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NPM1-mutated acute myeloid leukemia
(AML) is a provisional entity in the 2008
World Health Organization (WHO) classifi-
cation of myeloid neoplasms. The signifi-
cance of multilineage dysplasia (MLD) in
NPM1-mutated AML is unclear. Thus, in
the 2008 WHO classification, NPM1-
mutated AML with MLD is classified as
AML with myelodysplasia (MD)–related
changes (MRCs). We evaluated morpho-
logically 318 NPM1-mutated AML patients
and found MLD in 23.3%. Except for a
male predominance and a lower fms-
related tyrosine kinase 3–internal tandem

duplication (FLT3-ITD) incidence in the
MLD� group, no differences were ob-
served in age, sex, cytogenetics, and
FLT3-–tyrosine kinase domain between
NPM1-mutated AML with and without
MLD. NPM1-mutated AML with and with-
out MLD showed overlapping immuno-
phenotype (CD34 negativity) and gene
expression profile (CD34 down-regulation,
HOX genes up-regulation). Moreover,
overall and event-free survival did not
differ among NPM1-mutated AML pa-
tients independently of whether they were
MLD� or MLD�, the NPM1-mutated/FLT3-

ITD negative genotype showing the better
prognosis. Lack of MLD impact on sur-
vival was confirmed by multivariate anal-
ysis that highlighted FLT3-ITD as the only
significant prognostic parameter in NPM1-
mutated AML. Our findings indicate that
NPM1 mutations rather than MLD dictate
the distinctive features of NPM1-mutated
AML. Thus, irrespective of MLD, NPM1-
mutated AML represents one disease en-
tity clearly distinct from AML with MRCs.
(Blood. 2010;115(18):3776-3786)

Introduction

Acute myeloid leukemia (AML) harboring an NPM1 mutation
causing aberrant cytoplasmic expression of nucleophosmin (NPMc�

AML)1,2 accounts for approximately 30% of adult AML and
exhibits distinctive biologic and clinicopathologic features.3-5 More-
over, AML with mutated NPM1 shows a favorable prognosis, in the
absence of fms-related tyrosine kinase 3–internal tandem duplica-
tion (FLT3-ITD) mutation.6-11 For these reasons, AML with
mutated NPM1 is listed as a provisional entity in the 2008 World
Health Organization (WHO) classification of myeloid neoplasms.12

At the time of preparation of the 2008 WHO classification, one
argument for considering NPM1-mutated AML as a provisional
rather than a distinct entity was that it showed overlapping features
with AML with myelodysplasia (MD)–related changes, whose
significance was unclear. According to the 2008 WHO,13 one case
can be assigned to AML with MD-related changes, because of the
following reasons: (1) AML arising from previous myelodysplastic
syndrome (MDS) or MDS/myeloproliferative neoplasm (MPN);
and/or (2) AML with an MDS-related cytogenetic abnormality;
and/or (3) AML with multilineage dysplasia (MLD).

Previous history of MDS or MDS/MPN is not usually a
matter of controversy in distinguishing AML with MD-related
changes from NPM1-mutated AML, because the latter is mostly

a de novo leukemia.1,3,14 Presence of MDS-related cytogenetic
abnormalities is also rarely confounding, because approxi-
mately 85% of NPM1-mutated AMLs show a normal karyo-
type.1 Moreover, if a cytogenetic abnormality is present (� 15%
of cases), this only exceptionally involves gain or loss of major
segments of certain chromosomes, for example, complex karyo-
types, �7/del(7q), or �5/del(5q),15 as is frequently observed in
AML with MD-related changes.13 Even more importantly, we
recently demonstrated that the presence of cytogenetic aberra-
tions has no impact on the biologic and prognostic features of
NPM1-mutated AML.15 Thus, the major controversy in the 2008
WHO classification mainly consists in how to classify AML
cases presenting with MLD (defined according to WHO morpho-
logic criteria13) and a concomitant NPM1 mutation.

According to the 2008 WHO,13 cases that are recognized as
distinct entities in the group of “AML with recurrent genetic
abnormalities” but show MD-related changes of any type, are not
classified as “AML with MD-related changes.” In fact, the recur-
rent genetic lesion takes predominance over the MD-related
changes. This criterion, however, does not apply to NPM1-mutated
AML, because the WHO classification states that “It is currently
unclear whether NPM1-positive/FLT3-negative genotype in AML

Submitted August 27, 2009; accepted February 3, 2010. Prepublished online as
Blood First Edition paper, March 4, 2010; DOI 10.1182/blood-2009-08-240457.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked ‘‘advertisement’’ in accordance with 18 USC section 1734.

© 2010 by The American Society of Hematology

3776 BLOOD, 6 MAY 2010 � VOLUME 115, NUMBER 18

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/115/18/3776/1325286/zh801810003776.pdf by guest on 02 June 2024

https://crossmark.crossref.org/dialog/?doi=10.1182/blood-2009-08-240457&domain=pdf&date_stamp=2010-05-06


with multilineage dysplasia confers the same good prognosis as in
other AML with NPM1 mutations.”13 Thus, the WHO classification
presently recommends that cases with overlapping features should
be diagnosed as AML with MD-related changes, additionally
annotating the presence of NPM1 mutation.13p126

To better clarify the significance of MLD in NPM1-mutated
AML, we investigated 318 patients with the following aims: (1) to
determine the frequency and type of MLD in NPM1-mutated AML;
(2) to assess the gene expression profile in NPM1-mutated AML
with and without MLD; and (3) to compare the clinicopathologic,
cytogenetic, FLT3 mutation status, and prognostic features of
NPM1-mutated AML with and without MLD.

Our results indicate that MLD has no impact on biologic and
prognostic features of NPM1-mutated AML. Taken together with
previous observations that features of NPM1-mutated AML are not
influenced by concomitant chromosomal aberrations,15 our findings
reinforce the concept that NPM1 mutation is a founder genetic
lesion and clearly point to AML with mutated NPM1 and AML with
MD-related changes as distinct disease entities.

Methods

Patients with leukemia

We investigated a total of 318 patients with AML with de novo cytoplasmic/
mutated NPM1: 110 were enrolled in the Gruppo Italiano Malattie Emato-
logiche Maligne dell’Adulto (GIMEMA) LAM99P and GIMEMA/
European Organisation for Research and Treatment of Cancer (EORTC)
AML12 trials, and 208 were from the Munich Leukemia Laboratory
(MLL). Only patients with NPM1-mutated AML with information on
cytomorphologic features, cytogenetics, and prognosis were included in
this study. Cytomorphologic evaluation in the 208 cases from the MLL and
in the 110 patients from GIMEMA/EORTC was performed on bone marrow
and peripheral blood smears.

