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Abstract

Context.—Detailed diagnostic features of acute myeloid leukemia in Down syndrome are 

lacking, leading to potential misdiagnoses as standard acute myeloid leukemia occurring in 

patients with Down syndrome.

Objective.—To evaluate diagnostic features of acute myeloid leukemia and myelodysplastic 

syndrome in patients with Down syndrome.

Design.—Diagnostic bone marrow samples from 163 patients enrolled in the Children’s 

Oncology Group study AAML0431 were evaluated by using central morphologic review and 

institutional immunophenotyping. Results were compared to overall survival, event-free survival, 

GATA1 mutation status, cytogenetics, and minimal residual disease results.

Results.—Sixty myelodysplastic syndrome and 103 acute myeloid leukemia samples were 

reviewed. Both had distinctive features compared to those of patients without Down syndrome. 

They showed megakaryocytic and erythroid, but little myeloid, dysplasia; and marked 

megakaryocytic hyperplasia with unusual megakaryocyte morphology. In acute myeloid leukemia 

cases, megakaryoblastic differentiation of blasts was most common (54 of 103, 54%); other cases 

showed erythroblastic (11 of 103, 11%), mixed erythroid/megakaryoblastic (20 of 103, 19%), or 

no differentiation (10 of 103, 10%). Myelodysplastic syndrome and acute myeloid leukemia cases 

had similar event-free survival and overall survival. Leukemic subgroups showed interesting, but 
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not statistically significant, trends for survival and minimal residual disease. Cases with 

institutional diagnoses of French American British M1-5 morphology showed typical features of 

Down syndrome disease, with survival approaching that of other cases.

Conclusions.—Myelodysplastic syndrome and acute myeloid leukemia in Down syndrome 

display features that allow discrimination from standard cases of disease. These distinctions are 

important for treatment decisions, and for understanding disease pathogenesis. We propose 

specific diagnostic criteria for Down syndrome–related subtypes of acute myeloid leukemia and 

myelodysplastic syndrome.

Down syndrome (DS) is a common genetic disorder, occurring in approximately 1 in 700 

births.1 The incidence of acute leukemia, both myeloid (AML) and lymphoid (ALL), is 

markedly increased in DS.2 ALL in DS shares genetic features with that occurring in non-

DS patients, albeit with a different distribution of genotypes including a lower level of good-

risk subtypes.3 A unique type of AML (DS-AML) occurs at a very high rate in DS patients 

younger than 4 years, estimated at 3- to 400-fold that of AML in the general pediatric 

population.2,4 It has been most frequently characterized as acute megakaryoblastic leukemia 

(AML-MK) (an otherwise uncommon variant of AML),5-7 and is often preceded by a phase 

of marrow failure with dysplastic marrow morphology resembling myelodysplastic 

syndrome (MDS),which is otherwise uncommon in children.6,8-10 It may also be preceded 

by neonatal transient abnormal myelopoiesis (TAM), and like TAM has a high frequency of 

somatic mutations in GATA binding factor 1 (GATA1), which are uncommon in AML in 

non-DS patients.11-15 DS-AML in patients younger than 4 years has an excellent response to 

modified AML therapy, as does the MDS-like syndrome that often precedes it.16-18 

Common subtypes of MDS and AML that occur in non-DS patients (standard AML) also 

occur in DS patients, and are the predominant subtype of AML in patients older than 4 

years.19 Unlike in ALL, the incidence and genetic subtypes of standard AML in DS patients 

are unclear. AML in DS patients older than 4 years is only rarely associated with a mutation 

in GATA1.19 DS patients older than 4 years with standard AML lack the good prognosis of 

DS-AML in young patients19; the prognostic impact of GATA1 mutation in older patients is 

unclear. Standard subtypes of AML presumably also occur in DS patients younger than 4 

years, but at a very low percentage of cases (<1%, given the high incidence of DS-AML in 

these patients). These cases tend to be inaccurately diagnosed (usually overdiagnosed) and 

poorly characterized, in part because of imprecise diagnostic criteria for DS-AML; these 

cases are frequently treated the same as DS-AML, with uncertain treatment outcome owing 

to inaccurate recognition. More precise diagnostic criteria for DS-AML are needed.

