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The patterns of malignancies in Down syndrome (DS)
are unique and highlight the relationship between
chromosome 21 and cancer. DS children have a �10-
to 20-fold higher risk for developing acute lympho-
blastic leukemia and acute myeloid leukemia (AML),
as compared with non-DS children, although they do
not have a uniformly increased risk of developing
solid tumors. DS children with acute lymphoblastic
leukemia frequently experience higher levels of treat-
ment-related toxicity and inferior event-free survival
rates, as compared with non-DS children. DS children
also develop AML with unique features and have a
500-fold increased risk of developing the AML sub-
type, acute megakaryocytic leukemia (AMkL; M7).
Nearly 10% of DS newborns are diagnosed with a
variant of AMkL, the transient myeloproliferative dis-
order, which can resolve spontaneously without
treatment; event-free survival rates for DS patients
with AMkL ranges from 80% to 100%, in comparison
with <30% for non-DS children with AMkL. In addi-
tion, somatic mutations of the GATA1 gene have been
detected in nearly all DS TMD and AMkL cases and not
in leukemia cases in non-DS children. GATA1 muta-
tions are key factors linked to both leukemogenesis
and the high cure rates of DS AMkL patients. Identi-
fying the mechanisms that account for the high event-
free survival rates of DS AMkL patients may ultimately
improve AML treatment as well. Examining leukemo-
genesis in DS children may identify factors linked to
the general development of childhood leukemia and

lead to potential new therapeutic strategies to fight
this disease. (J Mol Diagn 2009, 11:371–380; DOI:
10.2353/jmoldx.2009.080132)

Approximately 350,000 individuals in the United States
have Down syndrome (DS) and the Center for Disease
Control estimates that the incidence of DS occurs once in
733 live births in the United States (5429 new cases per
year).1 Based on the prevalence and recognition of DS
individuals in the general population, considerable re-
sources have been directed toward studying the various
phenotypic features of DS individuals including learning
disabilities, congenital heart disease, early onset Alzhei-
mer’s disease, and high risk of developing leukemia.

Although DS children have an increased risk of devel-
oping acute leukemias, there is no increased risk of solid
tumors in DS individuals. These discrepancies highlight
the relationship between chromosome 21 and cancer,
and they will be the subject of this review.

DS and Risk of Developing Solid Tumors

Several types of solid tumors, including lymphomas, ret-
inoblastomas, and testicular germ cell tumors, have been
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reported to occur in DS individuals.2–4 However, large
population-based and/or tumor registries have shown
that solid tumors occur significantly less frequently in DS
children and adults in comparison with individuals with-
out trisomy 21. Among 2814 individuals from different
age groups with DS registered in a Danish study, only 24
cases of solid tumors were identified, whereas 47.7
cases would have been expected.5

An analysis of 6724 patients with neuroblastoma com-
prising 54.1 million children reported from 11 European
countries identified no cases of neuroblastoma among
DS children, although at least five cases would have
been expected (P � 0.0045).6 The National Wilms Tumor
Study registry reviewed 5854 Wilms tumor cases and did
not identify any kidney tumors in DS children, though it
was estimated that 7.6 to 9.9 cases would have been ex-
pected.7 A British registry of 11,000 childhood solid tumor
cases, identified only seven tumors in DS children [lym-
phoma (3), teratoma (1), glioma (2), and fibrosarcoma (1)].8

Among DS adults, carcinomas occur less frequently
than in the general population. Several European studies
have reported lower than expected incidences of breast
cancer in DS females. Among 1278 women with DS reg-
istered in the Danish Cytogenetic and Danish Cancer
Registries, no cases of breast cancer were identified,
while at least seven cases would have been expected
(P � 0.0007).5 Five DS women with breast cancer were
identified in a French Registry spanning a 24 year period,
though 69 cases would have been expected.

