ALL (Linabery et al.  2006 ). Preconception vitamin supplementation was 
found to be protective against DS-ALL (Ross et al.  2005 ), as well as certain maternal 
conditions such as vaginal bleeding (Ognjanovic et al.  2009 ), while maternal expo-
sure to professional pest exterminators, pesticides, and any chemicals was positively 
associated with DS-ALL (Alderton et al.  2006 ). Larger epidemiology studies are 
necessary to confi rm or exclude environmental  factors in the etiology of DS-ALL.    
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    Down Syndrome: Acute Myeloid Leukemia (DS-AML) 

    Myeloid Proliferation Related to Down Syndrome 

 AMkL is the most common FAB subtype (M7) of patients with DS-AML, with a 
frequency ranging from 40 to 100 % of the DS-AML cases in different clinical trials 
(Zeller et al.  2005 ; Al-Ahmari et al.  2006 ; Rao et al.  2006 ; Kudo et al.  2007 ; 
Reinhardt et al.  2005 ; O’Brien et al.  2008 ; Ravindranath et al.  1992 ; Gamis et al. 
 2003 ). Zipursky et al. ( 1994 ) estimated that DS children have a 500-fold increased 
risk of developing AMkL compared with children without DS, once more highlight-
ing the unique relationship between trisomy 21 and leukemogenesis for a specifi c 
leukemia phenotype (Zipursky et al.  1994 ). In contrast, AMkL is estimated to rep-
resent approximately 10 % of pediatric AML cases and 2 % of adult AML cases 
(Athale et al.  2001 ; Tallman et al.  2000 ). 

 The differences between DS and non-DS cases are not only restricted to differ-
ences in subtype of myeloid leukemia. Multiple pediatric oncology cooperative 
group clinical trials have reported that patients with DS-AML have remarkably high 
EFS rates (~80–100 %) when treated with cytarabine/anthracycline-based chemo-
therapy (Zeller et al.  2005 ; Al-Ahmari et al.  2006 ; Rao et al.  2006 ; Kudo et al.  2007 ; 
O’Brien et al.  2008 ; Ravindranath et al.  1992 ; Creutzig et al.  2005 ). In contrast, 
AMkL in children without DS is associated with a relatively poor prognosis, with 
EFS of less than 40 % (O’Brien et al.  2013 ). 

 Interestingly, up to 10 % of newborns with DS will present with a condition 
known as transient abnormal myelopoiesis (TAM). This disorder, previously called 
“transient leukemia,” is characterized by circulating blast cells in the peripheral 
blood with AMkL morphology and immunophenotype. TAM resolves spontane-
ously without chemotherapy in a high proportion of patients (Zipursky  2003 ). 
However, a subset of patients with high-risk features (e.g., hyperleukocytosis, 
hepatic failure) requires therapy and has a guarded prognosis (Massey et al.  2006 ). 
TAM is considered a precursor of DS-AML, as approximately 30 % of patients with 
DS-TAM will subsequently develop AML or, more commonly, AMkL following 
clinical resolution of TAM (Zipursky  2003 ). Hence, patients with DS-TAM repre-
sent a subgroup of individuals with one of the highest predicted predispositions to 
develop acute leukemia. 

 Prior to the diagnosis of AML, DS patients may develop signs of myelodyspla-
sia, characterized by progressive anemia and thrombocytopenia, dysplastic ery-
throid cells, and megakaryocytes in the bone marrow. The myelodysplastic phase 
frequently precedes the development of AML (Zipursky  2003 ). Both myelodys-
plastic syndrome (MDS) and AML are often referred as the “myeloid leukemia 
associated with DS” (ML-DS). TAM and ML-DS are now considered separately 
from the other subtypes of AML by the World Health Organization classifi cation 
and are designated as Myeloid Proliferation related to DS (MP-DS) (Swerdlow 
et al.  2008 ).  
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     GATA1  Gene and DS-Acute Myeloid Leukemogenesis 