OBJECTIVE

This study aimed to determine the morphologic and immunophenotypic spectrum of AML 

in DS patients, and its impact on treatment outcomes. To clarify the distinctive features of 

DS-AML and MDS, we reviewed morphology and institutional immunophenotyping of 

cases entered on a Children’s Oncology Group (COG) protocol for treatment of MDS and 

AML in DS patients, comparing pathologic features to treatment response and outcome.
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DESIGN

Diagnostic bone marrows from 163 patients on COG protocol AAML0431 (The Treatment 

of DS Children with AML and MDS Under the Age of 4 Years, a Groupwide Phase III 

Study; clinical results reported separately17) were reviewed. Protocol eligibility was based 

on “intent to treat,” with subsequent central review. Submitting institutions reported French 

American British (FAB) morphology for their cases. Central review included evaluation of 

blast percentage and morphology, multilineage dysplasia, and fibrosis.20-22 Dysplasia was 

noted if it involved 10% or more of cells in a sublineage. A diagnosis of AML versus MDS 

was made by using a threshold of 20% blasts in the marrow. Cases were classified using 

percentage blasts and blast sublineage as MDS, AML-MK, acute erythroblastic leukemia 

(AML-E), AML with mixed MK and E features (AML-MK/E), and AML unclassifiable 

(AML-U, cases lacking demonstrable sublineage differentiation beyond generic myeloid). 

Blast sublineage was assigned by using morphology, as well as by review of institutional 

flow cytometry and immunohistochemistry, as available. Megakaryocytic differentiation was 

defined by the presence of blasts with cytoplasmic blebbing on morphology and/or the 

presence of greater than 20% cluster of differentiation (CD) 41, CD61 or CD42b expression 

in blasts. Erythroid differentiation was defined as blasts with deeply basophilic cytoplasm 

and lacking blebbing, a background of prominent erythrodysplasia, and/or the presence of 

greater than 20% CD36, glycophorin A, and/or CD71 expression in blasts. If features of 

both megakaryocytic and erythroid differentiation were present, the case was classified as 

AML-MK/E. Cases that had sufficient data for detailed evaluation of blast sublineage, with 

no discernible differentiation beyond generic myeloid, were classified as AML-

undifferentiated (AML-U). For purposes of analysis “AML not otherwise specified” (AML-

NOS) was used to designate cases in this study with sufficient information to confirm 

diagnosis of typical DS-AML but lacking sufficient data to allow subclassification; of note, 

this is not a specific subclassification type, but reflects insufficient data to allow 

subclassification. Morphologic review was conducted by 4 observers. As reported in the 

treatment study article, standard G-banding cytogenetic analysis was performed at COG-

validated individual institutions and reviewed centrally by 2 observers.17 As also reported in 

the treatment study article, optional minimal residual disease (MRD) analysis at day 28 after 

initiation of treatment was conducted by flow cytometry on a limited number of patients in a 

central reference laboratory (St. Jude Children’s Research Hospital, Memphis, Tennessee); 

antibodies used were CD7, CD11b, CD38, CD34, CD33, CD117, CD45, Anti–HLA-Dr, 

CD4, CD13, CD133, CD15, CD56, CD41, and CD19.17,23 Optional GATA1 mutation 

analysis was performed at a central reference laboratory (The Hospital for Sick Children, 

Toronto, Ontario, Canada), using previously published methods.15

The National Cancer Institute’s central institutional review board and institutional review 

boards at each enrolling center approved the trial; patients and their families provided 

informed consent or assent as appropriate. The trial was conducted in accordance with the 

Declaration of Helsinki. The trial was registered at www.clinicaltrials.gov as NCT00369317.

Statistical analysis was performed by several methods, using data from AAML0431, which 

were current as of June 30, 2016. The χ2 test was used to test the significance of observed 

differences in proportions, and the Fisher exact test was used when data were sparse. The 
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Kaplan-Meier method was used to estimate overall survival (OS) (defined as time from 

study entry to death) and event-free survival (EFS) (time from study entry until failure to 

achieve complete remission during induction, relapse, or death). Children lost to follow-up 

were censored at their date of last known contact. The log-rank test was used to compare OS 

and EFS. All estimates are reported with 2 times the Greenwood standard errors. A P value 

<.05 was considered statistically significant.