The 110 patients from the LAM99P and AML12 (registration phase
only) protocols received the same therapy, that consisted in a 3-drug
induction cycle with daunorubicin, etoposide, and arabinosylcytosine. In
case of complete remission (CR), a single course of consolidation therapy
was administered: intermediate-dose arabinosylcytosine (500 mg/m2 every
12 hours in a 2-hour infusion on days 1-6) plus daunorubicin, given on
days 4 to 6. After consolidation, younger patients with a sibling donor were
assigned to undergo allogeneic stem cell transplantation. Those without
donor (as well as older patients) received unpurged autologous stem cell
transplantation. Approval for the above studies was obtained from the
institutional board of each participating center with consent obtained in
accordance with the Declaration of Helsinki.

The 208 NPM1-mutated AML cases from the MLL received the
following therapy: 94 patients were treated within the AML Cooperative
Group (AMLCG) trials16 (see information on study centers in “Acknowledg-
ments”), the remaining 114 patients received treatment according to
AMLCG protocols but were not enrolled in the AMLCG trial (n � 17) or
other intensive AML therapy protocols. As a control group, 55 patients with
NPM1 wild-type AML without recurrent cytogenetic abnormalities exclud-
ing therapy-related AML were analyzed for MLD. These patients also
received therapy according to the AMLCG trial.

Defining criteria for AML with mutated NPM1

The 208 AML cases from MLL were defined by mutational analysis of the
NPM1 gene, as previously reported.6

Presence of the NPM1 mutation in the 110 patients with AML from
GIMEMA LAM99P and GIMEMA/EORTC AML12 trials was defined
by immunohistochemical criteria, that is, demonstration of aberrant
cytoplasmic expression of NPM (NPMc�.17,18 NPMc�) was detected in
paraffin sections from bone marrow biopsies fixed in B5/decalcified in
EDTA with the use of an anti-NPM monoclonal antibody (clone 376), as

previously described.17 Immunostaining with monoclonal antibody
against nucleolin/C23 (clone 4E2; Santa Cruz Biotechnology) served as
negative control (nucleus-restricted positivity). When fresh cells were
available for molecular or biochemical studies, the presence of NPM1
gene mutations or a mutated NPM1 protein was confirmed by mutational
analysis1 or Western blotting19 with antibodies specifically directed
against the NPM1 mutants.

Morphologic studies

Morphologic analysis of all 318 AML cases was performed by 3 separate
investigators in Munich (K.M. or U.B., validation by T.H.) on Pappenheim-
stained or May-Grünwald–stained smears obtained from peripheral blood
and bone marrow. Evaluation of dysplastic features was done searching for
the presence of dysplasia in at least 50% of the cells in at least 2 cell
lineages in bone marrow smears, according to WHO criteria.13,20

In 110 patients from GIMEMA/EORTC, both smears and bone marrow
trephines were available for analysis. This offered the opportunity to assess
blindly whether the bone marrow biopsy could be used for detecting MLD
in NPM1-mutated AML. The bone marrow biopsy is a well-accepted
procedure for detecting dysmegakaryopoiesis because clusters and dysplas-
tic changes of megakaryocytes, such as absence of lobulation or multinucle-
arity, are usually well appreciated in tissue sections.13,21 In contrast,
dysplastic changes affecting the myeloid and erythroid cell lineages are
hard to assess by histology,22 and this is the reason why the WHO guidelines
require that MLD must be evaluated in smears.13 To overcome this problem,
we used our GIMEMA cohort to evaluate whether aberrant cytoplasmic
expression in hemopoietic precursors of different lineages in bone marrow
biopsies23 could be used as surrogate for predicting MLD. Multilineage
involvement was considered to be present when 2 or more myeloid (but not
lymphoid24) cell lineages showed at immunohistochemistry aberrant cyto-
plasmic expression of NPM.23 Immunohistochemical detection of NPM,
which also included double staining for glycophorin and NPM, was carried
out as previously described.23 Morphologic and immunohistochemical
patterns in the bone marrow biopsies were compared with smear analysis
that we used as the “gold standard” procedure for assessing MLD.13 Parallel
analysis of smears and bone marrow trephines was performed blindly.
Smears were analyzed in the MLL by K.M. (validation by T.H.) whereas
bone marrow biopsies were evaluated by 2 independent investigators, in
Perugia (B.F.) and in Bologna (S.P.).

Cytogenetics and mutational analysis of the FLT3 gene

Karyotypes were analyzed after G-banding and described according to the
International System for Human Cytogenetic nomenclature.25

Mutational analysis of FLT3-ITD was assessed in all cases as previ-
ously described.26,27

Gene expression profiling

The sample preparation assay was performed as previously reported
(Affymetrix HG-U133 Plus 2.0 microarrays).28-30 Gene expression raw
data were processed according to the manufacturer’s recommendations.
After quality control, raw data were normalized with the use of the
robust multiarray average normalization algorithm as implemented in
the R-package affy Version 1.18.0.31 For supervised statistical analyses,
samples were grouped accordingly, and for each disease entity differen-
tially expressed genes were calculated by t statistics. To visualize the
similarity of gene expression patterns, principal component analyses
were applied. Transformed gene expression data were analyzed with the
use of Partek Genomics Suite Version 6.4 (Partek Inc). Microarray data
can be downloaded at Gene Expression Omnibus, under accession no.
GSE18018.32

Statistical analysis

We compared distribution of variables such age, sex, white blood cell
(WBC) count, CD34 expression, cytogenetics, and FLT3-ITD status in the
2 NPM1-mutated AML groups (with and without MLD). Mean differences
were analyzed with the t test, and the chi-square test was applied in case of
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contingency tables. In case of 2 � 2 contingency tables, the Fisher exact
test was applied.

For prognostic analysis, characteristics of patients were summarized by
cross-tabulations (categorical variables), quantiles (median for ordinal
factors) or by standard positional and variation parameters (mean and SD
for continuous variables). Differences in the distributions of prognostic
factors in subgroups were analyzed by the �2 or Fisher exact test and by the
Wilcoxon test. Survival was defined as the time from diagnosis to death or
date of the last follow-up. Event-free survival (EFS) was defined as the time
from diagnosis to date of failure (no CR, relapse, death) or date of the last
follow-up. The probabilities of overall survival (OS) and EFS were
estimated with the use of the Kaplan-Meier method. The log-rank test was
used to compare risk factor categories in survival analysis, confidence
intervals when estimated (95% confidence intervals) with the Simon and
Lee method. Cox proportional hazard regression models were performed to
examine and check for treatment results and the risk factors affecting time
to event.

All tests were 2-sided, accepting P values less than or equal to .05 as
indicating a statistically significant difference. Statistical analysis of
patients from the MLL were performed with SPSS Version 14.0.1 software
(SPSS Inc); data of patients with AML from the GIMEMA LAM99P and
GIMEMA/EORTC AML12 studies were analyzed with SAS 9.1.3 software
(SAS Institute Inc).