  The GATA1 Gene . The  GATA1  gene (GATA-binding protein 1; Xp11.23) encodes a 
zinc fi nger DNA-binding transcriptional factor expressed in erythroid, 
megakaryocyte, mast, and eosinophil lineages, which detains critical roles during 
normal hematopoiesis. The GATA1 N-terminal region has transactivation activity 
and its C-terminal domain binds DNA or other factors (Calligaris et al.  1995 ). 
GATA1 protein forms essential activating or repressing complexes with other 
partner proteins, such as FOG1 (friend of GATA1), CBP (CREB-binding protein), 
and Med1 (mediator complex subunit 1), to control and promote differentiation of 
erythroid and megakaryocytic cells (Crispino et al.  1999 ; Blobel et al.  1998 ; Stumpf 
et al.  2006 ; Crispino  2005 ). Enforced expression of GATA1 in primitive myeloid 
cell lines or hematopoietic stem cells induced megakaryocytic/erythroid 
differentiation, and loss of self-renewal activity (Visvader et al.  1995 ; Iwasaki et al. 
 2003 ; Yamaguchi et al.  1998 ; Ferreira et al.  2007 ). On the other hand, inactivation 
of  GATA1  in a mouse model caused death of male mice during gestation from severe 
anemia resulting from erythroid development arrest and nonlethal anemia in female 
mice that exhibited a heterozygous state due to random inactivation of the X 
chromosome (Fujiwara et al.  1996 ). 

 There are two GATA1 isoforms that result from alternative translation initia-
tion sites (Calligaris et al.  1995 ). The  GATA1  gene encodes a 1.8-kb mRNA 
that can be translated in a 47-kDa protein or a shorter 40-kDa protein, known 
as GATA1s. GATA1s is translated from a downstream initiation site and lacks 
the N-terminal transactivation domain. GATA1 and GATA1s share identical 
binding activity but differ in their transactivation capacity (Calligaris et al. 
 1995 ). The two isoforms have been shown to be present in mouse embryo tis-
sues (Calligaris et al.  1995 ), and have been associated with diseases. Nonsense 
mutations leading to truncated GATA1 proteins have been found not only in 
mammals but also in a set of “bloodless” zebrafi sh mutants characterized by 
a severe reduction in blood cell progenitors and circulating blood cells (Lyons 
et al.  2002 ). Loss of GATA1 has also been shown to alter erythropoiesis into 
myelopoiesis (Galloway et al.  2005 ). In humans, germline GATA1 mutations 
have been associated with hematopoietic disorders. Patients with X-linked 
thrombocytopenia (Nichols et al.  2000 ; Freson et al.  2001 ), X-linked throm-
bocytopenia with β-thalassemia (Yu et al.  2002 ) or X-linked anemia with or 
without neutropenia and/or platelet abnormalities (Hollanda et al.  2006 ), and 
X-linked gray platelet syndrome (Tubman et al.  2007 ) show various degrees 
of anemia, thrombocytopenia, and dyserythropoiesis that result from abnormal 
interactions between GATA1 and partner proteins, depending on the location of 
the  GATA1  mutation (Ciovacco et al.  2008 ). Germline mutations leading to the 
formation of GATA1s have also been described (Hollanda et al.  2006 ). Those 
patients presented with anemia, neutropenia, or platelet disorders; however, no 
leukemia cases have been described, suggesting that, although altered, GATA1s 
can sustain erythropoiesis. 
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 In 2002, Wechsler et al. ( 2002 ) analyzed several samples from individuals with 
AML for the presence of  GATA1  mutations. Mutations were detected uniformly and 
exclusively only in DS-AMkL samples. Each of the mutations altered the reading 
frame and introduced a premature stop codon in the N-terminal transactivation 
domain, leading to GATA1s production (Wechsler et al.  2002 ). Subsequent studies 
showed the uniform presence of acquired  GATA1  mutations in nearly all TAM and 
DS-AMkL cases (Hitzler et al.  2003 ; Mundschau et al.  2003 ; Rainis et al.  2003 ). 
The exclusive detection of somatic mutations in the X-linked chromosome gene 
 GATA1  in DS-AMkL cases is a unique association between a gene mutation in a 
homogeneous subgroup of leukemia patients, which is linked to altered hematopoi-
esis and the downstream development of leukemia. 

  The “Mutator Phenotype”.     There is no obvious relationship linking a X-linked 
chromosome gene mutation with chromosome 21, yet one must exist to account for 
the fi nding of GATA1 mutations only in the DS population (including individuals 
with mosaicism of chromosome 21), suggesting the possibility that trisomy 21 
induces a “mutator phenotype.” It has been well described that trisomy 21 alters 
fetal liver hematopoiesis, promoting expansion of erythroid and megakaryocytic 
compartments (Chou et al.  2008 ; Tunstall-Pedoe et al.  2008 ; Roberts et al.  2013 ; 
Hoeller et al.  2014 ). There is also supporting evidence that  GATA1  mutations arise 
during fetal development, as  GATA1  mutations have been retrospectively detected 
in Guthrie newborn screening cards from patients with DS-AMkL (Ahmed et al. 
 2004 ) and have been detected in DS fetal livers as early as 21 weeks of gestational 
age (Taub et al.  2004 ). However, the exact mechanism of mutagenesis in DS is not 
completely understood.  