These clinical observations suggest that gene dosage
imbalances caused by the presence of an extra copy of
chromosome 21 may be protective effect against the
development of certain malignancies in DS individuals.
The S-100b protein (encoded by a chromosome 21-
localized gene) is normally secreted by glial cells and
non-neural cells of the peripheral system. It has been shown
that S-100b protein can inhibit the growth and induce death
of human and murine neuroblastoma cell lines.6,10 DS pa-
tients have higher blood levels of serum S-100b protein than
controls, which may be one factor accounting for the low
incidence of neuroblastoma in DS children.6

The COL18A1 gene (localized to chromosome 21) en-
codes for the anti-angiogenic agent, endostatin, which
inhibits angiogenesis and tumor development in human
and animal models. Higher levels of serum endostatin in
DS individuals may potentially contribute to the lower
occurrence of solid tumors in this group.11 Other candidate
chromosome 21-localized genes include: i) The DSCR-1
gene (Down syndrome critical region 1), which blocks
blood vessel formation and tumor progression in mice by
inhibition of intracellular calcineurin signaling.12 ii)The ETS 2
oncogene, which has been shown to protect against the
development of intestinal tumors in a mouse model of DS.13

Epidemiology of Leukemia in DS

In contrast to the potential protective effect of an extra
copy of chromosome 21 and the incidence of solid tu-
mors in DS individuals, the presence of trisomy 21 is
considered one of the most significant and identifiable

risk factors for the development of acute leukemias. It is
estimated that DS children have a 10- to 20-fold in-
creased risk of developing acute lymphoblastic leukemia
(ALL) or acute myeloid leukemia (AML) compared with
non-DS children, such that approximately 1:100 to 1:150
DS children will develop leukemia.14

A number of epidemiology studies have been con-
ducted by the Children’s Oncology Group (COG) to iden-
tify the basis for the increased incidence of leukemia in
DS children. The studies have failed to identify any asso-
ciation between infection,15 maternal or paternal precon-
ception irradiation exposure,16 or presence of congenital
anomalies17 and the risk of developing acute leukemias
in DS children. Studies have suggested that vitamin use
in the periconceptional period may be protective against
the development of ALL in DS,18 while maternal expo-
sure to professional pest exterminations, pesticides or
chemicals,18and maternal infertility19 may potentially in-
crease the risk of acute leukemias in DS children. In the
future, epidemiological studies should document envi-
ronmental exposures with the analysis of biological sam-
ples,20 as well as correlate these findings with leukemia-
specific gene mutations.

Case Study 1

A 4-year-old Caucasian boy with DS presented to the
emergency room with worsening right leg pain and prob-
lems walking. On examination, the patient appeared to
be in pain. There was no lymphadenopathy, though hep-
atosplenomegaly was present.

The white blood cell (WBC) count was 7200/mm3, with
5% myelocytes, 4% metamyelocytes, 14% bands, 36%
neutrophils, 38% lymphocytes, 2% monocytes, 1% ba-
sophils, and 3% nucleated red blood cells; the hemoglo-
bin was 10.6g/dL with normal mean corpuscular volume,
and the platelet count 330, 000/mm3. The LDH was 653
U/L (normal range from 100 to 225 units per L). Liver-
function tests were within normal limits. The uric acid was
6.8 mg/dl (normal range from 3.5 to 7.2 mg/dl). Review of
the peripheral smear showed the presence of lympho-
blasts. A bone marrow aspirate was performed and re-
vealed 80% L1 lymphoblasts. Immunophenotyping was
consistent with CD-45 negative, CD-34 positive, B pre-
cursor ALL expressing CD-19, CD-22, CD-10, and HLA-
DR. Cytogenetic demonstrated the presence of trisomy
21 without any additional cytogenetic abnormalities. The
patient received chemotherapy treatment according to
the Pediatric Oncology Group (POG) 9905 ALinC 17:
Protocol for Patients with Newly Diagnosed Standard Risk
Acute Lymphoblastic Leukemia, consisting of 130 weeks
of therapy. Despite receiving reduced dosing intermediate
methotrexate (500 mg/m2 instead of 1000 mg/m2) during
consolidation therapy, the patient experienced episodes of
transient mucositis. The patient currently remains in remis-
sion, 18 months from the completion of his therapy.

DS and ALL

DS children are estimated to represent �2% of total ALL
cases in children21 (Table 1). Interestingly, the two most
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common chromosomal/cytogenetic subgroups of child-
hood B-precursor ALL involve qualitative or quantitative
abnormalities involving chromosome 21, suggesting a
direct or indirect relationship between chromosome 21
and leukemogenesis. Hyperdiploid ALL, in which blast
cells contain �50 chromosomes, uniformly contain three
to four copies of chromosome 21, while the TEL-AML1
t(12;21)(p13;q22) translocation involves the AML1 onco-
gene localized to chromosome 21. These ALL subgroups
represent �25% to 30% and �20% to 25% of all B-
precursor ALL cases, respectively, and are considered
the most favorable ALL subgroups with event-free sur-
vival (EFS) rates of �80%.22 Despite this relationship
between chromosome 21 and ALL in non-DS children,
several studies have reported that hyperdiploid ALL and
TEL-AML1 ALL occur at an equal23 or lower frequencies
in DS ALL patients.24–28 Interestingly, the supernumerary
chromosomes found in DS children with hyperdiploid
ALL are similar to the ones found in non-DS patients,27