RESULTS

Suitable material was submitted for central evaluation on 163 cases. Of these cases, 60 were 

found to have MDS and 103, AML (Table 1). Both MDS and AML cases were characterized 

by hyperplasia and dysplasia of the megakaryocytic lineage (55 of 58 MDS cases [95%] and 

89 of 92 AML cases [97%]) and erythroid lineage (43 of 57 MDS cases [75%] and 59 of 88 

AML cases [67%]), both typically overt by morphology. By contrast myeloid dysplasia was 

infrequent (6 of 60 MDS cases [10%] and 6 of 94 AML cases [6%]) and minimal when 

present, at or near the minimal 10% threshold for positivity. Erythroid dysplasia consisted 

predominantly of megaloblastoid change. Megakaryocytic dysplasia commonly included 

clustering, variable cell size, and hypolobated nuclei in small megakaryocytes (Figures 1 and 

2). Megakaryocytes also frequently showed distinctive morphology, including a central 

cytoplasmic mass (amphophilic with Wright-Giemsa staining [Figure 1 inset], eosinophilic 

with hematoxylin-eosin staining [Figure 2 inset]) with peripherally displaced nuclei (“ring” 

megakaryocytes in multinucleate cells, resembling Touton giant cells; “signet ring-like” 

megakaryocytes in small uninucleate cells) (Figures 1 and 2).

Megakaryoblastic differentiation of blasts (AML-MK) was the most frequent AML subtype 

observed (54 of 103 [52%]), but cases with erythroblastic (AML-E) (11 of 103 [11%]) or 

mixed differentiation (AML-MK/E) (20 of 103 [19%]) were frequent (Table 1). The 

sublineage of blasts could not be assigned in 17 cases. Of these, 10 (10 of 103 [10%]) had 

appropriate testing (morphology, flow immunophenotyping, or immunohistochemistry) with 

no discernible sublineage commitment beyond generic myeloid (AML-U). The remaining 7 

cases (7 of 103 [7%]) had sufficient results to confirm DS-type disease, but insufficient 

testing to allow sublineage assignment (AML-NOS). AML-U cases (and insufficiently 

analyzed AML-NOS cases) had the lowest rate of aberrant MK morphology (MK rings or 

inclusions) (2 of 7 [29%] and 1 of 3 [33%], respectively), while MDS and AML-MK cases 

showed the highest (38 of 57 [67%] and 27 of 46 [59%], respectively). When present, 

fibrosis was mild, consisting of fine reticulin fibrosis (MF 1/3).21

A single case was identified with morphology and immunophenotype typical of standard 

(non-DS) AML, with lack of dysplasia, lack of megakaryocytic and erythroid hyperplasia, 

lack of megakaryoblastic or erythroblastic differentiation, and increased typical myeloblasts. 

This case was interpreted as a random case of standard AML occurring in a DS patient, and 

is not included in Table 1.

Flow cytometric results are presented in Table 2. Regardless of morphology, blasts by 

institutional flow cytometric analysis showed a high rate of positivity for CD13 (100 of 113 

[88%]), CD33 (127 of 129 [98%]), CD38 (45 of 45 [100%]), CD7 (123 of 124 [99%]), and 
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CD117 (110 of 113 [97%]), with a lower rate of positivity for CD34 (91 of 122 [75%]). 

Subsets other than AML-E and AML-U had high rates of positivity for MK markers CD41 

(64 of 79 [81%]), CD42B (15 of 15 [100%]), and CD61 (71 of 89 [80%]). AML-E cases had 

high rates of positivity for CD36 (5 of 5 [100%]) and CD71 (5 of 5 [100%]), while AML-U 

cases were negative for both megakaryocytic and erythroid antigen expression.

Table 3 compares institutional FAB diagnoses to central review results. Of note, submitting 

institutions’ diagnoses included 12 cases with diagnoses of FAB M1-5, all of which met 

central diagnostic criteria for DS-AML. AML-E and AML-U cases generated high levels of 

discordant institutional diagnoses (5 of 11 [45%] and 7 of 10 [70%], respectively).

