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Acute megakaryoblastic leukaemia shows high frequency of 
chromosome 1q aberrations and dismal outcome
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Summary
Acute megakaryoblastic leukaemia (AMKL) is associated with poor prognosis. 
Limited information is available on its cytogenetics, molecular genetics and clini-
cal outcome. We performed genetic analyses, evaluated prognostic factors and the 
value of allogeneic haematopoietic stem cell transplantation (allo- HSCT) in a ho-
mogenous adult AMKL patient cohort. We retrospectively analysed 38 adult patients 
with AMKL (median age: 58 years, range: 21– 80). Most received intensive treatment 
in AML Cooperative Group (AMLCG) trials between 2001 and 2016. Cytogenetic 
data showed an accumulation of adverse risk markers according to ELN 2017 and 
an unexpected high frequency of structural aberrations on chromosome arm 1q 
(33%). Most frequently, mutations occurred in TET2 (23%), TP53 (23%), JAK2 (19%), 
PTPN11 (19%) and RUNX1 (15%). Complete remission rate in 33 patients receiving 
intensive chemotherapy was 33% and median overall survival (OS) was 33 weeks 
(95% CI: 21– 45). Patients undergoing allo- HSCT (n = 14) had a superior median OS 
(68 weeks; 95% CI: 11– 126) and relapse- free survival (RFS) of 27 weeks (95% CI: 4– 
50), although cumulative incidence of relapse after allo- HSCT was high (62%). The 
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I N TRODUC TION

Acute megakaryoblastic leukaemia (AMKL) is a rare form 
of acute myeloid leukaemia (AML) derived from imma-
ture megakaryoblasts. AMKL is most commonly seen in 
children (4%– 15% of all AML) but is rare in adults (1% of 
all de novo AML).1 In children, AMKL either occurs as 
Down- syndrome- related AML (ML- DS) in which GATA1 
mutations co- operate in leukemogenesis with trisomy 21, 
or as non- ML- DS characterized by the presence of chime-
ric oncogenic fusions.2,3 Due to the rare incidence of AMKL 
in adults, knowledge about this subtype is limited.4 Review 
of the available literature on prognosis and risk factors of 
adult AMKL up to date revealed 4 retrospective analyses 
performed between 1982 and 2003. These contain little in-
formation on cytogenetics and no data on molecular genet-
ics.1,5– 7 With regard to prognosis, these data and an analysis 
of the Surveillance, Epidemiology, and End Results (SEER) 
database (www.seer.cancer.gov) of AMKL patients treated 
between 1991 and 2011 showed an inferior overall survival 
(median OS between 4.5 months and 10.4 months) compared 
to other AML subtypes.1,5– 8 However, the conclusion drawn 
from these analyses that AMKL itself is a poor prognostic 
factor seems questionable given the small sample sizes and 
limited genetic data4,5,8 Therefore, our current study aimed 
to elucidate the role of clinical, cytogenetic and molecular 
risk factors with regard to survival and the role of allogeneic 
haematopoietic stem cell transplantation (allo- HSCT), in a 
large cohort of AMKL patients treated within Acute Myeloid 
Leukaemia Cooperative Group (AMLCG) trials or accord-
ing to AMLCG protocols at multiple centres in Germany.

PATIE N TS A N D M ETHODS

Patients

The databases of the AMLCG trials (AMLCG 99, AMLCG 
2004 and AMLCG 2008) and the AMLCG registry (www.
kompe tenzn etz- leuka emie.de; German Leukaemia Study 
registry) as well as local databases of the University Hospital 
Munich were searched for “(AML) M7” and “(acute) mega-
karyoblastic (leukaemia)”.9– 11 Frequency of AMKL in the 
AMLCG trials was 0.8% in AMLCG 99, 1.1% in AMLCG 
04, 0.8% in AMLCG 08 and 1.1% in the AMLCG registry. 
We identified 53 patients with possible AMKL. After care-
ful review of the medical records including the pathology 
reports, 11 of these 53 patients were excluded: 6 patients had 

a history of chronic myelogenous leukaemia with mega-
karyocytic features (CML), 4 patients had a myelodysplastic 
syndrome (MDS) and 1 patient had AML but not AMKL. 
In 25 of the remaining 42 AMKL patients, bone marrow 
biopsies from diagnosis were available. These biopsy speci-
mens were stained with naphthol AS- D chloroacetate, 
Prussian blue, Giemsa, Gomori's silver impregnation and 
haematoxylin and eosin, as well as CD42b, CD61, CD31 and 
CD34 and re- evaluated and centrally reviewed for further 
confirmation of the diagnosis. In 22 of these 25 cases, the 
degree of myelofibrosis was re- assessed centrally according 
to the European consensus grading.12 In 17 patients, BM bi-
opsies from diagnosis were either not available or used up 
(n = 10) or no information was available if a BM biopsy was 
performed at diagnosis (n = 7). The histopathological review 
of the BM biopsies identified 3 AML patients without mega-
karyoblastic differentiation and 1 patient with mastocyto-
sis that were excluded from our analysis (Figure  S1). Our 
final cohort encompassed 38 adult patients with AMKL 
(22 of whom were reconfirmed by central review) that were 
treated in the AMLCG 1999 (n = 21), 2004 (n = 3) or 2008 
(n = 2) trials, within the AMLCG AML registry (n = 9) or lo-
cally (n = 3) between 2001 and 2016.