suggesting similar pathogenesis between the two hyper-
diploid subgroups of patients. The t(8;14) is the second
most commonly found translocation in DS ALL, after
t(12,21),27,29,30 and certain translocations related to an ad-
verse outcome, such as t(4,11), t(1.19), and t(9,22), are
rarely found in DS ALL patients as well as the T-cell ALL
phenotype.27,30

A recently identified genetic mutation involving the
JAK2 gene (Janus kinase 2; localized to chromosome
9p24) has been found in approximately 20% of DS ALL
cases, resulting in the substitution of the conserved argi-
nine at position 683 (JAK2R683).31,32 JAK2 protein be-
longs to the JAK family of non-receptor tyrosine kinase
proteins, which are essential for normal intracellular sig-
naling of hematopoietic and growth factor receptors.
Gain-of-function mutations of the JAK2 gene have been
identified in a high proportion of adults with myeloprolif-
erative disorder, including polycythemia vera, essential
thrombocythemia, and idiopathic myelofibrosis.33 How-

ever, JAK2R683 mutations have been found exclusively
in patients with DS and ALL, and are probably related to
leukemogenesis in this group of patients. Different JAK2
mutations have been rarely found in non-DS ALL patients,
but they have not been described in DS AML patients.34

Studies have shown that DS ALL patients typically
have inferior EFS rates and a greater incidence of treat-
ment-related mortalities.24–26,28 In a recent Children’s
Cancer Group (CCG) trial, DS ALL patients treated on a
high risk protocol had equivalent treatment outcomes
compared with non-DS ALL patients.35 The lower fre-
quency of DS ALL patients with favorable cytogenetics
(eg, hyperdiploid and TEL-AML1), may partly account for
the inferior outcomes in some studies in addition to treat-
ment related mortalities.24–26,28

Host factors may also account for the differences in
toxicities. DS individuals without leukemia have functional
deficiencies in B-cell, T-cell, and phagocytic cell sys-
tems.36 They also have a higher risk of dying from bac-
terial sepsis, as well as developing severe viral infections.37

Additionally, the metabolism of drugs in DS patients may
also be distinct. Indeed, earlier studies revealed evi-
dence of excessive toxicity including mucositis with
methotrexate therapy.38,39 The reduced folate carrier
gene (localized to 21q22) encodes the transmembrane
protein that transports intracellularly reduced folates
including 5-methylhydrofolate (the major dietary folate)
and methotrexate.40 The increased expression of the re-
duced folate carrier gene in various body tissues of DS
patients (eg, gastrointestinal tract) may result in in-
creased intracellular methotrexate transport contributing
to methotrexate toxicity of DS patients.

Case Study 2A

A newborn baby girl with DS was admitted to the neonatal
intensive care unit because of cyanosis and she was

Table 1. Clinical Features of Acute Leukemia in Down Syndrome (DS) and Non-DS Children

DS-ALL Non-DS-ALL DS-AML Non-DS AML

Total % of cases 2% 98% 15% 85%
Age at diagnosis Peak 2–5 years Peak 2–7 years �4 years Peak: �1 year, and

during adolescence
Major predisposing

risk factors
None None Prior history of the transient

myeloproliferative disorder
(TMD)

None

Cytogenetic
subgroups

Lower frequency of
hyperdiploidy and
TEL-AML1

Occurrence of T-cell
ALL rare

Hyperdiploidy
(25%–30%)
t(12,21) (20%–25%)
t(1,19) (5%–6%)
t(4,11) (2%)

�90% are AMkL (M7) �10% AMkL

Associated somatic
gene mutation

JAK2 mutations (�20%) TEL-AML1 fusion protein
E2A-PBX1 fusion protein
AF4-ALL1/MLL/HRX

fusion proteins

GATA1 mutations (uniform) Wild-type GATA1

Treatment toxicity Excessive toxicity to
methotrexate Inreased
frequency of infections