Results

Frequency and type of MLD in AML with mutated NPM1

Frequency and type of morphologic MLD changes were evaluated
in smears from 318 patients with AML with mutated/cytoplasmic
NPM1, according to the 2008 WHO criteria.13 MLD was detected
in 74 of 318 cases (23.3%). In particular, 57 of 318 cases showed
dysplastic changes of 2 marrow lineages (erythroid and myeloid,
n � 3; erythroid and megakaryocytic, n � 19; myeloid and
megakaryocytic, n � 35). Dysplasia of 3 lineages was observed in
17 of 318 cases. Representative examples of NPM1-mutated AML
with MLD are shown in Figure 1.

In the 110 patients from GIMEMA/EORTC, the presence of
MLD in smears and the aberrant NPMc� in hemopoietic precursors
of different lineages in bone marrow biopsies were correlated.
MLD was detected in smears from 20 of 110 cases (18.2%),
whereas the aberrant NPMc� staining pattern in hemopoietic
precursors of different lineages was found in bone marrow biopsies
from 23 of 110 patients (20.9%). Correlation between these 2 pa-
rameters was poor. In fact, only 10 of the 20 MLD� cases in the
smears showed the aberrant NPMc� staining pattern in hemopoi-
etic precursors of different lineages in tissue sections; conversely,
13 of 90 MLD� cases in the smears were NPMc� in various
lineages in the bone marrow biopsy. These findings clearly indicate
that multilineage involvement, as detected in trephine biopsies by
NPMc� immunohistochemistry, cannot be used as surrogate for
dysplastic changes in smears to predict MLD in the erythroid and
myeloid cell lineages. In addition to smears, morphologic examina-
tion of bone marrow biopsy helped to identify dysplastic
megakaryocytes (Figure 2), which is in keeping with the data
from the literature. Like myeloid blasts, morphologically dysplas-
tic megakaryocytes frequently showed aberrant cytoplasmic
expression of NPM and nucleus-restricted expression of C23/
nucleolin (Figure 2), clearly indicating that they belonged to the
leukemic clone.

The type of NPM1 mutation was correlated with the presence/
absence of MLD in 208 patients. No differences in the type and
frequency of MLD changes were observed in AML carrying NPM1
mutation A (n � 153), B (n � 22), D (n � 7), I (n � 7), or other

rare mutation variants, that is, K, R, M, H, J, U, V, ZA, ZD, ZG, ZI
ZJ, or ZK (n � 19).

In conclusion, analysis of smears from 318 patients with
NPM1-mutated AML showed MLD in approximately 23% of cases
and showed that dysplastic changes in smears did not correlate
significantly with multilineage involvement in bone marrow biop-
sies, as defined by the NPMc� staining pattern in hemopoietic
precursors of different lineages.

Gene expression profiling in MLD� versus MLD� AML and
comparison to NPM1-mutation status

To further investigate the biologic significance of MLD, an analysis
of 48 AML cases according to MLD status was performed with
gene expression microarrays (Figure 3). First, a group of 16 MLD�

cases was compared against 32 MLD� cases. As given in the
principal component analysis, the top 400 genes were not able to
separate the corresponding groups (Figure 3A), but different
expression patterns were mainly caused by the respective known
FLT3-ITD status of these cases (Figure 3B). In contrast, when the
respective cases were analyzed according to their NPM1 mutation

Figure 1. Dysplastic changes in smears from NPM1-mutatedAML. (A) Dysgranulopoi-
esis (DysG) in a case of NPM1-mutated AML showing myeloid cells with hypogranulated
cytoplasm and pseudo-Pelger cells. Bone marrow; Pappenheim staining. (B) Dyserythro-
poiesis (DysE) in a case of NPM1-mutated AML showing nuclear irregularity with
fragmentation and multinucleation of red precursors. Bone marrow; Pappenheim staining.
(C) Dysmegakaryopoiesis (DysM) in a case of NPM1-mutated AML showing 2 dysplastic
megakaryocytes with multiple nuclei; Pappenheim staining. All images were collected
using a Zeiss Axio Imager A1, 63�/1.4 oil objective Plan-Apochromat; 10�/23 eyepiece
Sonycamera3CCDHD,andModelMC-HD1/3Horn imagingDHSsolution. (D) LightCycler-
based melting curve analyses showing different NPM1 mutation types in AML with MLD
changes: type A (nt959insTCTG), type D (nt959insCCTG), type I (nt959insCTTG), type X
(nt959insTTCC), and wild-type patients. (E-F) Expression of CD34 by multiparameter flow
cytometry. A case with NPM1 mutation and MLD changes shows a lack of expression of
CD34 (panel E, note the different levels of CD33 expression between myeloblasts and
monoblasts). A different AML MLD� case without NPM1 mutation shows a strong
expression of CD34 with a part of the population lacking CD33 expression (F).
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status, 40 cases were NPM1 mutated, 8 cases were NPM1 wild-
type, respectively; the resulting signature of the top 400 differen-
tially expressed probe sets clearly separated these 2 AML sub-
groups (Figure 3C), indicating they are biologically distinct. As
observed previously by similar analyses restricted to AML cases
with a normal karyotype,3,4,8 the genes overexpressed in AML with
mutated NPM1 included characteristic signature candidates such as
HOX cluster members HOXA3, HOXA6, HOXA7, HOXB2, HOXB3,
and HOXB6.

Thus, a strong underlying gene expression pattern separating
biologic subgroups was observable according to mutation status of
NPM1, but not according to MLD. The corresponding gene lists are
provided in the supplemental Table 1 (available on the Blood Web
site; see the Supplemental Materials link at the top of the online
article).

AML with mutated NPM1 with or without MLD show overlapping
features

NPM1-mutated AML with and without MLD were then compared
in terms of age, sex, WBC count, morphologic appearance
according to French-American-British/WHO, expression of CD34,
cytogenetics, FLT3-ITD status, and FLT3–tyrosine kinase domain
(TKD) status.

In the full cohort of 318 patients with NPM1-mutated AML
(74 with MLD; 244 without MLD) median age was 53 years
(range, 19-85 years) in the group with MLD and 57.9 years (range,
16-87 years) in the group without MLD (P � .14). No significant
difference in age distribution of the 2 groups emerged when they
were stratified in decades (� 21 years, 21-30 years, 31-40 years,
41-50 years, 51-60 years, and � 60 years). Males were 41 of
74 (55.4%) in the group with MLD versus 102 of 244 (41.8%) in
the group without MLD (P � .046). The median WBC count was
25.7 � 109/L (range, 0.9-196 � 109/L) in the group with MLD and
33.7 � 109/L (range, 0.5-600.0 � 109/L) in the group without
MLD (P � .26). Morphology according to French-American-
British/WHO was available in 316 of 318 patients, and no signifi-
cant differences were observed in the 2 groups of NPM1-mutated
AML with and without MLD.