Targeted sequencing

In 26 of 38 patients, pretreatment specimens for isolation of 
genomic DNA were available. Pretreatment genomic DNA 
was isolated either from bone marrow aspiration or periph-
eral blood samples (n = 15, as previously published13), from 
pretreatment bone marrow biopsies (n = 10, according to 
the manufacturer's instructions, GeneRead DNA FFPE Kit, 
Qiagen) or cells stored after cytogenetic analysis (n = 1).

Amplicon- based targeted sequence enrichment opti-
mized for FFPE specimens was performed using a custom-
ized panel according to the manufacturer's instructions 
(HaloplexHS, Agilent). We analysed the coding region of 48 
genes or gene regions recurrently mutated in myeloid ma-
lignancies. A list of the target regions used in this analysis 
is presented in Table  S1. Sequencing was performed with 
2 × 250 bp paired- end reads on an Illumina MiSeq sequencer 
(Illumina). Data analysis, trimming, alignment and variant 
calling as well as discrimination of leukaemia- derived muta-
tions from germline polymorphisms or variants of unknown 
significance were done as published before.13 Threshold for 
detection of mutations was 5% variant allele frequency. 
Median coverage per patient was at least 136- fold.

prognosis of AMKL is determined by adverse genetic risk factors and therapy re-
sistance. So far allo- HSCT is the only potentially curative treatment option in this 
dismal AML subgroup.

K E Y W O R D S
allo- HSCT, AMKL, AML, AML M7, cytogenetic and molecular landscape, prognosis
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FLT3- ITD analysis was performed using polymerase 
chain reaction and fragment length analysis.14

Statistical analyses

Overall survival (OS) and relapse- free survival (RFS) were 
calculated by Kaplan– Meier estimates and statistical dif-
ferences were measured by log- rank test. A p- value ≤ 0.05 
was considered statistically significant. Confidence inter-
vals (CI) were calculated for median OS or RFS. Landmark 
analyses of OS and post- transplant survival were conducted. 
For landmark analysis of overall survival (OS), OS was cal-
culated from start of treatment to death or last follow- up. All 
participants with observation times <120 days (=median ob-
served time from start of therapy to transplantation, range 
108– 212 days), including censored patients, were excluded 
from the analysis.

For landmark analysis of post- transplant survival or an-
alogue, post- transplant survival was calculated from date of 
allo- HSCT to death or last follow- up in patients receiving an 
allo- HSCT. In patients receiving chemotherapy only, an an-
alogue of post- transplant survival was calculated from start 
of treatment to death or last follow- up minus 120 days (the 
median expected time from start of treatment to transplant 
in transplanted patients). Patients with observation times 
<120 days (=median time from start of treatment to trans-
plantation) were excluded from this analysis.

Cumulative incidence of relapse was calculated from allo- 
HSCT with death as competing event (cumulative incidence 
competing risk method). Cumulative incidence and confi-
dence intervals were calculated at 1000 days. Statistical anal-
yses were performed using R version 3.4.1.15

A multivariable Cox proportional hazard regression 
model analysis was performed for OS and RFS. Prognostic 
factors age (continuous variable), ELN 2017 classification (fa-
vourable vs. intermediate vs. adverse) and French American 
British classification (FAB) type (AML M7 vs. non- AML 
M7) were included.

Further information on ethics, treatment and definition of 
clinical endpoints is provided in the Supplementary Appendix.

R E SU LTS

Patient characteristics

This analysis was performed in 38 patients with AMKL. 
Patient characteristics are depicted in Table 1. In brief, me-
dian age was 58 years, and the majority of patients were 
male (66%). 23 patients (60.5%) presented with de novo 
AMKL, 12 patients presented with secondary AMKL post- 
MDS (n = 7), post MPN (n = 4) or post unknown prior hae-
matological disorder (n = 1) and 3 patients presented with 
therapy- related AMKL post- chemotherapy (methotrexate, 
n = 2) or irradiation (n = 1). Median white blood cell count 
and bone marrow blast count were relatively low at 3.7 G/L 

T A B L E  1  Baseline characteristics of 38 AMKL patients.

Characteristic n (%) Median (range)

Age (years) 58 (21– 80)

WBC count (G/L), n = 37 3.7 (0.4– 87.7)

Haemoglobin level (g/dL), n = 37 8.3 (5.1– 10.9)

Platelet count (G/L), n = 37 55 (0.1– 1760)

LDH (U/l), n = 34 394 (121– 14 696)

BM blasts (%), n = 30 37.5 (20– 90)

Sex (female) 13 (34.2)

Origin of AML

De- novo 23 (60.5)

Secondary 12 (31.6)

Therapy- related 3 (7.9)

ECOG performance status, n = 36

0 10 (27.8)

1 14 (38.9)

2 10 (27.8)

3 2 (5.6)

Extramedullary AMKL, n = 35 6 (17.1)

Bone marrow fibrosis, n = 22

Grade 1 5 (22.7)

Grade 2 11 (50.0)

Grade 3 6 (27.3)

MRC risk group, n = 30

Favourable 0 (0.0)

Normal 0 (0.0)

Intermediate 10 (33.3)

Adverse 20 (66.6)

ELN risk group 2017, n = 31

Favourable 3 (9.7)

Intermediate 8 (25.8)

Adverse 20 (64.5)

Treatment within clinical study 26 (68.4)

AMLCG 99 21 (55.3)

AMLCG 2004 3 (7.9)