Chemotherapy
associated
myelosuppression

Increased risk of
anthracycline-related
cardiotoxicity

Chemotherapy
associated
myelosuppression

Cure rates �65% 70%–85% 80%–100% 50% (�30% for
AMkL cases)
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found to have Tetralogy of Fallot. Further laboratory in-
vestigation revealed a WBC count of 59,000/mm3, hemo-
globin of 17 g/dl and platelets of 80,000/mm3. Review of
the peripheral smear showed the presence of 80% of
large blasts with very basophilic staining cytoplasm, cy-
toplasmic blebbing, and prominent nucleoli. Total and
direct bilirubin levels and transaminase levels were within
the normal range. Flow cytometry of the peripheral smear
revealed an abnormal CD-45 dim population of blasts,
which expressed CD-11B, CD-33, CD-34, CD-117,
weakly expressed CD-4, CD-7, showed partial expres-
sion of CD-56, CD-40, CD-13, and platelet-associated
antigens CD-41, CD-61, CD-36, CD-9, and glycophorin
A. Peripheral blood cytogenetics demonstrated constitu-
tional trisomy 21. A diagnosis of the transient myelopro-
liferative disorder (TMD) was made.

DS and TMD

TMD is an acute megakaryocytic leukemia (AMkL)-related
disorder diagnosed in newborn DS babies based on the
detection of megakaryoblasts in the peripheral blood
and/or bone marrow. TMD megakaryoblasts have the
same morphology and surface antigen expression as
AMkL cells.41 TMD is a disorder restricted to patients
harboring trisomy 21, and it has been found in phenotyp-
ically normal infants and children who were trisomy 21
mosaics.42

It is estimated that TMD occur in approximately 10% of
newborn DS infants, if careful and systematic review of
peripheral blood smears for the presence of megakaryo-
blasts is performed. However, TMD cases may go unde-
tected, since blood counts are not necessarily done as
part of the routine care of DS babies at birth.41 GATA1
mutation analysis (discussed below) can also be used to
detect the abnormal TMD clone. A study from the State of
New York analyzed 585 Guthrie newborn screening
cards from DS infants and found that 3.8% of DS new-
borns had detectable GATA1 mutations.43 In this cohort,
the incidence of TMD was unknown, but two patients har-
boring the mutation at birth subsequently developed AMkL.

The defining feature of TMD is the spontaneous clinical
regression in a high proportion of cases with supportive
care alone without the use of chemotherapy.41 However,
approximately 20% of the DS children with a previous
history of TMD will later develop AMkL usually within the
first 4 years of life, and it is often preceded by a myelo-
dysplastic phase.41 The mechanism(s) accounting for
the spontaneous regression of TMD, unique among leu-
kemias, as well as factors that account for the progres-
sion of TMD cases to AMkL are unknown. Hence, this
subgroup of DS patients has one of the highest predicted
risks to develop leukemia.

TMD patients can present with various degrees of
leukocytosis, thrombocytopenia, anemia, hepatomegaly,
splenomegaly, and liver and heart dysfunction. An anal-
ysis of 48 DS infants with TMD from the POG revealed
important clinical features of the disorder including: i)
median WBC: 28,800 per cubic millimeter (range, 4600 to
218,000); peripheral blasts: 25% (range, 0 to 87%), and

ALT: 45 U/L (8 to 1319); ii) spontaneously cleared periph-
eral blasts occurred in 89%, blood counts normalized in
74%, while 64% of patients maintained a complete remis-
sion; and, iii) early death occurred in 17% of patients,
which were significantly correlated with higher WBC
count, elevated bilirubin and liver enzymes, and failure to
normalize blood counts. Nine (19%) patients subse-
quently developed leukemia; eight with AML and one with
ALL. The presence of karyotype abnormalities along with
trisomy 21 was associated with an increased risk to de-
velop leukemia.44

Additional studies have analyzed factors linked to
prognosis in TMD cases. A German study of 146 babies
with TMD revealed a correlation between high WBC,
ascites, prematurity, bleeding complications, and failure
to achieve spontaneous remission being associated with
early death.45 The overall survival rate was 85% with 23%
of patients subsequently developing AML. A Japanese
study of 70 patients had similar clinical findings including
22.9% of patients experiencing an early death due pri-
marily to hepatic and cardiopulmonary failure.46

Based on their clinical presentation and outcome, TMD
patients were stratified in risk groups on the COG proto-
col A2971.47 Patients who presented with early evidence
of acute life threatening disease and were classified as a
high risk group had a 3-year EFS of 30%; TMD patients
who had any evidence of hepatomegaly and hepatic
dysfunction, but had no evidence of acute life threatening
disease were classified as an intermediate risk group and
had a 3-year EFS of 55.2%. The remaining patients were
classified as being low risk and a 3-year EFS of 83%.
Therapy with low dose cytarabine (ara-C) administered
subcutaneously or intravenously every 12 hours for 5 to 7
days maybe beneficial for patients with either high or
intermediate risk disease.