Because down-regulation of CD34 is a distinguishing immuno-
phenotypic feature of AML with cytoplasmic/mutated NPM1,1 we

assessed this parameter in NPM1-mutated AML with and without
MLD. Data on CD34 expression in cell suspensions or bone
marrow sections were available for 228 of 318 cases of AML with
cytoplasmic/mutated NPM1 (55 with MLD; 173 without MLD).
Cases were regarded as negative if the percentage of CD34� cells
was 10% or less. Negativity for CD34 was found in 42 of
55 (76.4%) and 137 of 173 (79.2%) cases of the groups with and
without MLD, respectively (P � .70). CD34 expression in represen-
tative cases is shown at flow cytometry (Figure 1) and in bone
marrow tissue sections (Figure 2).

Cytogenetics was available in all 318 cases. Abnormal karyo-
type was present in 43 of 318 cases (13.5%): 12 of 74 (16.2%)
cases of NPM1-mutated AML with MLD and 31 of 244 (12.7%)
cases of NPM1-mutated AML without MLD (P � .44). Twelve
cases had cytogenetic features (eg, del(9), �7, others) that define
AML with MD-related changes (Tables 1 and 2). ITD analysis of
the FLT3 gene was available in 312 of 318 NPM1-mutated AML
cases (72 with MLD; 240 without MLD). FLT3-ITD was detected
in 14 of 72 (19.4%) cases of the group with MLD and 92 of
240 (38.3%) cases of the group without MLD, the difference being
statistically significant (P � .003). Analysis of FLT3-TKD muta-
tion was available in 254 of 318 (63 with MLD; 191 without
MLD). FLT3-TKD mutations were detected in 8 of 63 (12.7%)
cases of the group with MLD and 16 of 191 (8.4%) cases of the
group without MLD, respectively (P � .32).

Thus, with the exception of a slight male predominance and a
lower incidence of FLT3-ITD mutations in the MLD� group,
NPM1-mutated AML with and without MLD showed overlapping
features.

NPM1-mutated AML with and without MLD show a similar
outcome

The effect of MLD on prognosis was assessed in a total of
318 patients with AML with mutated NPM1. Survival was ana-
lyzed separately in the GIMEMA/EORTC and German series.

The 110 patients from GIMEMA LAM99P and GIMEMA/
EORTC AML12 received the same treatment (although enrolled in
2 consecutive studies). The CR rate difference between NPM1-
mutated AML with or without MLD was not statistically significant
(83.3% vs 80.6%, respectively; P � .999). No differences were

Figure 2. Dysplastic megakaryocytes in bone marrow biopsy
from NPM1-mutated AML. (Top left) Infiltration by myeloid blasts
(double arrows) admixed with dysplastic, monolobated megakaryo-
cytes (single arrows; paraffin sections; hematoxylin-eosin. (Top
right) Myeloid blasts as well as a monolobated megakaryocyte
(single arrow) are CD34�. CD34� small vessels serve as positive
control. (Bottom left) Myeloid blasts (double arrows) and a dysplas-
tic monolobated megakaryocyte (single arrow) show aberrant
cytoplasmic expression of NPM. (Bottom right) Myeloid blasts
(double arrows) and a dysplastic monolobated megakaryocyte
(single arrow) show nucleus-restricted expression of nucleolin/
C23. Immunostainings for CD34, NPM, and C23 were shown with
the APAAP technique (hematoxylin counterstaining). All images
were collected using an Olympus B61 microscope and a Plan Fl
100�/1.3 NA oil objective; Camedia 4040, Dp_soft Version 3.2;
and Adobe Photoshop 7.0.
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observed for both OS and EFS in the whole population according to
the presence or absence of MLD (20 and 90 cases, respectively;
Figure 4A-B). Similar results were obtained when the analysis was
restricted only to NPM1-mutated AML cases with normal karyo-
type (19 with MLD; 79 without MLD; Figure 4C-D).

In addition, considering separately the NPM1-mutated/FLT3-
ITD� cases, either as whole population (Figure 5A-B) or as normal
karyotype (Figure 5C-D), again, the outcome in terms of OS and
EFS was not influenced by MLD. Similar results were obtained
when FLT3-ITD� cases were analyzed separately (not shown).

Overlapping results emerged from the analysis of the 208 NPM1-
mutated patients from the MLL. OS and EFS did not signifi-
cantly differ between NPM1-mutated AML with MLD (n � 54)
and NPM1-mutated AML without MLD (n � 154; alive at
2 years: 74.6% vs 64.4%; P � .370; median EFS: 17.5 months
vs 16.6 months; P � .200; Figure 6A-B). The same was true
when this analysis was restricted to cases with normal karyotype
(Figure 6C-D).

OS was significantly shorter in NPM1-mutated cases with
additional FLT3-ITD (n � 71) than in NPM1-mutated cases with-
out FLT3-ITD (n � 137; P � .044; median OS not reached vs
21.5 months; supplemental Figure 1A). There was a tendency for
EFS to be shorter in the NPM1-mutated/FLT3-ITD� subgroup than
in the NPM1-mutated/FLT3-ITD� group (14.2 vs 19.6 months),
although this was not statistically significant (P � .226; supplemen-
tal Figure 1B).

Considering only FLT3-ITD� cases, no statistically significant
difference emerged in OS and EFS of NPM1-mutated AML with
and without MLD (alive at 2 years: 73.0% vs 78.0%; P � .834;
median EFS: 17.5 vs 20.6 months; P � .334; Figure 7A-B). The
same was true when this analysis was restricted to FLT3-ITD�

cases with normal karyotype (Figure 7C-D). Also in the subgroups
of NPM1-mutated/FLT3-ITD� cases, OS and EFS was not influ-
enced by MLD (median OS, not reached with MLD� vs 20.8 months
with MLD�; alive at 2 years: 85.7% with MLD� vs 43.3% with
MLD�; P � .195; supplemental Figure 1C); and median EFS was
22.7 months for MLD� versus 14.0 months for MLD� (P � .547;
supplemental Figure 1D).