AMLCG 2008 2 (5.3)

AML registry 9 (23.7)

Locally (our institution) 3 (7.9)

Induction therapy

Chemotherapy intensive 33 (86.8)

Chemotherapy palliative 2 (5.3)

Upfront allogeneic 
transplantation

3 (7.9)

Allogeneic transplantation 14 (36.8)

Upfront 3 (7.9)

In first complete remission 4 (10.5)

In relapse/refractory 5 (13.2)

No information about disease 
status at transplant

2 (5.3)

Abbreviations: BM, bone marrow; ECOG, Eastern Cooperative Oncology Group; 
LDH, lactate dehydrogenase; WBC, white blood cell count.
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and 37.5%, respectively. Six patients (17%) had documented 
extramedullary involvement of AMKL (sinus cavernosus 
n = 1, paravertebral muscle n = 1, skin n = 1, lymph nodes 
n = 1, no location documented n = 2). Seventy- seven per-
cent (n = 17/22) of the bone marrow specimens re- analysed 
by an expert hematopathologist showed a myelofibrosis 
grading of 2 or 3 with diffuse and dense increase in reticu-
lin fibres (Table 1).12

AMKL is enriched for cytogenetic aberrations 
associated with an adverse MRC risk

Results of karyotyping were available for 30 patients 
(Figure 1A, Table S2). In 3 cases cells did not divide. In ad-
dition, we could not obtain information on karyotype for 5 
patients.

None of these 30 patients showed favourable chromo-
somal aberrations like t(8;21)(q22;q22.1) or inv(16)/t(16;16)
(p13.1q22).16 One- third (n = 10/30) of patients were classified 
as intermediate cytogenetic risk according to the MRC cyto-
genetic risk classification (Table 1).16 Eight of these showed a 
normal karyotype (Table S2). The majority of patients (67%; 
n = 20/30), showed an adverse cytogenetic risk profile, 9 of 
which had a complex karyotype with three or more cytoge-
netic aberrations (Table 1, Table S2).16

The most frequently altered chromosomes were 1, 3, 5, 7, 
8 and 17 (Figure 1A).

Sixteen patients (53%) had abnormalities of chromosome 
7, mostly monosomy, del(7q) and/or der(1;7)(q10;p10). Ten 
patients (33%) in our cohort had aberrations of 1q, 6 (20%) 
had a trisomy 8 and 4 patients (13%) had a monosomy 17. 
Monosomy 5 and/or del(5q) as well as inv(3)/t(3;3)(q21;q26) 
were each found in 3 patients (10%) (Figure 1A).

One patient had a t(9;22) without documented preced-
ing chronic myeloid leukaemia (CML) (Table S2: UPN 31). 
There was no evidence of chromosome 21 involvement as 
sole driver in adult AMKL as only 2 patients presented with 
an additional chromosome 21 in combination with fur-
ther adverse cytogenetic markers (Table  S2: UPN 19 and 
UPN30) and 3 patients had complex cytogenetic aberra-
tions involving chromosome 21 (Table S2: UPN 17, 27, 29).

We did not identify cytogenetic abnormalities leading 
to fusion genes frequently found in childhood AMKL such 
as t(1;22)(p13;q13)(RBM15::MKL1), inv(16)(p13.3q24.3)
(CBFA2T3::GLI2), or t(11;12)(p15;p13)(NUP98::KDM5A). 
With exception of 1 patient (UPN 6) showing a t(11;17)
(q23;q25) (KMT2A::SEPT9) fusion that has been described 
in rare cases of AMKL, there was no evidence of KMT2A- 
rearranged AML (11q23).17

Molecular aberrations detected by targeted  
sequencing

Targeted- amplicon sequencing in 26 patients with avail-
able material showed a median of 3 mutations (range 

0– 6) and a median of 3 mutated genes (range 0– 5) per 
patient. The most frequent mutations identified occurred 
in TET2 (n = 6, 23%), TP53 (n = 6, 23%), JAK2 (n = 5, 19%; 
[JAK2V617F n = 4, JAK2G571S18 n = 1]), PTPN11 (n = 5, 
19%) and RUNX1 (n = 4, 15%; Figure 1B). Of those 5 cases 
with JAK2 mutation, 2 patients had a prior MPN (n = 1 es-
sential thrombocythemia JAK2G571S, n = 1 polycythemia 
vera) and 1 patient had a prior MDS. FLT3- internal tandem 
duplications (ITD) were identified in 2 patients only, both 
with a low ITD to wild type ratio (0.38 and 0.02). Two pa-
tients with a normal karyotype and one patient with miss-
ing data on karyotype had an NPM1 mutation with absence 
of a FLT3- ITD, and no patient had a bi- allelic CEBPA muta-
tion. A patient- based overview of cytogenetic and molecu-
lar data is shown in Figure S2.

AMKL is enriched for cytogenetic 
alterations and mutations associated with ELN 
adverse risk

In a total of 34 patients, we had information about cytoge-
netics, sequencing data or both (Figure  S3). Thirty- one 
of these 34 patients could be allocated to an ELN2017 risk 
group: 10% (n = 3), 26% (n = 8) and 64% (n = 20) were classi-
fied as ELN2017 favourable, intermediate and adverse risk, 
respectively.19

In a subset of 22 patients in whom both cytogenetics and 
sequencing data were available 9% (n = 2), 27% (n = 6) and 
64% (n = 14) were categorized as favourable, intermediate 
and adverse risk according to ELN 2017, respectively.19

In additional 8 patients in whom we had cytogenetic data, 
but no material for NGS, five were classified as adverse risk 
(due to complex karyotype, t(9;22), inv(3) or −7) and two 
were classified as intermediate risk (cytogenetic abnormal-
ities not classified as favourable or adverse). One patient 
showed a normal karyotype and thus could not be allocated 
to an ELN risk group.