Case Study 2B

Three months after the diagnosis of TMD, the patient’s
blood counts normalized and she did not require any
blood transfusions or treatment with chemotherapy
agents. However, at the age of eighteen months, she
presented with cold-like symptoms for one week, had a
decreased appetite, was febrile for several days and she
was found to have hepatosplenomegaly on physical
examination.

Further laboratory investigation revealed a WBC count
of 18,000/mm3, hemoglobin of 5.2 g/dl with normal mean
corpuscular volume, and platelets of 22,000/mm3. Liver
function tests were normal. The LDH was 865 U/L and
uric acid was 5.8 mg/dl. Peripheral smear demonstrated
presence of 45% of large blasts with very basophilic
staining cytoplasm, cytoplasmic blebbing, and promi-
nent nucleoli. Flow cytometry of the peripheral smear
revealed abnormal CD-45 dim population of blasts, which
expressed CD-11B, CD-33, CD-34, CD-117, weakly ex-
pressed CD-4, CD-7, and showed partial expression of
CD-56, CD-40, CD-13, and platelet-associated antigen
CD-41, CD-61, CD-36, CD-9, and glycophorin A. Diag-
nosis of AMkL was made. She received chemotherapy
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according to the COG clinical trial AAML0431 “Treatment
of Down Syndrome Children with AML and MDS Under
the Age of 4 Years” and achieved a bone marrow remis-
sion after one course of Induction therapy consisting of
ara-C, daunorubicin, and 6-thioguanine. She received
three additional courses of Induction therapy and two
courses of Intensification therapy and remained in remis-
sion at the end of scheduled therapy. Her therapy was
complicated by myelosuppression requiring transfusions
and delays between chemotherapy courses. She was
hospitalized for several episodes of fever and neutrope-
nia though did not have any episodes of documented
bacterial nor fungal sepsis. She currently is in remission
and has completed her therapy.

DS and AML

Overall, approximately 15% of pediatric AML cases oc-
cur in DS children. AMkL is the most common French-
American-British subtype of DS AML patients, as reported
by multiple pediatric cooperative groups with several re-
porting that the AMkL phenotype represents more than 90%
of DS AML cases and the majority of cases are diagnosed
before the age of 4 years (Table 1).48–55 Zipursky et al56

have estimated that DS children have a 500-fold in-
creased risk of developing AMkL compared with non-DS
children, highlighting the unique relationship between
trisomy 21, leukemogenesis, and a specific leukemia
phenotype. Other AML French-American-British sub-
types have also been described in DS AML including M0,
M1/M2, and M6.48–55

The cytogenetics of DS AML cases differs significantly
from non-DS patients with AML. DS children with AML
more frequently have trisomies 8, 11, and 21, dup(1p),
del(6q), del(7p), dup(7q), and del(16q).27 Translocations
commonly seen in non-DS AML [eg, t(8;21); t(15;17);
inv(16), 11q23 rearrangements] are rare in patients with
DS.27 For DS children older than 4 years of age who
develop AML, the cytogenetic features, molecular biol-
ogy findings and response to therapy significantly di-
verge from younger patients, and are similar to the ones
found in non-DS patients with AML.51

Before the diagnosis of AML, DS patients may develop
signs of myelodysplasia, characterized by progressive
anemia and thrombocytopenia, dysplastic erythroid cells
and megakaryocytes in the bone marrow that may be
difficult to aspirate due to the presence of myelofibrosis.
This myelodysplastic phase almost always precede the
development of AML and those disorders are often times
refer as “myeloid leukemia of DS.”56 Of 161 DS patients
enrolled in the CCG study 2891, 34% of patients had less
than 30% bone marrow blasts, meeting the French-Amer-
ican-British criteria for myelodysplastic syndrome.51,57

