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ABSTRACT

Acute myeloid leukemia carrying NPM1 mutations and cytoplasmic nucleophosmin (NPMc* acute myeloid leukemia) represents one-
third of adult AML (50-60% of all acute myeloid leukemia with normal karyotype) and shows distinct biological, pathological and clini-
cal features. We confirm in 2562 patients with acute myeloid leukemia our previous observation that NPM1 mutations and cytoplasmic
nucleophosmin are mutually exclusive of recurrent genetic abnormalities. Taken together, these findings make NPMc+ acute myeloid
leukemia a good candidate for inclusion in the upcoming World Health Organization classification.
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Introduction

One of the most controversial issues in the WHO classifica-
tion of myeloid malignancies is acute myeloid leukemias not oth-
erwise characterized." This category accounts for 60-70% of
AML, including cases with normal cytogenetics (AML-NC)
which are characterized by a great molecular, pathological and
clinical heterogeneity. ANVIL not otherwise characterized is current-
ly defined according to FAB criteria which are, however, insuf-
ficient to characterize AML-NC, since they do not identify dis-
tinct disease entities within this heterogeneous group.
Recognition of underlying molecular alterations is crucial for
the improvement of AML-NC classification.

We previously identified nucleophosmin (NPA11) mutations,
causing aberrant cytoplasmic expression of NPM,** as the most
frequent genetic alteration associated with AML-NC (50-60%
of cases). NPV 1 mutations and cytoplasmic NPM appear to be
mutually exclusive of recurrent genetic abnormalities’ and

identify a leukemia subgroup called NPMc+ (cytoplasmic-pos-
itive) AML that show distinct biological, pathological and clin-
ical features,* as well as a unique gene expression profile.” For
these reasons, NPMc+ AML (as well as AML with CEBPA
mutations that also appear to be mutually exclusive with recur-
rent genetic abnormalities) is a good candidate for inclusion as
a new entity in the forthcoming WHO classification. However,
since a few studies®™ have reported very rare cases of NP1
mutations coinciding with either inv(16), t(8;21) or t(9;22), we
extended our analysis to 2562 patients with acute myeloid
leukemia.

Design and Methods

Leukemic samples
The aim of the study for AML patients enrolled in the
GIMEMA LAMI99P and the GIMEMA/EORTC AML12 trials
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was to compare the subcellular expression of NPM with
the results of molecular studies for recurrent genetic
alterations. The rationale for this approach derives from
our previous observations that immunohistochemistry is
fully predictive of NPAM1 mutation status."” Bone marrow
biopsies for immunohistochemical studies were available
from 1073 unselected, consecutively observed AML
cases, 5991 of whom had been previously reported.?
Ninety-six acute promyelocytic leukemia cases (not
included in the GIMEMA LAM 99P and GIMEMA/
EORCT-AML12) were also available for comparative
immunohistochemical and molecular analysis. In addi-
tion, 1403 unselected AML cases were investigated at the
Munich Leukemia Laboratory (MLL). Cytogenetics failed
in 10 cases and these were excluded from the present
study. Therefore, the Munich cohort consisted of 1393
consecutively observed, unselected newly diagnosed
AML for which complete cytogenetic/molecular studies
were available. In these cases, we compared the results
of NPM1 mutational analysis” and cytogenetic/molecu-
lar studies. Written informed consents for the study was
obtained from each participating center.

Immunohistochemical studies

Immunohistochemistry for NPM was available in 1073
AML cases, 591 of whom had been previously reported.?
NPM subcellular expression was detected in paraffin-sec-
tions from BS5-fixed/EDTA decalcified bone marrow
trephines using a specific anti-NPM monoclonal anti-
body (clone 376) and the highly sensitive alkaline phos-
phatase anti-alkaline phosphatase (APAAP) technique, as
previously described.? Monoclonal antibody against
nucleolin/C23 was purchased from Santa Cruz
Biotechnology.