In additional four patients, we had sequencing data, but 
no cytogenetic information. 1 was classified as adverse ELN 
risk due to the presence of a TP53 mutation, 1 showed a fa-
vourable risk with the presence of an NPM1 mutation but 
the absence of an FLT3- ITD and 2 others could not be clearly 
allocated to an ELN risk group.

Patients with AMKL show a dismal outcome 
with poor survival and high relapse rate

Patients with AMKL in dataset of the 
AMLCG99 study

To address if AML M7 has a worse prognosis compared to 
other FAB types, we first assessed the impact of FAB type 
on OS and RFS in patients treated within the AMLCG99 
study (n = 3375 patients, Krug et al.20). A Kaplan– Meier 
analysis for OS suggested differences between the different 
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F I G U R E  1  Cytogenetics and molecular genetics of AMKL patients. (A) Karyotype was available in 30 AMKL patients. Frequency and subtype of 
the identified chromosomal aberrations is shown. (B) Data of targeted amplicon sequencing in 26 AMKL patients. Percentage of patients with mutations 
in leukaemia- associated genes or hot- spots. Bars are coloured according to functional gene groups. AMKL, acute megakaryoblastic leukaemia. 
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FAB groups (p = 0.029; Figure 2A). M7 showed the worst out-
come, similar to M0 (M7 Day 1000 OS <20%; M0 Day 1000 
OS <30%). A direct comparison of M7 (n = 26) versus M0 
(n = 176) showed no significant difference in OS (p = 0.353). 
A Cox proportional hazard model also suggested that M7 
had a higher hazard compared to all other FAB groups (all 
HR with M7 as reference <1), but statistical evidence could 
only be found for the pairwise comparison of M4 versus M7 
(p = 0.046, HR = 0.64, 95% CI: 0.41– 0.99).

When comparing 26 patients with AML M7 to 3064 pa-
tients with other FAB types combined, we observed a trend 
to a shorter OS in (median OS 242 [95% CI: 190– 416] days 
versus 445 [95% CI: 414– 484] days, respectively, p = 0.140; 
Figure 2B).

RFS was significantly different between all different FAB 
groups (p < 0.0001, Figure  2C). In pairwise comparisons, 
only M4 had a significantly lower hazard ratio compared to 
M7 (p = 0.028, HR = 0.43, 95% CI: 0.20– 0.92). Nine patients 
with AML M7 showed a significantly shorter RFS compared 
to 1175 patients with other FAB types combined (median 
RFS 177 [95% CI 17– 788] days vs. 495 [95% CI 454– 546] 
days, respectively, p = 0.023; Figure 2D).

Patients with AMKL in the analysed dataset

Thirty- three of thirty- eight AMKL patients received at least 
one course of an induction chemotherapy with cytarabine 

F I G U R E  2  Overall survival and relapse free survival of patients with different FAB types treated within the AMLCG99 study*. (A) Overall survival 
of 3090 patients stratified by FAB type. FAB M0 versus M7: hazard ratio (HR): 0.84 (95% confidence interval (CI): 0.53– 1.33, p = 0.457); FAB M1 versus 
M7: HR: 0.70 (95% CI: 0.46– 1.09, p = 0.115); FAB M2 versus M7: HR: 0.70 (95% CI: 0.46– 1.09, p = 0.113); FAB M4 versus M7: HR: 0.64 (95% CI: 0.41– 0.99, 
p = 0.046); FAB M5 versus M7: HR: 0.67 (95% CI: 0.43– 1.05, p = 0.082); FAB M6 versus M7: HR: 0.81 (95% CI: 0.51– 1.29, p = 0.373). (B) Overall survival of 
patients with FAB M7 (n = 26) or other FAB subtypes combined (n = 3064) treated within the AMLCG99 study. (C) Relapse- free survival of 1784 patients 
in CR stratified by FAB type. FAB M0 versus M7: HR: 0.68 (95% CI: 0.31– 1.49, p = 0.336); FAB M1 versus M7: HR: 0.50 (95% CI: 0.23– 1.05, p = 0.068); FAB 
M2 versus M7: HR: 0.54 (95% CI: 0.25– 1.13, p = 0.103); FAB M4 versus M7: HR: 0.43 (95% CI: 0.20– 0.92, p = 0.028); FAB M5 versus M7: HR: 0.51 (95% CI: 
0.24– 1.09, p = 0.084); FAB M6 versus M7: HR: 0.76 (95% CI: 0.35– 1.66, p = 0.496). (D) Relapse- free survival of patients with FAB M7 (n = 9) or other FAB 
subtypes combined (n = 1775) treated within the AMLCG99 study. *Note: Patients with FAB M3 were not enrolled in the AMLCG99 study. A total of 
3375 patients were enrolled in the AMLCG99 study. In 3090 of 3375 patients information of FAB type and OS was available. In 1784 patients in complete 
remission information of FAB type and relapse- free survival was available. FAB, French American British classification. 
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and an anthracycline (Table  1). Three patients with a his-
tory of MDS received upfront allo- HSCT and two patients 
received only low- dose cytarabine in a palliative treatment 
concept (Table 1). Median overall survival (OS) was 228 days 
(95% CI: 157– 300 days) for the entire cohort of 38 AMKL pa-
tients, 241 days (95% CI: 170– 312 days) for the 36 intensively 
treated AMKL patients and 228 days (95% CI: 144– 312 days) 
for the 33 AMKL patients treated with intensive chemother-
apy induction.