It is now recognized that DS children with AML, and in
particular children with the AMkL phenotype, have ex-
ceptionally high cure rates, which typically have been
�80%.48–55 These studies have demonstrated a high
complete remission rate, low induction failure rate, and a
relatively low relapse rate.48–55 DS patients diagnosed
with myelodysplastic syndrome have an excellent re-

sponse to therapy, as well, and patients are not consid-
ered candidates for stem cell transplants. The superior
outcome of DS patients with AML is in part explained by
the increased sensitivity to ara-C and daunorubicin (see
below). Interestingly, in a German study, DS patients with
a prior history of TMD had superior outcomes (91%)
compared with patients with no history of TMD (70%).45

In contrast to DS AMkL patients, the treatment outcome of
non-DS patients with AMkL is relatively poor.58

Treatment-associated mortality has varied among
studies, indicating that a balance must be struck be-
tween curative leukemia therapy for DS AML patients and
potential toxicity.48–55 The CCG-2891 study found similar
toxicity between DS and non-DS patients when a de-
creased dose-intensity regimen was administered.51 Im-
portantly, the remission rate and EFS were not affected
by the dose-intensity reduction among DS patients younger
than 4 years. The EFS for DS patients older than 4 years was
similar to the non-DS group. The current COG DS AML
protocol AAML0431 (DS patients younger �4 years of
age) consists of receiving three cycles of ara-C continu-
ous infusion (200 mg/m2/24 hours for 4 days) combined
with daunorubicin and 6-thioguanine, one ara-C dose
intensified cycle during induction (3 g/m2/dose every 12
hours for a total of 4 days; Capizzi II arm) and two cycles
of intensification therapy consisting of ara-C and etoposide.

In view of the high incidence of congenital cardiac
defects in DS children, potential concerns exist, particu-
larly with the use of anthracyclines. A recent report from
the Children’s Oncology Group (COG) Study POG 9421
found an increased frequency of cardiac-related late ef-
fects, which used a total cumulative anthracycline
(daunorubicin and mitoxantrone) dose of 375 mg/m2,
with 24% of DS patients developing cardiomyopathies.59

The current COG protocol AAML0431 uses a reduced
cumulative dose of daunorubicin by 25% compared with
the COG A2971 protocol.

GATA1 Mutations in DS AML

A remarkable observation has been the detection of ac-
quired somatic mutations involving the transcription fac-
tor gene GATA1 in nearly all cases of DS TMD and
AMkL.60–62 The GATA1 protein is a zinc finger transcrip-
tion factor essential for normal erythroid and megakaryo-
cytic differentiation. It acts as an activator or repressor of
different target genes by forming distinct activating or
repressive complexes with partner proteins, such as
“Friend of GATA1,” the essential hematopoietic factor
Gfi-1b, and the repressive MeCPI complex.63,64 Mice
with selective loss of megakaryocytic GATA1 expression
have substantial reduction of platelet numbers, and de-
regulated megakaryocyte proliferation.65 The GATA1
gene is localized to chromosome Xp11.23 and mutations
involving this gene have been found in human X-linked
disorders that cause variable degrees of anemia and
thrombocytopenia.66–68 However, those hereditary con-
ditions have not been associated with the development of
leukemias.66–68

In DS patients, the somatic GATA1 mutations include
deletions, missense, nonsense, and splice site mutations
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at the exon 2/intron boundary with the net effect of intro-
ducing early stop codons and the synthesis of a shorter
GATA1 protein (designated GATA1s, 40-kDa), translated
from a downstream initiation site and distinguishable from
the full-length 50-kDa GATA1 protein60 (Figure 1). The
GATA1s protein has altered transactivation activity, po-
tentially contributing to the uncontrolled proliferation of
megakaryocytes. G1SKI mice that express GATA1s have
a transient, but significant, hyperproliferation of yolk sac
and fetal liver progenitors.69 Similar mutations have not
been identified in non-DS AML patients and non-AMkL
DS leukemia cases.60–62 These findings provide a com-
pelling argument for the screening of GATA1 mutations in
TMD and AML cases in DS. In the case of DS AML,
GATA1 mutations may predict which cases will be re-
sponsive to therapy, while in TMD cases, they would con-
firm the diagnosis. TMD patients with GATA1 mutations will
need close monitoring since they have a 20% to 30% risk of
developing AMkL. Monitoring the clinical regression of TMD
blasts by minimal residual disease detection by either flow-
cytometry based assays or detection of GATA1 mutations
by PCR, may be used in the future.70 Minimal residual
disease monitoring of TMD cases, may also identify cases
which ultimately progress to AML.