Table 1. Abnormal karyotypes in patients with NPM1-mutated AML
from the Munich Leukemia Laboratory

Patient Karyotype MRC

MLD�

Aberrant 1 45,X,�Y	18
/46,XY	4
 �

Aberrant 2 45,X,�Y	20
 �

Aberrant 3 45,X,�Y	7
/44,X,�Y,dic(12;13)(p11;p11)	13
 �

Aberrant 4 45,X,�Y	20
 �

Aberrant 5 45,X,�Y	20
 �

Aberrant 6 46,XX,del(12)(p12)	8
/46,XX	15
 �

Aberrant 7 46,XX,del(9)(q22q34)	20
 �

Aberrant 8 46,XX,der(1)t(1;1)(p36;q12)	14
/46,XX	1
 �

Aberrant 9 47,XX,�21	4
/46,XX	16
 �

Aberrant 10 47,XX,�21	17
/46,XX	3
 �

Aberrant 11 47,XX,�21	3
/46,XX	17
 �

Aberrant 12 47,XX,�4	20
 �

Aberrant 13 47,XX,�8	6
/46,XX	4
 �

Aberrant 14 47,XX,�8	20
/46,XX	1
 �

Aberrant 15 47,XY,�4	4
/46,XY	16
 �

Aberrant 16 47,XY,�4	4
/46,XY	18
 �

Aberrant 17 47,XY,�8	14
/46,XY	6
 �

Aberrant 18 47,XY,�8	6
/46,XY	14
 �

Aberrant 19 55,XY,�X,�4,�5,�8,�10,�13,�14,�17,�18	4
/47,

XY,�X	8


�

Aberrant 20 90,XXXX,�3,�8,�8,�10,�11,�17	5
/46,XX	15
 �

MLD�

Aberrant 21 45,X,�Y	18
/46,XY	2
 �

Aberrant 22 45,XY,�17,der(18)t(17;18)(q11;q23),del(20)(q12)	16
/

46,XY	4


�

Aberrant 23 46,X,�Y,�8	17
/47,X,�Y,�8,�8	3
 �

Aberrant 24 46,XX,del(9)(q22)	7
/46,XX	13
 �

Aberrant 25 46,XX,der(19)t(3;19)(q21;p13)	6
/47,XX,�8	2
/47,XX,

der(19)t(3;19)(q21;p13),�8	2
/46,XX	1


�

Aberrant 26 46,XY,del(20)(q11)	11
/46,XY	9
 �

Aberrant 27 46,XY,der(18)t(18;21)(p11;q11)	16
46,XY	4
 �

Aberrant 28 46,XY,t(3;10)(q12;q21)*	20
 �

Aberrant 29 47,XX,inv(2)(p12q21)*,�8	4
/46,XX,inv(2)(p12q21)*	16
 �

Aberrant 30 47,XY,�4	15
/46,XY	5
 �

Aberrant 31 47,XY,�8	14
/46,XY	6
 �

MRC (myelodysplasia-related change) indicates which cases show cytoge-
netic abnormalities sufficient to diagnose acute myeloid leukemia (AML) with
myelodysplasia-related features (according to World Health Organization 	WHO

200813); MLD�, cases with multilineage dysplasia (according to WHO 200813); and
MLD�, cases without multilineage dysplasia (according to WHO 200813).

*Possible constitutional chromosomal aberration.
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Figure 3. Principal component analysis. In this supervised analysis each patient
(n � 48) is represented by a colored sphere. Ellipsoids are drawn with 2-fold
standard deviations. (A) The gene expression signature is given for the top 400 probe
sets differentially expressed between 32 AML cases without MLD and 16 AML cases
displaying MLD. (B) The same signature is now annotated according to known FLT3
mutation status of the cases. (C) The gene expression signature is given for the top
400 probe sets differentially expressed between 40 NPM1-mutated and 8 NPM1
wild-type AML cases. All 8 cases with NPM1 wild-type AML displayed MLD. Detailed
information on the probe sets is available online.
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As a comparison group, we used 55 patients who were ran-
domly selected to include only de novo AML cases (excluding
therapy-related AML) with unmutated NPM1 and normal karyo-
type; all were diagnosed at the MLL. MLD was identified in 20 of
55 (36.4%) cases: 35 MLD� patients were classified as AML–not
otherwise specified and 20 MLD� patients were classified as AML
with MD-related changes, according to the 2008 WHO classifica-
tion. Neither OS (median not reached vs 25.5 months; P � .230)
nor EFS (median of 16.9 vs 11.9 months; P � .679) differed
significantly between MLD� and MLD� patients within this
subgroup (supplemental Figure 2A-B).

Multivariate analysis for OS and EFS carried out in all
318 patients with NPM1-mutated AML (Tables 3-4) indicated that
MLD had no significant effect on OS and EFS but showed a
significant effect of FLT3 status (mutated vs unmutated) on both
OS (P � .016) and EFS (P � .016).

Discussion

This study provides evidence that NPM1-mutated AML with and
without MLD changes have an overlapping gene expression profile
and show similar immunophenotypic and prognostic features.
These findings, taken together with previous observations that the
presence of additional chromosomal abnormalities have no effect
on the biologic and clinical characteristics features of NPM1-
mutated AML,15 support the view that this leukemia, irrespective of
concomitant MD-related changes (MLD or chromosomal abnormali-
ties), represents a single distinct entity whose molecularly defining
feature is the presence of a mutated NPM1 gene. Thus, for
classification purposes, the detection of an NPM1 mutation should
take diagnostic precedence over the presence of MD-related
changes, as is now accepted for cytogenetic alterations listed in the
group of AML with recurrent genetic abnormalities.13 Our results
are not only diagnostically relevant because they allow one to
better define the border between NPM1-mutated AML and AML
with MD-related changes, but they also have important prognostic
implications.

This study and previous findings from our group1,15 strongly
suggest that MD-related changes as defined by the 2008 WHO
classification,13 that is, previous history of MDS or MDS/MPN,
presence of MDS-related cytogenetic abnormalities, and MLD,
play a scarce relevance in defining biologically and clinically
NPM1-mutated AML. Notably, AML with mutated NPM1 is a de
novo leukemia.1,3 In our experience, none of the AML occurring in
patients with well-documented clinical history of MDS showed
cytoplasmic-mutated NPM.1 Moreover, we found that only 1 of
46 cases of AML secondary to chronic MPN harbored a mutated
NPM1 gene.14 More in-depth studies of this single case, however,
suggested that it might have represented a de novo AML arising
from a normal residual hemopoietic stem cell rather than a clonally
related evolution of the original MPN.14

We previously found that approximately 15% of patients with
NPM1-mutated AML harbor chromosomal aberrations.1,15 These

Table 2. Abnormal karyotypes in patients with NPM1-mutated from
GIMEMA/EORTC

Code Pt Karyotype MRC MLD

1 479A/09 46,XX,del(9)(q22)	3
/46,XX	17
 � �

2 382A/04 44–45,X,�Y,�22	cp7
/46,XY	12
 � �

3 04A31 43–45,XY,�7/46,XY,del(7)(q?)/46,XY � �

4 19 158 46,XX,inv(3)(q21q26)*	2
/46,XX	19
 � �

5 548A/19 35–44,�X,�6,�8,�19	7
/46,XY	7
 � �

6 19909 79–163�3n�XXXYYY	14
/ 46,XY	6
 � �

7 248A/24 45,XY,�21	3
/46,XY	17
 � �

8 24922 47,XX,�8,add(18)(q23)	26
/46,XX	1
 � �

9 210A/28 47,XX,�8	10
 � �

10 742A/28 46,XX,t(10;17)(q26;q11),del(13)(q12q31)	5
/

46,XX	10


� �

11 276A/30 45,XY,del(11)(q13q23),�15	12
/46,XY	13
 � �

12 623A/85 45,X,�X	15
 � �

MRC (myelodysplasia-related change) indicates which cases show cytoge-
netic abnormalities sufficient to diagnose acute myeloid leukemia (AML) with
myelodysplasia-related features (according to World Health Organization 	WHO

200813); and MLD, cases with multilineage dysplasia (according to WHO 200813).