33% (n = 11/33) of patients treated with intensive chemo-
therapy induction patients achieved a complete remission 
(CR) and 9% (n = 3/33) achieved a CRi, whereas persistence 
of leukaemia after induction- chemotherapy was observed in 
39% (n = 13/33) of patients. 6/33 patients (18%) died before 
remission status was assessed (Figure 3A). Median relapse- 
free survival (RFS) in 13 of 14 patients who achieved a CR/
CRi was 184 days (95% CI: 164– 204 days).

Of these 33 intensively treated AMKL patients, 2 were 
classified as ELN favourable, 7 as ELN intermediate and 
19 as ELN adverse risk with overall response rates (ORR; 
achievement of a CR or CRi) of 100% (n = 2/2), 86% 
(n = 6/7) and 21% (n = 4/19), respectively (Figure 3A, pORR 
favourable versus intermediate: n.s.; pORR intermediate vs. 
adverse: 0.003). Median overall survival was significantly 
better in patients within the ELN favourable/intermediate 
risk group compared to the ELN 2017 adverse risk group 
(478 days vs. 180 days, p = 0.030, Figure  3B). No differ-
ence in OS was observed between de novo and s/tAMKL 
(Figure S4).

AMKL provides additional adverse risk above 
that signified by age and ELN risk group with 
regard to RFS, but not to OS

In order to assess if the AML M7 subtype itself provides 
adverse risk irrespective of age and ELN risk group we 
used a subset of patients treated within the AMLCG99 and 
AMLCG2008 trials in whom ELN 2017 classification was 
available (patients that have been molecularly characterized 
by Metzeler et al.13; in addition, AML M7 patients treated 
within AMLCG99 and AMLCG2008 trials and included in 
our study were added to this cohort if they were not already 
present in the dataset published by Metzeler et al.13). Out 
of a total of 686 patients, ELN2017 classification, age and 
FAB type were available for 637 patients. These 637 patients 
were used to perform a multivariable Cox regression for OS 
using age, ELN 2017 risk group and FAB M7 versus non- 
M7 as parameters (Table S3, Table 2). 349 of these patients 
have achieved a CR or CRi and were used to perform a mul-
tivariable Cox regression model for RFS (Table 3). Age and 
ELN 2017 were highly significant independent prognostic 
factors for OS (all p < 0.001) and RFS (all p < 0.001; Tables 2 
and 3). FAB M7 significantly increased the hazard ratio for a 
shorter RFS compared to non- M7 subtypes (HR: 25.13, 95% 
CI: 5.90– 107.0, p < 0.001), but not for OS (p = 0.321; Tables 2 
and 3).

Patients with AMKL benefit from allogeneic 
haematopoietic stem cell transplantation

Fourteen patients out of a total of 36 intensively treated 
AMKL patients received an allo- HSCT (Table  1). In 21% 
(n = 3/14), 29% (n = 4/14) and 36% (n = 5/14) allo- HSCT was 
performed upfront, in first CR or at AML relapse/refractory 
disease status, respectively. Twenty- two out of 36 intensively 
treated AMKL patients were treated with intensive chemo-
therapy only.

ELN risk groups were distributed similarly in patients 
with or without allo- HSCT: 7% (n = 1/14), 29% (n = 4/14) 
and 50% (n = 7/14) of transplanted patients belonged to the 
favourable, intermediate or adverse risk according to ELN 
2017, respectively. 5% (n = 1/22), 18% (n = 4/22) and 59% 
(n = 13/22) of patients receiving intensive chemotherapy only 
belonged to the favourable, intermediate or adverse risk ac-
cording to ELN 2017, respectively.

Fourteen patients that underwent allo- HSCT showed a 
significantly superior OS compared to 22 patients receiving 
intensive chemotherapy only (median OS 478 vs. 106 days, 
respectively, p < 0.001, Figure  3C). No patient treated with 
conventional chemotherapy alone survived (Figure 3C).

In a landmark analysis for OS (excluding patients with an 
observation time <120 days) we observed a trend to a better 
OS in 14 patients undergoing an allo- HSCT compared to 10 
patients with intensive chemotherapy only (median OS 478 
vs. 270 days, respectively, p = 0.083, Figure  S5A). Similarly, 
a landmark analysis for post- transplant survival (exclud-
ing patients with an observation time <120 days) revealed 
a trend to a better post- transplant survival in patients re-
ceiving an allo- HSCT compared to an analogue survival in 
patients who received chemotherapy only (median 366 days 
vs. 150 days, respectively, p = 0.090, Figure  S5B). Median 
RFS following allo- HSCT in 14 transplanted patients was 
189 days (95% CI 30 days-  348 days). Cumulative incidences 
of relapse or death without relapse after allo- HSCT were 62% 
and 15%, respectively (Figure S6).