A prenatal origin for GATA1 mutations has been sup-
ported by several studies: i) A pair of identical twin DS
infants with TMD had the identical GATA1 exon 2 muta-
tions, indicating that the GATA1 mutation arose in utero
with passage of blast cells from one fetus to the other71;
ii) GATA1 mutations have been detected retrospectively

in Guthrie newborn screening cards from DS infants who
later developed AMkL72; and, iii) GATA1 mutations have
also been detected in DS fetal liver samples in the ab-
sence of pathological evidence of leukemia, providing
additional evidence that the acquisition of GATA1 muta-
tions can occur prenatally.73 The prenatal origin of
GATA1 mutations and likely prenatal origin of DS AMkL
cases is similar to the prenatal origin of leukemia cases
in non-DS children.74 Tunstall-Pedoe et al recently
demonstrated the presence of an increased number of
megakaryocyte-erythroid progenitors and reduced num-
ber of granulocyte-monocyte progenitors in DS fetal livers
that did not harbor GATA1 mutations in comparison with
gestation-matched normal controls.75 The authors hypoth-
esized that the presence of constitutional trisomy 21 dis-
turbs fetal hematopoiesis, promoting the acquisition of mu-
tations. Similar findings were described by Chou et al.76 The
uniform detection of GATA1 mutations in DS TMD and
AMkL cases, as well as the presence of JAK2 mutations in
DS ALL cases, suggest that the presence of one extra copy
of chromosome 21 may be associated with an increased
mutation rate, which is also linked to the higher predisposi-
tion to develop leukemia.

Why Do DS Children with AML Respond Better
to Therapy?

In vitro studies have demonstrated that DS leukemia
blasts are more sensitive to a number of different chemo-

Figure 1. Schematics illustrating the role of GATA1 mutations in leukemogenesis in DS. The transcription factor gene GATA1 is localized to chromosome Xp11.23.
GATA1 encodes a protein (50 kDa) that contains two C4-type zinc fingers, which act in DNA binding and protein-protein interactions, and an N-terminal
transcription activation domain. The C-terminal zinc finger binds DNA at the consensus sequence (A/T) GATA (A/G). The N-terminal zinc finger can bind the
consensus site GATC and also interacts with the partner protein “friend of GATA1.” This process is essential for normal erythroid and megakaryocytic
differentiation. Mutations occurring in exon 2 of the transcription factor gene GATA1 result in the synthesis of a shorter GATA1 protein (40 kDa). The short form
of the GATA1 protein (GATA1s) shows similar DNA-binding abilities and interactions with “friend of GATA1”; however, GATA1s exhibits altered transactivation
capacity due to the loss of the N-terminal activation domain. The GATA1 mutation is likely an essential factor linked to leukemogenesis in DS; however, it is still
not clear if this role is due to the loss of function of the wild-type GATA1 protein or if GATA1s has a unique function in the leukemia progression.
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therapy agents than non-DS leukemia blasts, suggesting
increased susceptibility to undergo apoptosis.77,78 AMkL
blasts are significantly more sensitive to ara-C and
daunorubicin (the two most active agents used in AML
therapy), as compared with blast cells from non-DS chil-
dren, suggesting that the high EFS rates of DS AML
patients are related to increased chemotherapy drug
sensitivities.78–82 DS AMkL blasts also generated signif-
icantly higher levels of the active intracellular ara-C me-
tabolite, ara-CTP, than non-DS AML blasts following in
vitro incubations with 3H-ara-C, indicating that the metab-
olism of ara-C in DS AMkL cells is altered.81

The differences in sensitivity of chemotherapy in DS
ALL blast cells are not as pronounced as in DS AMkL
blast cells. Indeed, several studies have demonstrated
that DS lymphoblasts do not have increased in vitro che-
motherapy sensitivity, as compared with blasts from
non-DS children,79,80 suggesting that the enhanced che-
motherapy sensitivity of DS AMkL blasts is linked to the
DS AML (ie, AMkL) phenotype.