*Probable inv(3) (difficult interpretation because of too few suboptimal meta-
phases).

Figure 4. Survival curves of patients with NPM1-
mutated AML (MLD� vs MLD�) from GIMEMA LAM99P
and GIMEMA/EORTC AML12 trials. (A) No significant
differences in OS are observed between NPM1-mutated
AML with (red line) and without (blue line) MLD (P � .608).
(B) No significant differences in EFS are observed be-
tween NPM1-mutated AML with (red line) and without
(blue line) MLD (P � .367). (C) No significant differences
in OS are observed between normal karyotype NPM1-
mutated AML with (red line) and without (blue line) MLD
(P � .862). (D) No significant differences in EFS are
observed between normal karyotype NPM1-mutated AML
with and without MLD (P � .541).
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aberrations appear to be secondary genetic events that do not
appear to significantly effect distinctive biologic, clinicopatho-
logic, and prognostic features of AML with mutated NPM1.15 The
most frequent chromosomal aberrations in NPM1-mutated AML
were �8, �4, �Y, del(9q), and �21.15 However, with the
exception of del(9q) that, in the 2008 WHO classification, is
accepted as an MDS-related cytogenetic abnormality,13 trisomy 8
or the loss of chromosome Y should not be considered, by
themselves, as sufficient evidence for assigning a case to AML with

MD-related changes. Other typical MD-related cytogenetic abnor-
malities are rarely detected in NPM1-mutated AML. Recently, we
found �7 or a complex karyotype (� 3 clonal chromosome
aberrations according to the Southwest Oncology Group) in only
3 of 631 and 4 of 631 NPM1-mutated AML cases, respectively.15

Interestingly, the complex karyotypes did not show the typical
pattern of chromosomal gains and losses, such as loss of 5q, 7q
12p, 16q, and 17p and gain of 8q, 11q, and 21q, usually observed
in MDS.15

Figure 5. Survival curves of patients with NPM1-
mutated/FLT3-ITD� AML (MLD� vs MLD�) from
GIMEMA LAM99P and GIMEMA/EORTC AML12 trials.
(A) No significant differences in OS are observed be-
tween NPM1-mutated/FLT3-ITD� AML with (red line) and
without (blue line) MLD (P � .994). (B) No significant
differences in EFS are observed between NPM1-mutated/
FLT3-ITD� AML with (red line) and without (blue line)
MLD (P � .877). (C) No significant differences in OS are
observed between normal karyotype NPM1-mutated/
FLT3-ITD� AML with (red line) and without (blue line)
MLD (P � .768). (D) No significant differences in EFS are
observed between normal karyotype NPM1-mutated/
FLT3-ITD� AML with (red line) and without (blue line)
MLD (P � .888).

Figure 6. Survival curves of patients with NPM1-
mutated AML (MLD� vs MLD�) from the MLL. (A) No
significant differences in OS are observed between
NPM1-mutated AML with (red line) and without (gray
line) MLD (P � .370). (B) No significant differences in
EFS are observed between NPM1-mutated AML with
(red line) and without (gray line) MLD (P � .200). (C) No
significant differences in OS are observed between
normal karyotype NPM1-mutated AML with (red line) and
without (gray line) MLD (P � .337). (D) No significant
differences in EFS are observed between normal karyo-
type NPM1-mutated AML with (red line) and without
(gray line) MLD (P � .137).
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The results of this study further expand the analysis of
correlation between NPM1-mutated AML and AML with MD-
related changes. In particular, they provide evidence that MLD has
less effect than the genetic lesion (NPM1 mutation) in defining the
leukemia entity. In fact, NPM1-mutated AML with and without
MLD exhibited similar immunophenotype and gene expression
profile: down-regulation of the CD34 and CD133 genes and
overexpression of HOXA and HOXB cluster genes, respec-
tively.4,8,33 These findings differ from AML with MD-related
changes without NPM1 mutation. Thus, when present, MLD
should be regarded the equivalent of a morphologic variant of AML
with mutated NPM1. The reason why that in NPM1-mutated AML
multilineage dysplasia appears to associate with a lower frequency
of FLT3-ITD remains to be explored.

The de novo origin of NPM1-mutated AML and our findings
pointing to MD-related changes in NPM1-mutated AML as second-
ary events add to the growing body of evidence that NPM1
mutation is a driver genetic lesion in AML, as supported by the
following observations: (1) cytoplasmic mutated NPM is specific
for AML1,34,35; (2) NPM1 mutations are mutually exclusive of
recurrent cytogenetic abnormalities in AML36; (3) NPM1-mutated
AML exhibits a distinctive gene expression signature4,8,33 and
microRNA profile5,37; (4) all NPM1 mutations result in common
changes at the C-terminal portion of NPM that maximize the export

of this protein from the nucleus to cytoplasm,1,38-40 pointing to
aberrant cytoplasmic expression of NPM1 as a key event for
leukemogenesis39,41; (5) NPM1 mutation is one of the few recurrent
genetic lesions so far identified at whole genome sequencing of
AML with normal karyotype42,43; and (6) with few exceptions,44

which could represent clonally unrelated secondary leukemias,45

NPM1 mutations are stable during the course of the disease.46-49

Based on our findings, we propose that AML cases with an
NPM1 mutation and MLD should be classified as AML with
mutated NPM1 rather than AML with MD-related changes. Indeed,
there are several clinical and immunophenotypic differences that
call for a separation of the 2 entities. AML with MD-related
dysplasia usually presents with pancytopenia13 that is quite uncom-
mon in NPM1-mutated AML.3 Moreover, in cases with aberrations
of chromosomes 5 and 7, a high incidence of CD34 and CD7
expression has been reported.50 In contrast, most NPM1-mutated
AML, including rare cases carrying �7 or a complex karyotype,
are CD34�.15

When using immunohistochemistry as first screening for NPM1-
mutated AML, care should be taken in avoiding confusion with
AML carrying the t(3;5) translocation because this rare leukemia
subtype may show MD-related changes and aberrant cytoplasmic
expression of NPM51 (because of the presence of the NPM-MLF1
fusion protein). Further molecular and cytogenetic/fluorescent in

Table 3. Multivariate data regression (analysis of maximum
likelihood estimates) of OS (n � 318 NPM1-mutated AML cases)

Variable Pr > �2 test
Hazard ratio

(95% confidence limits)

Age as continuous variable 0.5615 1.005(0.987-1.024)

FLT3: mutated vs unmutated 0.0156 1.767(1.114-2.802)

Karyotype: aberrant vs normal 0.5535 1.217(0.636-2.326)

MLD: positive vs negative 0.4242 0.796(0.455-1.393)

OS indicates overall survival; AML, acute myeloid leukemia; Pr, probability; and
MLD, multilineage dysplasia.