 Multiple studies have demonstrated evidence of DNA repair defects in DS cells. 
DS lymphocytes showed lower baseline DNA repair, and exhibited increased sen-
sitivity to phytohemagglutinin stimulation, N-methyl-N′-nitro-N- nitrosoguanidine, 
and γ-irradiation, indicating an increased sensitivity to DNA oxidation, methylation, 
and strand breaks (Agarwal et al.  1970 ; Ankathil et al.  1997 ; Morawiec et al.  2008 ; 
Lavin et al.  1989 ). While more than one DNA repair pathway might be affected by 
the DS phenotype, base excision repair (BER) defi ciency is a compelling candidate 
because it repairs these types of DNA damage. 

 By analyzing all published studies in which sequence data on  GATA1  mutations 
was available, Cabelof et al. ( 2009 ) began to elucidate possible mechanisms by 
which these sequence alterations arise. Mutational analysis revealed a predominance 
of small insertion/deletion, duplication, and base substitution mutations including 
G:C>T:A, G:C>A:T, and A:T>G:C. This mutational spectrum suggests that 
oxidative stress and aberrant folate metabolism secondary to genes on chromosome 
21 (e.g., superoxide dismutase [SOD] and cystathionine-β-synthase [CBS]) may be 
linked to the generation of  GATA1  mutations. Both CBS and SOD transcripts are 
signifi cantly overexpressed in DS-AMkL blasts compared with non-DS-AML 
(median 12- and 4-fold, respectively) (Taub et al.  1999 ). CBS overexpression has 
been associated with a functional folate defi ciency (Li et al.  2005 ) and may result in 
increased uracil incorporation into DNA, thus providing another mechanism for 
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generation of mutations in DS. As the rate-limiting enzyme in the BER pathway, 
loss of β-pol (DNA polymerase β) could result in increased susceptibility to the 
mutagenic effects of unrepaired endogenous damage caused by high levels of uracil 
incorporation. 

 The relationship between two key BER gene products involved in the repair of 
uracil in DNA, uracil DNA glycosylase (UDG) and β-pol, and DS phenotype was 
evaluated in DS tissues (Cabelof et al.  2009 ). UDG is a monofunctional glycosylase 
that excises uracil from DNA to initiate BER. Loss of UDG in  Escherichia coli  and 
in mouse models induces mutations characterized predominantly by the G:C>A:T 
transition, similar to what was observed in DS (Fix and Glickman  1987 ). DS 
samples exhibited 75 % lower  UDG  expression than the non-DS (Cabelof et al. 
 2009 ). Hence, DS may predispose to mutagenesis through a uracil intermediate as a 
result of reduced  UDG  expression. Interestingly, DS samples (TAM and AMkL 
together) showed a 90 % reduction in  β - pol  expression compared with non-DS- 
AMkL samples. This fi nding is striking, as 50 % reduction in  β - pol  expression 
predisposed mice to develop cancer (Cabelof et al.  2006 ). Germline  β - pol  
polymorphisms, leading to slower catalytic rates, cause increased double-strand 
breaks, chromosomal aberrations, and cellular transformation (Yamtich et al.  2012 ). 
Furthermore, DNA repair capacity evaluated in DS and non-DS patient samples 
provided evidence that the BER pathway was compromised in DS tissues (Cabelof 
et al.  2009 ), suggesting that inability to repair DNA damage may also play critical 
roles in the unique susceptibility of DS children to develop leukemia. 

 The generation of GATA1s as an end result of the mutations may provide a 
selective growth advantage allowing for the survival of preleukemic clones, which 
may ultimately lead to the development of TAM and AMkL in DS. In fact, the 
induction of GATA1s expression in mice led to hyperproliferation of a unique, 
previously unrecognized yolk sac and fetal liver progenitor, which the authors 
proposed to account for the transient nature of TAM and the restriction of DS-AMkL 
to the fi rst years of life (Li et al.  2005 ).  GATA1  knockdown in a DS-AMkL cell 
model resulting in lower GATA1s protein levels promoted cell differentiation 
towards the megakaryocytic lineage, repressed cell proliferation, and increased 
basal apoptosis and susceptibility to various chemotherapy drugs, accompanied by 
downregulation of Bcl-2 and altered expression of genes related to cell death, 
proliferation, and differentiation (Xavier et al.  2011 ). 