Central cytogenetic review results for the protocol have been presented in detail in a 

previous article.17 Of note, no cases were found of the typical recurring translocations and 

inversions found in standard AML in children.

GATA1 mutation analysis was performed on 39 samples, with 35 positive and 4 negative 

results (3 of 14 negative results in MDS and 1 of 25 in AML samples; P = .12).

The MRD levels of 0.01% and above on day 28 of therapy were not significantly different in 

MDS (4 of 40 cases were positive [10%]) versus AML (16 of 81 cases were positive [20%]) 

(P = .17). Likewise, AML subsets showed no statistically significant differences in MRD 

positivity, but of note 3 of the 7 AML-U cases tested for MRD on day 28 were positive (P 
= .09 versus non-AML-U cases).

AML and MDS cases demonstrated similar rates of 5-year EFS (MDS, 92% ± 7%; AML, 

88% ± 6%) (P = .60) and OS (MDS, 95% ± 6%; AML, 90% ± 6%) (P = .38) (Figure 3, A 

and B). Among AML subtypes, possible trends were noted (Figure 4, A and B). Patients 

with AML-E and AML-NOS had 100% 5-year EFS and OS. AML-MK and AML-MK/E 

had similar survival (AML-MK: 91% ± 8% 5-year EFS and OS; AML-MK/E: 80% ± 18% 

EFS and 90% ± 13% OS), while AML-U had the lowest survival (78% ± 28% 5-year EFS 

and OS). These results were not statistically significant for 5-year EFS or OS (EFS: P = 

0.39; OS: P = .46). The single case with myeloblastic differentiation entered and remained in 

remission at 5 years.

Survival in the group of patients with institutional diagnoses of FAB M1-5 (EFS, 75% ± 

25%; OS, 75% ± 25%) was better than expected in standard AML, but lower than that of 

other DS-AML cases (P = .06 for EFS, P = .02 for OS).

DISCUSSION

Myelodysplastic syndrome and AML occur at a high frequency in children with DS. Most 

cases comprise a unique set of myeloid diseases characterized by good response to modified 

cytotoxic chemotherapy, distinctive diagnostic features, and a high incidence of association 

with somatic GATA1 mutations. Standard (non-DS) AML also occurs in DS patients, is the 

predominant form of disease in patients older than 4 years, and lacks the relatively good 

prognosis of typical DS disease. Despite these known associations, some questions persist. 

Is the association of DS MDS and AML with GATA1 mutation represented by the ratio 1:1? 
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What is the incidence of standard (non-DS) AML subtypes in DS patients younger than 4 

years? How can these cases be distinguished from DS disease? What is the incidence of DS-

AML in patients older than 4 years? Answers to these questions are limited in part by 

imprecise diagnostic criteria for DS MDS and AML.

In this review we saw frequent megakaryocytic hyperplasia, dysplasia, and clustering, as 

well as frequent erythroid hyperplasia and dysplasia in both MDS and AML cases, as noted 

by others.6 Granulocytic dysplasia was minimal or (usually) absent in DS cases. DS-AML 

blasts most frequently demonstrated megakaryoblastic differentiation (AML-MK),5,7,24 but 

there were subsets of DS-AML with erythroblastic, mixed megakaryoblastic/erythroblastic, 

or no definitive differentiation. Mutations in GATA1 are well recognized in DS MDS and 

AML. GATA-1 mediates differentiation of both megakaryocytic and erythroid, but not 

myeloid, progenitors.11,12,14 Our observation of megakaryocytic and erythroid (but not 

myeloid) sublineage abnormalities merges nicely with this known biology, and provides a 

more complete and concordant description of these diseases. These observations of restricted 

sublineage dysplastic features and differentiation of blasts may facilitate accurate diagnosis 

in clinical practice, including recognition of DS-AML in patients older than 4 years, 

allowing evaluation of their response to treatment versus patients with standard AML.19

We observed frequent unusual megakaryocytic dysplasia in both MDS and AML cases, with 

peripheral displacement of nuclei by a large central cytoplasmic inclusion. Although not 

unique, these features are not typical of MDS/AML in other clinical settings. Recognition of 

this distinctive dysplasia may facilitate diagnosis and monitoring of MDS and AML in DS 

patients. Similar morphologic abnormalities have been described in megakaryocytes in 

patients with heterozygous constitutional GATA2 loss of function mutations,25 suggesting 

that in DS patients this morphology may be a surrogate marker for GATA1 mutations. This 

possibility requires further study.