Table 4. Multivariate data regression (analysis of maximum
likelihood estimates) of EFS (n � 318 NPM1-mutated AML cases)

Variable Pr > �2 test
Hazard ratio

(95% confidence limits)

Age as continuous variable 0.1697 1.010(0.996-1.025)

FLT3: Mutated vs unmutated 0.0161 1.597(1.091-2.337)

Karyotype: aberrant vs normal 0.1335 1.482(0.886-2.479)

MLD: positive vs negative 0.4084 0.827(0.526-1.298)

EFS indicates event-free survival; AML, acute myeloid leukemia; Pr, probability;
and MLD, multilineage dysplasia.

Figure 7. Survival curves of patients with NPM1-
mutated/FLT3-ITD� AML (MLD� vs MLD�) from the
MLL. (A) No significant differences in OS are observed
between NPM1-mutated/FLT3-ITD� AML with (red line)
and without (gray line) MLD (P � .834). (B) No significant
differences in EFS are observed between NPM1-mutated/
FLT3-ITD� AML with (red line) and without (gray line)
MLD (P � .334). (C) No significant differences in OS are
observed between normal karyotype NPM1-mutated/
FLT3-ITD� AML with (red line) and without (gray line)
MLD (P � .936). (D) No significant differences in EFS are
observed between normal karyotypeNPM1-mutated/FLT3-
ITD� AML with (red line) and without (gray line) MLD
(P � .150).
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situ hybridization analyses clarify the issue showing an NPM1
mutation, or the typical t(3;5) or the NPM/MLF1 fusion
gene/transcript.51

Clinically, we showed no significant effect of MLD in re-
sponse to induction therapy of patients with NPM1-mutated AML
(� 80%). The most clinically relevant finding in this study was,
however, that MLD had no effect in the prognosis of NPM1-
mutated AML. In particular, patients with NPM1-mutated FLT3-
ITD� AML with or with MLD showed the same relatively
favorable prognosis.

In conclusion, this study and our previous findings15 strongly
support the view that NPM1-mutated AML represents a distinct
entity, irrespective of MD-related changes. We suggest that the
current criteria of 2008 WHO classification should be reconsid-
ered accordingly and that AML showing concomitant NPM1
mutation and MD-related changes of any type be classified as
AML with mutated NPM1 rather than AML with MD-related
changes. On the basis of our results, the term AML with
MD-related changes should be restricted to cases with MD-
related changes without accompanying recurrent genetic abnor-
malities, including NPM1 mutation. AML with MD-related
changes was recently claimed to differ prognostically from
AML–not otherwise specified,52 although morphologic dys-
plasia alone was not found to significantly affect prognosis
of AML in general in other large studies.20,53 The above con-
cepts have important implications in the classification and
treatment of AML.
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16. Büchner T, Berdel WE, Schoch C, et al. Double
induction containing either two courses or one
course of high-dose cytarabine plus mitoxantrone
and postremission therapy by either autologous
stem-cell transplantation or by prolonged mainte-
nance for acute myeloid leukemia. J Clin Oncol.
2006;24(16):2480-2489.

17. Falini B, Martelli MP, Bolli N, et al. Immunohisto-
chemistry predicts nucleophosmin (NPM) muta-
tions in acute myeloid leukemia. Blood. 2006;
108(6):1999-2005.

18. Falini B, Lenze D, Hasserjian R, et al. Cytoplas-
mic mutated nucleophosmin (NPM) defines the
molecular status of a significant fraction of my-
eloid sarcomas. Leukemia. 2007;21(7):1566-
1570.

19. Martelli MP, Manes N, Liso A, et al. A western blot
assay for detecting mutant nucleophosmin
(NPM1) proteins in acute myeloid leukaemia.
Leukemia. 2008;22(12):2285-2288.

20. Haferlach T, Schoch C, Loffler H, et al. Morpho-
logic dysplasia in de novo acute myeloid leuke-
mia (AML) is related to unfavorable cytogenetics
but has no independent prognostic relevance un-
der the conditions of intensive induction therapy:
results of a multiparameter analysis from the Ger-
man AML Cooperative Group studies. J Clin On-
col. 2003;21(2):256-265.

21. Arber DA, Stein AS, Carter NH, Ikle D, Forman
SJ, Slovak ML. Prognostic impact of acute my-
eloid leukemia classification. Importance of de-
tection of recurring cytogenetic abnormalities and
multilineage dysplasia on survival. Am J Clin
Pathol. 2003;119(5):672-680.

22. Matsuda A, Germing U, Jinnai I, et al. Improve-
ment of criteria for refractory cytopenia with multi-
lineage dysplasia according to the WHO classifi-
cation based on prognostic significance of
morphological features in patients with refractory
anemia according to the FAB classification. Leu-
kemia. 2007;21(4):678-686.

23. Pasqualucci L, Liso A, Martelli MP, et al. Mutated
nucleophosmin detects clonal multilineage in-
volvement in acute myeloid leukemia: Impact on
WHO classification. Blood. 2006;108(13):4146-
4155.

24. Martelli MP, Manes N, Pettirossi V, et al. Absence
of nucleophosmin leukaemic mutants in B and T
cells from AML with NPM1 mutations: implications

for the cell of origin of NPMc� AML. Leukemia.
2008;22(1):195-198.

25. Mitelman F. ISCN 1995: An International System
for Human Cytogenetic Nomenclature. Basel,
Switzerland: Karger; 1995.

26. Bacher U, Haferlach C, Kern W, Haferlach T,
Schnittger S. Prognostic relevance of FLT3-TKD
mutations in AML: the combination matters–an
analysis of 3082 patients. Blood. 2008;111(5):
2527-2537.

27. Noguera NI, Breccia M, Divona M, et al. Alter-
ations of the FLT3 gene in acute promyelocytic
leukemia: association with diagnostic characteris-
tics and analysis of clinical outcome in patients
treated with the Italian AIDA protocol. Leukemia.
2002;16(11):2185-2189.