It has been hypothesized that one or more chromo-
some 21-localized genes were linked to the increased
chemotherapy sensitivities (eg, ara-C) of DS AMkL blasts.78

The trans-sulfuration pathway enzyme, cystathionine-
�-synthase (CBS; localized to chromosome 21q22.3),
catalyzes the condensation of serine and homocysteine
to form cystathionine, an intermediate step in the synthe-
sis of cysteine. Increased CBS activity is associated with
significantly lower homocysteine, methionine, and S-ad-
enosylmethionine levels in DS individuals, which may
have downstream effects on reduced folate metabolism.
Increased CBS activity may also indirectly impact metab-
olism of nucleosides (including ara-C) and anti-leukemic
activity, based on the established synergism of sequen-
tial methotrexate and ara-C therapy.82 CBS transcript
levels were significantly higher (median 12-fold) in DS
AMkL blasts compared with non-DS AML blasts and CBS
transcripts correlated with both in vitro ara-C sensitivities
and generation of ara-CTP.78

The high frequency of somatic mutations in the GATA1
gene in DS AMkL cases suggests that GATA1 mutations
may also be associated with the high EFS rates of DS
AML patients. Interestingly, the biological features of
AML cases in DS children greater than 4 years of age
include a lower frequency of GATA1 mutations, which
may account for the low EFS rates in this DS subgroup.83

It is conceivable that GATA1 may regulate the expression
of several differentially expressed genes based on the
localization of potential GATA1 binding sites in their pro-
moters, leading to altered activity of chemotherapy
drugs.84 One likely target is cytidine deaminase (CDA),
which deaminates ara-C to the inactive metabolite, uri-
dine arabinoside. It has been demonstrated that both the
long and short GATA1 isoforms interact with the CDA pro-
moter.85 CDA transcripts, measured by real-time PCR, were
a median 5.1-fold lower in DS megakaryoblasts than in
non-DS AML blast cells.84 The CDA transcript is transcribed
from a CDA “long form” promoter, while a “short form”
promoter acts as an enhancer for the CDA long form pro-
moter. Thus, mutations of the GATA1 gene in DS TMD/
AMkL patients that generate a transcriptionally altered

GATA1 protein can be envisaged to result in reduced CDA
enhancer activity and decreased overall CDA expression,
and decreased net conversion of ara-C to uridine arabino-
side. This has been demonstrated in a DS AMkL cell line
model in which transfection of the full-length GATA1 cDNA
resulted in significantly increased CDA expression and re-
duced ara-C sensitivity.84

Studies have also used microarray analysis to identify
differentially expressed genes between DS and non-DS
AMkL cases potentially linked to the high EFS rates of DS
patients and/or low EFS rates of non-DS patients.86,87 In
our recent microarray study, 551 differentially expressed
genes (by at least twofold) between DS and non-DS
AMkL cases were identified. Several of the genes over-
expressed in the non-DS group (eg, Bcl-2 and Hsp-70)
would be expected to control apoptosis and to make cells
more resistant to chemotherapy, potentially accounting for
the low cure rates of AMkL in non-DS children.

Conclusion

Cancer in DS patients offers unique models to improve
our understanding of the genetic basis of oncogenesis
and leukemogenesis, as well as mechanisms of chemo-
therapy sensitivity. In the case of DS ALL, further studies
are required to optimize therapy and reduce treatment-
related morbidity and mortality. Additionally, the occur-
rence of mutational activation of JAK2 in a proportion of
DS patients may have potential therapeutic implications
with JAK2 inhibitors. The uniform detection of GATA1
mutations in DS TMD and AML cases has provided im-
portant insights in both of these linked conditions. Several
unanswered questions remain: i) Why is there a lower
frequency of hyperdiploid ALL and TEL-AML1 ALL
among DS children? ii) What is the basis for the increased
infection-related toxicity for DS ALL patients? iii) Do all DS
AMkL cases arise from a preceding case of TMD, which
may include subclinical cases? iv) Do GATA1 mutations
arise prenatally in all DS AMkL cases? v) Why does TMD
resolve spontaneously, though in a proportion of patients,
AMkL subsequently develops? vi) What is the association
between hematopoiesis in the DS liver and the generation
of GATA1 mutations? vii) What are the additional genetic
events which must occur for TMD blasts to evolve to
AMkL?, and viii) Can new targeted therapies be devel-
oped to improve the cure rate of AML cases based on the
DS model? Studies designed to answer these questions,
may improve our understanding of the biology of leuke-
mia in children, overall.
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