The variation in survival we found among AML subgroups is interesting, but requires further 

study to establish its clinical significance. We have previously reported that MRD positivity 

at day 28 correlates with poor survival in DS AML17; notably, 3 of 7 DS-AML patients 

lacking blast sublineage differentiation (AML-U) had MRD positivity on day 28, consistent 

with the apparent poorer survival of this group, but not statistically significant.

Given the much higher incidence of DS MDS and AML versus standard disease in DS 

patients, extreme caution should be exercised in diagnosing standard disease in patients 

younger than 4 years.19 To improve diagnostic precision we propose the following criteria 

for diagnosis of DS AML and MDS:

1. Dysplasia should be present and essentially limited to megakaryocytic and 

erythroid elements. (In the absence of both, or presence of significant myeloid 

dysplasia, a diagnosis of standard non-DS disease should be considered.)

2. Blasts should demonstrate megakaryoblastic, erythroid, mixed, or no sublineage 

differentiation. (If blasts demonstrate myeloid differentiation, diagnosis of 

standard MDS/AML should be considered; such cases, including cases with 

Mast et al. Page 7

Arch Pathol Lab Med. Author manuscript; available in PMC 2020 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



possible FAB M1-5 morphology, should be assessed by an experienced 

hematopathologist.)

3. Presence of megakaryocytic dysplasia with central eosinophilic inclusions and 

peripherally displaced multiple or signet-like nuclei supports diagnosis of DS 

myeloid disease.

4. Cytogenetics: Presence of a typical translocation or inversion of standard AML 

suggests non-DS disease, should be confirmed by fluorescence in situ 

hybridization, and the case should be assessed by an experienced 

hematopathologist.

In conclusion, we report findings of a large systematic review of cases of AML and MDS 

occurring in patients with DS, noting the variability of blast differentiation in these cases and 

the near absence of myeloid dysplasia and blast differentiation. From these findings we 

propose detailed diagnostic criteria for DS MDS and AML. These criteria may serve to 

improve institutional diagnosis of these diseases, facilitate recognition of uncommon 

standard AML cases in DS patients younger than 4 years and DS-AML cases in patients 

older than 4 years, and allow evaluation of the exact relationship of GATA1 mutations and 

DS myeloid disease. Future studies may also address any clinical consequences of the AML 

subtypes we observed in DS-AML.
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Figure 1. 
Dysplastic megakaryocytic hyperplasia in bone marrow in acute myeloid leukemia in a 

patient with Down syndrome. Bone marrow aspirate smear. Note clustered hyperplastic 

megakaryocytes with a peripheral ring of nuclei (short arrows and inset) and smaller 

megakaryocytes with signet ring forms (long arrows) (Wright-Giemsa, original 

magnification ×200 [inset same]).

Mast et al. Page 10

Arch Pathol Lab Med. Author manuscript; available in PMC 2020 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Dysplastic megakaryocytes in bone marrow in acute myeloid leukemia in a patient with 

Down syndrome. Bone marrow biopsy. Note clustered hyperplastic megakaryocytes with a 

peripheral ring of nuclei (arrows) and smaller megakaryocytes with signet ring forms (inset) 

(hematoxylin-eosin, original magnifications ×100 and ×400 [inset]).
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Figure 3. 
Kaplan-Meier curves comparing event-free survival (A) (P = .60) and overall survival (B) (P 

= .38) between acute myeloid leukemia (AML) and myelodysplastic syndrome (MDS) in 
patients with Down syndrome.
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Figure 4. 
Kaplan-Meier curves comparing event-free survival (A) (P = .39) and overall survival (B) (P 

= .46) between acute myeloid leukemia (AML) subtypes in patients with Down syndrome. 
Abbreviations: AML-E, acute erythroblastic leukemia; AML-MK, acute megakaryoblastic 
leukemia; AML-MK/E, AML with mixed MK and E features; AML-NOS, AML–not 
otherwise specified; AML-U, AML-undifferentiated.
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