Cytogenetics and molecular studies for recurrent
genetic abnormalities

Cytogenetic investigation was performed after short-
term culture. Karyotypes were analyzed after G-banding
and described according to the International System for
Human Cytogenetic Nomenclature." Fluorescence in situ
hybridization was carried out according to standard tech-
niques. Reverse-transcriptase-polymerase-chain-reaction
(RT-PCR) for AML1-ETO, CBFB-MYH11, DEK-CAN and
BCR-ABL, performed as previously reported,” was avail-
able in 1019/1073, 1020/1073, 936/1073 and 1015/1073
AML cases respectively. Southern blotting and FISH for
rearrangements of the mixed-lineage leukemia gene
(MLL)* was carried out in 728/1073 patients.

Mutational analysis of the NPM1 gene

Mononucleated cells were isolated by standard Ficoll-
Hypaque density gradient centrifugation. Nucleic acid
isolation, cDNA synthesis and screening for NPV1 gene
mutations were performed using a melting curve based
LightCycler assay, as previously described.” AML sam-
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ples with an aberrant melting curve underwent nucleo-
tide sequence analysis.

Results and Discussion

Of the 1073 bone marrow biopsies from patients of
the GIMEMA LAM99P and GIMEMA/EORTC AML12
trials, 368 (34.2%) were characterized by aberrant cyto-
plasmic expression of nucleophosmin (NPMc+) associat-
ed with nucleus-restricted positivity for nucleolin (C23)
(Figure 1). As previously reported,™ this staining pattern
is fully predictive of a mutated NPA1 gene. All other
biopsies showed a nucleus-restricted positivity for
nucleophosmin (NPMc-) which is fully predictive of
NPM1 gene in a germline configuration.” Comparison
of immunohistochemistry with the results of molecular
studies for the recurrent genetic abnormalities is shown
in Table 1. Remarkably, all 300 AMLs carrying various
types of recurrent genetic abnormalities showed a nucle-
us-restricted expression of NPM. Representative exam-
ples of these staining patterns in AML carrying the most

Table 1. Correlation between recurrent genetic abnormalities and
NPM subcellular expression in the GIMEMA/EORTC AML12 trial.

Genetic (N=) NPMc+ NPMc-
alteration*
AML1-ETO 67 0/67 67/67
CBFB-MYH11 82 0/82 82/82
PML-RARA* 95 0/95 95/95
PLZF-RARA* 1 0/1 1/1
MLL-self fusion 12 0/12 12/12
MLL-Rearr. 14 0/14 14/14
DEK-CAN 14 0/14 14/14
BCR-ABL 15 0/15 15/15
Total 300 0/300 300/300

*Results from the molecular analysis of ANIL (1073 AML and 96 acute
prom;/elocytic leukemias) for which NPM immunostaining was available (see
details in the text). NPMc+: cytoplasmic NPM (fully predictive of mutated
NPM1 gene); NPMc-: expected nucleus-restricted positivity for NPM (fully
predictive of unmutated NPV1 gene).

Table 2. Correlation between recurrent genetic abnormalities and
NPM1 mutations in acute myeloid leukemia cases from the
Munich Leukemia Laboratory.

Genetic (N=) NPM1mut NPM1germ
abnormality*
t(8;21)/AML1-ETO 105 0/105 105/105
inv16/CBFB-MYH11 97 0/97 97/97
t(15;17)/ PML-RARA 20 0/20 20/20
MLL/11923 19 0/19 19/19
t(6;9)/ DEK-CAN 5 0/5 5/5
Total 246 0/246 246/246

*Results from the cytogenetic analysis of 1393 AML cases. NPMAmut: NPM1
mutated; NPMAgerm: NPV in germline configuration.



Genetic abnormalities in AML

Figure 1. Expression pattern of nucleophosmin in a case of typical NPMc+ AML. Left panel: LAM FAB-M5a showing diffuse infiltration by
monoblasts (bone marrow trephine; hematoxylin-eosin; x800). Middle panel: leukemic cells show aberrant cytoplasmic expression of
nucleophosmin (NPM). Bone marrow trephine immunostained with anti-NPM monoclonal antibody (APAAP technique; hematoxylin coun-
terstain; x800). Right panel: leukemic cells show nucleus-restricted positivity for nucleolin/C23 (bone marrow trephine; APAAP tech-

nique; hematoxylin counterstain; x800).