DISCUSSION

AMKL is a rare subtype of AML that is poorly characterized 
with respect to disease biology and clinical outcome. Here 
we provide a comprehensive analysis of 38 AMKL patients 
mostly treated in AMLCG trials and the AMLCG registry. 
Patient characteristics, including median age, sex, low WBC 
and BM counts within our cohort were in line with previous 
data from the MD Anderson Cancer Center of 2005, except 
for a lower rate of s/t- AML in our AMKL cohort (40% vs. 
59%).5

Within our cohort of AMKL, we observed an enrich-
ment for cytogenetic aberrations associated with an ad-
verse MRC risk. In particular, we found a higher frequency 
of complex karyotypes, monosomy 5/del(5q), monosomy 7/
del(7q), monosomy 17 and inv(3)/t(3;3)(q21;q26) compared 
to a large unselected AML patient cohort from the MRC.16
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Comparison to published cytogenetic data sets in the 
subset of adult AMKL is difficult as full karyotypes are 
often missing and only cytogenetic risk groups of patients 
are presented.5,7 In the AML M7 cohort analysed by Oki 
et al., inv(3)(q21q26) (10% vs. 3%) and trisomy 8 (20% 
vs. 5%) occurred less frequent compared to our AMKL 
cohort, whereas monosomy 5/del(5q) (10% vs. 38%) and 
monosomy 7 (27% vs. 41%) were more frequent than in our 
cohort.5 This difference might be explained by the higher 
frequency of sAML ([60% vs. 32%], including antecedent 
MDS [27% vs. 18%]) and the lower rate of de novo AMKL 
(24% vs. 60%) in their cohort compared to ours. The fre-
quency of complex karyotypes was around 30% in both 
datasets and data on normal karyotypes is not available 
from Oki et al.5

We performed a comprehensive targeted sequencing of 
48 genes in 26 patients with AMKL. To our knowledge, 
this is the largest cohort of non- down syndrome (non- DS) 
AMKL patients characterized by NGS. We observed a 

higher frequency of RUNX1 and TP53 mutations, but not 
FLT3- ITD compared to an unselected AML patient co-
hort.13 Additionally, TET2, PTPN11 and JAK2 were the 
most frequently mutated genes in our AMKL cohort, 
whereas FLT3, NPM1 and DNMT3A are the most fre-
quently mutated genes in a large unselected AML cohort.13

Data on the molecular landscape of AMKL is limited and 
hampered by the rare frequency of adult AMKL. Yoshida 
et al. performed genomic profiling including 19 AMKL 
samples not related to Down syndrome.21 Frequencies of 
EZH2 deletions/mutations as well as of mutations in RAS 
pathway genes (NRAS/KRAS/PTPN11/CBL) were compa-
rable between Yoshida's and our cohort of AMKL patients 
(16% vs. 12%; and 26% vs. 27%, respectively). Yoshida et al. 
observed lower frequencies of mutations in epigenetic reg-
ulators in AMKL not related to Down- syndrome (21%, 
n = 14/19) compared to our cohort (42%, n = 11/26) with 
frequencies of TET2, IDH1, IDH2, DNMT3A, ASXL1 muta-
tions of 23% (n = 6/26), 4% (1/26),4% (1/26), 15% (4/26) and 

F I G U R E  3  Therapy outcome of 36 intensively treated AMKL patients. (A) Results of induction therapy for all 33 patients with AMKL treated with 
intensive chemotherapy induction therapy and for 28/33 of these AMKL patients that could be stratified according to ELN 2017 (ELN favourable n = 2, 
ELN intermediate n = 9, ELN adverse n = 19) are depicted. Patients with upfront allo- HSCT and palliative induction with low- dose cytarabine treatment 
are not shown. AMKL, acute megakaryoblastic leukaemia; CR, complete remission; CRi, complete remission with incomplete hematologic recovery. 
(B) Overall survival of 30/36 intensively treated patients with AMKL stratified by ELN 2017 risk (ELN favourable/intermediate n = 10, ELN adverse n = 20) 
is depicted. 6 patients that were not evaluable for ELN 2017 risk and 2 patients treated with low- dose cytarabine only are not shown. Of note, 5 patients 
remained alive after day 1000 (including 2 patients without evaluable ELN risk). HR, hazard ratio, CI, confidence interval. (C) Overall survival in 36 
intensively treated patients comparing allogeneic stem cell transplantation (allo- HSCT) with conventional intensive chemotherapy. Patients treated with 
low- dose cytarabine only were not included. Of note, 5 patients treated with allo- HSCT remained alive after day 1000. 

T A B L E  2  Multivariable analysis for OS (n = 637).

Parameter Comparison n HR 95% CI lower 95% CI upper p

Age (years) Continuous 637 1.027 1.020 1.035 <0.001

ELN 2017 637 <0.001

Intermediate versus favourable 162 versus 225 1.727 1.322 2.256 <0.001

Adverse versus intermediate 250 versus 162 2.951 2.329 3.739 <0.001

FAB M7 versus non- M7 637 1.301 0.773 2.188 0.321

Note: A multivariable Cox proportional hazard regression model analysis was performed for OS using data of 637 patients treated within the AMLCG99 and AMLCG2008 
trials and available information of age, ELN 2017 classification and FAB type. Prognostic factors age, ELN 2017 classification and FAB type (AML M7 vs. non AML M7) were 
included in the model. A significance level of 5% was used.
Abbreviations: CI, confidence interval; ELN 2017, European leukaemia net risk classification; FAB, French American British classification; HR, hazard ratio; n, number; OS, 
overall survival; p, p- value.