28. Dugas M, Weninger F, Merk S, Kohlmann A,
Haferlach T. A generic concept for large-scale
microarray analysis dedicated to medical diag-
nostics. Methods Inf Med. 2006;45(2):146-152.

29. Haferlach T, Kohlmann A, Schnittger S, et al.
Global approach to the diagnosis of leukemia us-
ing gene expression profiling. Blood. 2005;
106(4):1189-1198.

30. Kohlmann A, Kipps TJ, Rassenti LZ, et al. An in-
ternational standardization programme towards
the application of gene expression profiling in
routine leukaemia diagnostics: the Microarray
Innovations in LEukemia study prephase. Br J
Haematol. 2008;142(5):802-807.

31. Irizarry RA, Hobbs B, Collin F, et al. Exploration,
normalization, and summaries of high density oli-
gonucleotide array probe level data. Biostatistics.
2003;4(2):249-264.

32. Barrett T, Suzek TO, Troup DB, et al. NCBI GEO:
mining millions of expression profiles–database
and tools. Nucleic Acids Res. 2005;33(database
issue):D562-D566.

33. Mullighan CG, Kennedy A, Zhou X, et al. Pediat-
ric acute myeloid leukemia with NPM1 mutations
is characterized by a gene expression profile with
dysregulated HOX gene expression distinct from
MLL-rearranged leukemias. Leukemia. 2007;
21(9):2000-2009.

34. Jeong EG, Lee SH, Yoo NJ. Absence of nucleo-
phosmin 1 (NPM1) gene mutations in common
solid cancers. APMIS. 2007;115(4):341-346.

35. Liso A, Bogliolo A, Freschi V, et al. In human ge-
nome, generation of a nuclear export signal
through duplication appears unique to nucleo-
phosmin (NPM1) mutations and is restricted to
AML. Leukemia. 2008;22(6):1285-1289.

36. Falini B, Mecucci C, Saglio G, et al. NPM1 muta-
tions and cytoplasmic nucleophosmin are mutu-
ally exclusive of recurrent genetic abnormalities:
a comparative analysis of 2562 patients with
acute myeloid leukemia. Haematologica. 2008;
93(3):439-442.

37. Jongen-Lavrencic M, Sun SM, Dijkstra MK, Valk PJ,
Lowenberg B. MicroRNA expression profiling in rela-
tion to the genetic heterogeneity of acute myeloid
leukemia. Blood. 2008;111(10):5078-5085.

38. Albiero E, Madeo D, Bolli N, et al. Identification

NO IMPACT OF MLD CHANGES ON NPM1-MUTATED AML 3785BLOOD, 6 MAY 2010 � VOLUME 115, NUMBER 18

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/115/18/3776/1325286/zh801810003776.pdf by guest on 02 June 2024



and functional characterization of a cytoplasmic
nucleophosmin leukaemic mutant generated by a
novel exon-11 NPM1 mutation. Leukemia. 2007;
21(5):1099-1103.

39. Bolli N, Nicoletti I, De Marco MF, et al. Born to be
exported: COOH-terminal nuclear export signals
of different strength ensure cytoplasmic accumu-
lation of nucleophosmin leukemic mutants. Can-
cer Res. 2007;67(13):6230-6237.

40. Falini B, Albiero E, Bolli N, et al. Aberrant cyto-
plasmic expression of C-terminal-truncated NPM
leukaemic mutant is dictated by tryptophans loss
and a new NES motif. Leukemia. 2007;21(9):
2052-2054.

41. Bolli N, De Marco MF, Martelli MP, et al. A dose-
dependent tug of war involving the NPM1 leukae-
mic mutant, nucleophosmin, and ARF. Leukemia.
2009;23(3):501-509.

42. Ley TJ, Mardis ER, Ding L, et al. DNA sequencing
of a cytogenetically normal acute myeloid leukae-
mia genome. Nature. 2008;456(7218):66-72.

43. Mardis ER, Ding L, Dooling DJ, et al. Recurring muta-
tions found by sequencing an acute myeloid leukemia
genome. N Engl J Med. 2009;361(11):1058-1066.

44. Papadaki C, Dufour A, Seibl M, et al. Monitoring

minimal residual disease in acute myeloid leukae-
mia with NPM1 mutations by quantitative PCR:
clonal evolution is a limiting factor. Br J Haematol.
2009;144(4):517-523.

45. Kern W, Haferlach T, Schnittger S, Ludwig WD,
Hiddemann W, Schoch C. Karyotype instability
between diagnosis and relapse in 117 patients
with acute myeloid leukemia: implications for re-
sistance against therapy. Leukemia. 2002;16(10):
2084-2091.

46. Chou WC, Tang JL, Lin LI, et al. Nucleophosmin
mutations in de novo acute myeloid leukemia: the
age-dependent incidences and the stability dur-
ing disease evolution. Cancer Res. 2006;66(6):
3310-3316.

47. Falini B, Martelli MP, Mecucci C, et al. Cytoplas-
mic mutated nucleophosmin is stable in primary
leukemic cells and in a xenotransplant model of
NPMc� acute myeloid leukemia in SCID mice.
Haematologica. 2008;93(5):775-779.

48. Meloni G, Mancini M, Gianfelici V, Martelli MP,
Foa R, Falini B. Late relapse of acute myeloid
leukemia with mutated NPM1 after eight years:
evidence of NPM1 mutation stability. Haemato-
logica. 2009;94(2):298-300.

49. Schnittger S, Kern W, Tschulik C, et al. Minimal
residual disease levels assessed by NPM1
mutation-specific RQ-PCR provide important
prognostic information in AML. Blood. 2009;
114(11):2220-2231.

50. Venditti A, Del Poeta G, Buccisano F, et al. Prog-
nostic relevance of the expression of Tdt and
CD7 in 335 cases of acute myeloid leukemia.
Leukemia. 1998;12(7):1056-1063.

51. Falini B, Bigerna B, Pucciarini A, et al. Aberrant
subcellular expression of nucleophosmin and
NPM-MLF1 fusion protein in acute myeloid leu-
kaemia carrying t(3;5): a comparison with
NPMc� AML. Leukemia. 2006;20(2):368-371.

52. Weinberg OK, Seetharam M, Ren L, et al. Clinical
characterization of acute myeloid leukemia with
myelodysplasia-related changes as defined by
the 2008 WHO classification system. Blood.
2009;113(9):1906-1908.

53. Wandt H, Schakel U, Kroschinsky F, et al. MLD
according to the WHO classification in AML has
no correlation with age and no independent prog-
nostic relevance as analyzed in 1766 patients.
Blood. 2008;111(4):1855-1861.

3786 FALINI et al BLOOD, 6 MAY 2010 � VOLUME 115, NUMBER 18

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/115/18/3776/1325286/zh801810003776.pdf by guest on 02 June 2024