Figure 2. Expression pattern of nucleophosmin (NPM) in AML with
recurrent genetic abnormalities. Left panels: typical morphologi-
cal appearance of acute promyelocytic leukemia with t(15;17)
(top), LAM FAB-M4eo with inv(16) (middle) and LAM FAB-M2 with
t(8;21) (bottom). All cases are bone marrow trephines (hema-
toxylin-eosin; x800). Right panels: leukemic cells in all AML cases
with recurrent genetic abnormalities show a nucleus-restricted
positivity for nucleophosmin which is indicative of wild-type NPM1
gene. The arrows points to mitotic figures showing the expected
cytoplasmic positivity. Bone marrow trephines immunostained
with anti-NPM monoclonal antibody (APAAP technique; hema-
toxylin counterstain; x800).

frequent recurrent genetic abnormalities, i.e. t(15;17),
inv(16) and t(8;21), are shown in Figure 2. Completely
overlapping results were obtained in cases from the
Munich Leukemia Laboratory, by comparing the muta-
tion status of the NPAM1 gene with the results on cyto-
genetic/molecular studies for recurrent genetic abnor-
malities. In total, we investigated 1393 AML cases, 835
of which had a normal and 558 an abnormal karyotype.
NPM1 mutations were detected in 420 out of 1393

patients (30.1%) while the other cases harboured a
NPM1 gene in a germline configuration. In 246 of 1393
patients, reciprocal translocations and the respective
fusion genes were detected; RT-PCR and/or FISH were
performed for all respective fusion genes. The results are
shown in Table 2. Notably, none of the 246 AMLs carry-
ing different types of genetic abnormalities harbored
NPM1 mutations. These results were obtained inde-
pendently from a total of 2562 AMLs from two large
series using different approaches, support our original
finding that, cytoplasmic mutated NPM is mutually
exclusive of recurrent genetic abnormalities.> Our find-
ings raise several issues surrounding the significance of
the sporadic cases of NPAM1 mutations coinciding with
recurrent genetic abnormalities, as reported in some
studies.*™ First, none of these studies documented
whether NPAM1 mutations and concurrent genetic
abnormalities occur in the same or different leukemic
cell populations. Another major concern is specificity
control in large multi-center trials. This is addressed in
Falini B. et al.? (Supplementary Materials). In particular, 4
patients in the GIMEMA EORTC AMLI2 trial were
diagnosed as having cytoplasmic mutated NPM togeth-
er with inv(16), t(8;21) or MLL rearrangement. In-depth
re-investigation of these cases revealed errors in sample
registration or PCR contamination. Because of the pres-
ence of NPM1 mutation in association with a
t(16;16)/MYH11-CBFB transcript, 1 patient from the
CCG-2961 AML pediatric trial was also re-investigated
and found not to have a NPAM 1 mutation (Patrick Brown,
unpublished results). Therefore, in our experience, re-
analysis according to strict criteria showed that NPA1
mutations are mutually exclusive of recurrent genetic
abnormalities. Whether the occurrence of two or more
specific genetic markers in exceptional cases is just coin-
cidental or represents a true association is still not under-
stood. Rare examples include t(15;17) plus t(8;21),”
t(15;17) plus t(9;22),” and t(9;22) or BCR-ABL plus
inv(16).""® Interestingly, 1 case reported by Thiede et al.®
carried both a t(8;21) and an inv(16) in addition to NP1
mutations with a NPM1 mut/wt ratio of only 0.37
(Christian Thiede, petrsonal communication on February 6,
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2006). More recently, coexistence of JAK2V617F and
BCR-ABL has also been reported in chronic myeloprolif-
erative disorders™® and association of JAK2V617F with
t(8;21) in AML therapy-related” or secondary to a
myeloproliferative syndrome.? In conclusion, our data
unequivocally confirm in a large series of patients with
acute myeloid leukemia that NPAI1 mutations are mutu-
ally exclusive of other recurrent genetic abnormalities
and that NPA1 mutations identify a distinct acute
myeloid leukemia genetic entity which should be con-
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