T A B L E  3  Multivariable analysis for RFS (n = 349).

Parameter Comparison n HR 95% CI lower 95% CI upper p

Age (years) Continuous 349 1.024 1.014 1.034 <0.001

ELN 2017 349 <0.001

Intermediate versus favourable 104 versus 159 1.747 1.269 2.404 <0.001

Adverse versus intermediate 86 versus 104 2.875 2.081 3.973 <0.001

FAB M7 versus non- M7 349 25.131 5.901 107.023 <0.001

Note: A multivariable Cox proportional hazard regression model analysis was performed for RFS using data of 349 patients in CR/CRi treated within the AMLCG99 and 
AMLCG2008 trials and available information of age, ELN 2017 classification and FAB type. Prognostic factors age, ELN 2017 classification and FAB type (AML M7 vs. non AML 
M7) were included in the model. A significance level of 5% was used.
Abbreviations: CI, confidence interval; ELN 2017, European leukaemia net risk classification; FAB, French American British classification; HR, hazard ratio; n, number; OS, 
overall survival; p, p- value.
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12% (n = 3/26), respectively. In addition, frequencies of tyro-
sine kinase and cytokine receptor mutations in JAK1/JAK2/
JAK3 and MPL occurred at lower frequency in Yoshida 
versus our cohort (11% vs. 23%). Some of these differences 
might be explained by different origin of AML (if de novo 
AML or sAML), but it is not clear, which percentage of non 
de novo AMKL patients were analysed by Yoshida.

In children, AMKL is more frequent, with 4%– 15% of 
newly diagnosed AML cases.22 Moreover, children with my-
eloid leukaemia with Down Syndrome (ML- DS) commonly 
carry mutations in GATA1 that typically cooperate with tri-
somy 21.2 Schweitzer et al. were the first to describe GATA1 
mutations in paediatric AMKL patients without Down syn-
drome using data from the AML- BFM 04 study. In that cohort, 
the frequency of GATA1 mutations was found to be 11.3%.22 
In our cohort of adult AMKL, we only identified 1 GATA1 
mutation in a patient without trisomy of chromosome 21, and 
2 patients in our cohort with an additional chromosome 21 
had further adverse cytogenetic lesions. These findings are 
in line with data from Gruber et al. showing that frequen-
cies of GATA1 mutations and trisomy 21 are low in patients 
with AMKL without Down syndrome compared to patients 
with AMKL and Down syndrome.23 We did not identify re-
current structural genetic alterations like t(1;22)(p13;q13) 
(RBM15::MKL1), t(11;12)(p15;p13)(NUP98::KDM5A), inv(16)
(p13q24)(CBFA2T3::GLIS2) or 11q23 (KMT2A) rearrange-
ments frequently found in childhood non- ML- DS.3,23,24 This 
lower frequency of common fusions might be explained by 
the fact that we did not perform RT- PCR or RNA sequencing 
to detect these fusion genes.

In contrast to published data, suggesting 8%– 13% 
BCR::ABL1 positive AMKL, we only identified 1 patient 
with BCR::ABL1 translocation without prior history of 
CML.5,7 However, we excluded 6 patients with a history of 
CML and megakaryoblastic features from our analyses. The 
previously reported high incidence of t(9;22) aberrations in 
AMKL might be falsified by the morphological impossible 
differentiation of megakaryoblastic- differentiated blast cri-
sis of CML from AMKL.

Another interesting aspect is the high frequency of 
chromosome 1q abnormalities in our cohort, which has 
not been described before and is only seen in 1% of unse-
lected adult AML patients.16 We identified 6 duplications, 
3 translocations, 1 insertion and 1 complex rearrangement 
on 1q (Figure  S7). In our analysis duplications or break 
points cluster in the region 1q21– 1q32. Aberrations on 
the long arm of chromosome 1 have been described in 
BCR::ABL1 negative MPN, and whole- arm unbalanced 
translocations in MDS.25,26 However, only 3 of those 10 pa-
tients with 1q aberrations in our cohort had documented 
sAMKL. Furthermore, gains of 1q are described in 4%– 
16% of paediatric ML- DS patients.27,28 There are further 
case reports on 1q aberrations in ML- DS, that identified 
1q31– 1q44 as the recurrent amplified region.29– 31 The 
overlapping region from our cohort and data from ML- 
DS analyses is 1q31– 1q32 and includes the genes PTPRC, 
ELK4, MDM4 and SLC45A3 with documented roles in 

cancer development.32,33 However, further analyses are 
needed to identify a possible mechanism of action and 
prognostic relevance in AMKL.

As in previous reports, we confirm the poor prognosis of 
AMKL patients.1,5,6 Published data collected from 1982 to 2011 
show a median overall survival of 18– 41 weeks which is in line 
with our observation of a median survival of 33 weeks.1,4– 8 
Our data show that the response to induction chemotherapy is 
mainly influenced by the genetic and cytogenetic risk profile, 
with a CR rate of only 21% for AMKL patients in the ELN 2017 
adverse risk category. In our data, AMKL provided additional 
adverse risk in addition to age and ELN 2017 risk with regard 
to RFS, but not to OS. AMKL might not be an independent 
prognostic factor for OS, but megakaryocytic blast differen-
tiation could serve as a surrogate marker for dismal genetic 
features.5,8 According to our data allo- HSCT seems to be the 
only potentially curative option for patients with adult AMKL, 
although patient numbers are too small to show differences 
regarding ELN 2017 subgroups and relapse after transplanta-
tion is a frequent event. In order to account for immortal time 
bias, we performed a landmark analysis for OS excluding pa-
tients who died before a transplant could be delivered (using 
the median time to allo- HSCT of 120 days as our landmark). 
This analysis showed a trend to a better OS in patients receiv-
ing an allo- HSCT compared to those receiving chemotherapy 
only, but analyses were hampered by the small patient numbers 
and will need to be confirmed in larger data sets. Importantly, 
this analysis also showed that chemotherapy alone is not suf-
ficient to induce long- lasting remissions in AMKL and that all 
patients in the chemotherapy only group died.