 Another important aspect is the fetal liver environment. It is possible that the 
initial genetic hits that drive leukemogenesis depend on interactions with local 
stroma. Miyauchi and Kawaguchi ( 2014 ) showed that fetal liver stromal cells, but 
not fetal bone marrow, supported the growth of TAM blast progenitors, mainly 
through humoral factors. They found high concentrations of hematopoietic growth 
factors in culture supernatants of the fetal liver stromal cells, suggesting that a 
unique hematopoietic microenvironment may be the key to sustain the growth of 
leukemia cells. 

  Footsteps to Leukemia.      GATA1  mutations and GATA1s represent early or initiating 
“genetic hits” in a multi-step process of leukemogenesis. Whole-genome and/or 
whole-exome sequencing of samples from individuals with DS with TAM showed 
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only the exclusive presence of GATA1 mutations (Yoshida et al.  2013 ). The natural 
history of patients with TAM is the spontaneous clinical regression in the majority 
of cases with support of care alone (Zipursky  2003 ). The mechanisms behind TAM 
involution remain unknown. However, a proportion of DS children will, after a 
period of latency that can last a few years, develop MDS/AMkL that will require 
treatment with multi-drug chemotherapy. What drives the full development of leu-
kemia is not completely understood, and the presence of a mutated GATA1 protein 
is unlikely the only driving force in leukemogenesis. This has been shown in studies 
using DS mouse models in which the introduction of GATA1s resulted in increased 
megakaryopoiesis, abnormalities in the liver and bone marrow, or anemia, but did 
not result in leukemia (Alford et al.  2010 ; Carmichael et al.  2009 ).  

 In addition, genomic profi le performed on samples from patients with DS-AMkL 
have revealed mutations in other target genes, including genes involved in epigenetic 
regulation, common signaling pathways, and multiple cohesion components, in 
addition to the presence of GATA1 mutations (Yoshida et al.  2013 ).  KIT ,  FLT3 , 
 JAK2 JAK3 , and  MPL  gene mutations have been identifi ed DS TAM or AMkL 
samples (De Vita et al.  2007 ; Norton et al.  2007 ). More recently, and using DS 
TAM/AMkL exome sequencing and genome-wide single nucleotide polymorphism 
(SNP) microarray, Nikolaev et al. found that 40 % of TAM cases and all AMkL 
cases showed mutations/deletions other than GATA1 in genes proven as 
transformation drivers in non-DS leukemia ( EZH2 ,  APC ,  FLT3 ,  JAK1 ,  PARK2 - 
 PACRG ,  EXT1 ,  DLEC1 ,  SMC3 ). Two clonal expansions with different GATA1 
mutations were found in a TAM sample, one clone with an additional driver mutation 
and a second clone that gave rise to AMkL after accumulation mutations in seven 
other genes (Nikolaev et al.  2013 ). These fi ndings suggested that  GATA1  mutations 
alone are suffi cient for clonal expansion, and that the presence of additional 
mutations at the TAM stage do not predict AMkL progression. The authors 
postulated that leukemia progression requires a “third-hit driver,” putative driver 
mutations resulting in aberrant activation of WNT, JAK-STAT, or MAPK-PI3K 
pathways and consequent overexpression of MYC (Nikolaev et al.  2013 ). The 
presence of multiple subclones with varying leukemia-initiating potential and self- 
renewal capacity was also suggested in a xenograft model of TAM: during serial 
transplantation of TAM-derived cells, divergent subclones with another  GATA1  
mutation and various copy number alterations emerged (Saida et al.  2013 ). 
Epigenetic changes can also contribute to leukemogenesis in DS. Early genome- 
wide DNA methylation changes were detected in DS fetal liver mononuclear cells 
prior to the presence of GATA1 mutations. These changes were characterized by 
loss of DNA methylation at genes associated with development disorders. Gain of 
methylation was detected in DS TAM/AMkL samples, affecting different sets of 
genes involved in hematopoiesis and the regulation of cell growth and proliferation 
(Malinge et al.  2013 ). 

 In summary, the mechanism of leukemogenesis in DS children is probably 
multifactorial and involves chromosome 21-localized genes as well as genes 
localized to other chromosomes. Studying leukemia in DS children is a paradigm to 
further improve our understanding of the role of genetic disorders associated with a 
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predisposition to develop cancer and the role of specifi c genes associated with 
cancer predisposition. Future work identifying the mechanisms underlying  GATA1  
mutagenesis and leukemogenesis in DS will shed important light on why DS 
children have a signifi cantly higher risk of developing acute leukemia in comparison 
with children without DS.      
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