Although outcome of paediatric AML is better compared 
to adult AML, Schweitzer et al. similarly demonstrated the 
poor prognosis of the AMKL subtype compared to other 
AML subtypes in a large cohort of 97 paediatric de novo 
AMKL (excluding Down syndrome) intensively treated 
within 2 large clinical trials AML- BFM 98 and AML- BFM 
04.22 Similarly to our adult AMKL cohort, WBC was low 
(mean WBC paediatric AMKL vs. adult AMKL: 16. 5 G/L 
vs. 11.5 G/L). CR rate of paediatric AMKL was higher com-
pared to our adult AMKL cohort (83.6% CR vs. 42% CR/
CRi). Allo- HSCT in 1st CR was performed less frequently in 
the paediatric compared to adult AMKL (23% vs. 29%). Allo- 
HSCT did not reveal a survival benefit in children AMKL 
in contrast to our data in adult AMKL. This might be due 
to differences in the cytogenetic profile (e.g. complex karyo-
type in 26% of paediatric vs. 30% in our cohort; monosomy 7: 
3% of paediatric vs. 27% in our adult cohort), the mutational 
landscape (e.g. GATA1 mutations: 11% in the paediatric co-
hort vs. 4% of sequenced patients in our cohort), the rate of 
de novo AML (100% in the paediatric vs. 60% in our adult 
cohort), and the risk factor age itself (median age 1.4 years 
vs. 58 years) which might contribute to a lower risk of relapse 
after achievement of a CR in the paediatric versus our adult 
AMKL cohort (32% relapse after CR vs. 91% after CR/85% 
after CR/CRi, respectively).

Significant bone marrow fibrosis, which can be ob-
served in any type of AML, is most frequent in the AML 

 13652141, 2023, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bjh.18982 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [06/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 1175PASTORE et al.

subtype AMKL5,34 and was grade 2 or 3 in 77% of our re-
confirmed AMKL cases. Megakaryoblasts have been rec-
ognized as mediating fibrosis in a subset of hematologic 
malignancies, including acute megakaryoblastic leukae-
mia.35 In this context, an interesting therapeutic approach 
is the induction of polyploidization and differentiation of 
megakaryoblasts using an aurora kinase A inhibitor ali-
sertib.36 Alisertib has shown encouraging results with the 
reduction of myelofibrosis and megakaryocyte count in 
myelofibrosis patients.37 Furthermore, alisertib in com-
bination with induction chemotherapy in previously un-
treated patients with high- risk AML (including AMKL) is 
effective and safe.38

Another promising novel therapeutic approach in ML- DS 
is the combination of histone lysine- specific demethylase 1 
(LSD1) and JAK1/2 inhibition.39 LSD1 is highly expressed in 
acute megakaryoblastic leukaemia, especially in ML- DS pa-
tients. Activating mutations in JAK and cytokine receptors 
are a hallmark in the progression from myeloid preleukemia 
to ML- DS.40 The combination of the irreversible LSD1 in-
hibitor T- 3775440 and the JAK1/2 inhibitor ruxolitinib has 
shown synergistic anti- leukaemic effects in ML- DS in vitro 
and in vivo mouse models.39

A high- throughput screening of >500 drugs in AML 
patient samples with erythroid/megakaryocytic differen-
tiation revealed sensitivity to the selective BCL- XL inhib-
itor A- 1331852 ex vivo.41 Consistently, an RNAi screening 
in 3 megakaryoblastic AML cell lines and Western blot 
analysis demonstrated essentiality of BCL- XL encoding 
BCL2L1 and a high expression of BCL- XL in this AML 
subtype.41

These innovative concepts including BCL- XL inhibitors, 
LSD1- inhibitors and JAK inhibitors will need to be further 
explored in clinical trials.

Taken together, we have performed a comprehensive 
molecular and cytogenetic analysis of patients with adult 
non- DS AMKL, the majority of whom were homogenously 
treated within AMLCG studies. To our knowledge, this 
is the most exhaustive molecular and cytogenetic analy-
sis of patients with adult AMKL to date. We observed an 
enrichment of cytogenetic aberrations and mutations as-
sociated with adverse MRC and ELN risk. We confirmed 
the dismal prognosis of patients with adult AMKL which 
can be mainly explained by the genetic risk profile result-
ing in primary and secondary treatment resistance. Up- 
front allo- HSCT seems to be the primary choice for ELN 
2017 adverse AMKL patients, possibly in combination 
with targeted anti- leukaemic post- transplantation thera-
pies. Patients in the ELN 2017 intermediate subgroup or 
patients with missing data should receive allo- HSCT in 
the first CR. Further analyses of 1q aberrations in AMKL 
might identify unknown leukaemic drivers and possible 
therapeutic targets.
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