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induce expression of the pump. As we are unable to directly
measure epoxomicin uptake we utilized another P-gP substrate
to determine if drug efflux is altered in KMS11R cells.
Doxorubicin is an established substrate for P-gP and it can be
easily measured in the cell because it fluoresces red. We
compared the fluorescence of KMS11 and KMS11R cells treated
with various concentrations of doxorubicin for 24 h. No
differences in background fluorescence were observed and both
cell lines could take up doxorubicin in a dose-dependent
fashion (Figure 2b). However, the uptake observed was 3–5
fold lower in the resistant line. In addition, KMS11R cells
are significantly resistant to doxorubicin-induced cell death
(not shown).
Finally, we determined the role of P-gP in the acquired

resistance to epoxomicin by observing the effects of inhibiting P-
gP function with verapamil. Verapamil had no effect on the
viability of either cell line nor did it alter the sensitivity of
KMS11 cells to epoxomicin (Figure 3a) or doxorubicin (not
shown). In contrast verapamil resensitized KMS11R to both
drugs (Figure 3a and not shown). FACS analysis of cells treated
with doxorubicin and verapamil revealed that the addition of
verapamil to the KMS11R cells resulted in an increase in red
fluorescence in doxorubicin-treated cells (Figure 3b).
Given the promise of bortezomib it is not surprising that other

proteasome inhibitors that are either irreversible and/or inhibit
the other activities of the proteasome are currently being tested
in the clinic. As proteasome inhibitors become more commonly
used in newly diagnosed diseases it will be important to
understand mechanisms of acquired resistance to this class of
agents. In addition, we will need to know how acquired
resistance to proteasome inhibitors alter the response to other
therapeutics used to treat myeloma patients.
Acquired expression of P-gP has been observed in myeloma

patients and cell lines. P-gP is rarely seen in newly diagnosed
patients, however, increased expression was observed in cells
from approximately 75% of patients treated with vincristine,
doxorubicin and dexamethasone.6 We observed that P-gP is
expressed and the P-gP inhibitor verapimil sensitizes KMS11R to
epoxomicin. These data suggest that the acquired resistance
observed was the result of P-gP expression. This is the first report
to demonstrate the acquisition of P-gP with a proteasome
inhibitor. Although it is possible that the induction of P-gP could
be the result of inhibition of protein turnover, this does not
appear to be a likely mechanism. First epoxomicin does not
acutely induce P-gP (Figure 2). More importantly we also
observe increased expression of the MDR mRNA in these cells
(not shown). Thus the mechanism is likely to be due to increased
gene expression possibly because of gene amplification. This
remains to be determined.
Finally, our data suggest that carfilzomib could be ineffective

in the treatment of P-gP-positive myeloma. Consistent with this
possibility, a recent study demonstrated that the P-gP-positive
cell line, RPMI8226-Dox40, is resistant to carfilzomib; however,

they can be sensitized by co-treatment with verapamil.7

Unfortunately such resensitization of cells to P-gP substrates
has not proven to be effective clinically.6,8 Several agents that
inhibit drug efflux have been tested and either proven to be too
toxic or had little effect on efficacy. In addition to confirming
that epoxomicin-based compounds may be subject to this type
of resistance mechanism we demonstrated that they can initiate
resistance in this fashion. Therefore careful consideration of the
use of these compounds both as single agents and in
combination therapies will be needed to assure both efficacy
of this therapy as well as subsequent treatment regimens.
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Mutations of ASXL1 gene in myeloproliferative neoplasms

Leukemia (2009) 23, 2183–2186; doi:10.1038/leu.2009.141;
published online 16 July 2009

Leukemogenesis is a complex process resulting from the alterations
of many genes that perturb the processes leading from a

hematopoietic stem cell to a differentiated blood cell. The ASXL1
(additional sex combs like 1) gene is located in the chromosomal
region 20q11 and may be affected in hematologic malignancies.1

ASXL1 belongs to a family of three identified members that encode
poorly characterized proteins regulating chromatin remodeling.
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The ASXL proteins contain a C-terminal PHD (plant homeo-
domain) finger and belong to polycomb and mixed lineage
leukemia/trithorax chromatin modifier complexes. We have
recently shown that ASXL1 is mutated in roughly 10% of
myelodysplastic syndromes (MDS) and 40% of chronic myelomo-
nocytic leukemias;2 mutations were mostly heterozygous, frame-
shifts, and located in exon 12. The predicted truncated protein
would lack its PHD domain, thus compromising the function of the
associated chromatin modifiers. In contrast, we did not find
mutations of ASXL2 in MDSs and chronic myelomonocytic
leukemias (N Carbuccia and MJ Mozziconacci, unpublished). By
using high resolution array-comparative genomic hybridization,
we also detected a heterozygous loss of ASXL1 in one MDS case.2

These observations suggest that ASXL1 haploinsufficiency plays a
role in leukemogenesis.

To determine whether ASXL1 could be involved in other
types of myeloid diseases, we studied the ASXL1 gene in
64 myeloproliferative neoplasms (MPNs). Our series comprised
10 cases of polycythemia vera, 35 cases of essential thrombo-
cythemia (ET), 10 cases of primary myelofibrosis (PMF), 1 case
of prefibrotic PMF, 5 MPNs at blast phase and 3 unclassifiable
MPNs. We also searched for mutations in 12 non-MPN
cases comprising 7 secondary thrombocytosis and 5 secondary
erythrocytosis. All patients signed an informed consent and
the study was approved by our ethical committee. We searched
for ASXL1 deletions by array-comparative genomic hybridiza-
tion on 28 samples by using high-density oligonucleotide
microarrays (Hu-244A, Agilent Technologies, Massy, France),
as previously described.3 ASXL1 mutations were searched
by DNA sequencing, as described.2 We also searched for
mutations of JAK2 (V617F) and TET2 (all exons). TET2 mutations
have been found in 5–20% of MPN4,5 and in other myeloid
diseases,6–8 and may be predicted to affect gene regulation.9

TET2 missense mutations were considered when located in
conserved regions, spanning amino acids 1134–1444 and
1842–1921.4

We did not find any deletion of ASXL1 or TET2 by array-
comparative genomic hybridization (not shown). One deletion
at 1p31, comprising NFIA, has been reported previously.10 We
found heterozygous TET2 frameshift mutations in 4 out of the 64
MPN cases (6.2%), 2 ET and 2 PMF (Table 1). We found
heterozygous frameshift mutations of ASXL1 in 5 cases (7.8%)
including 1 ET out of 35, 3 PMF out of 10 (1 was in accelerated
phase) and 1 acute myeloid leukemia (AML) post-ET (Figures 1
and 2). We also found three cases of substitutions (shown with
footnote ‘a’ in Table 1) that we did not take into account
because they could represent polymorphisms. None of the five
ASXL1-mutated cases carried a JAK2 V617F mutation. Only one
(a PMF) of these five cases was also mutated for TET2. The four
other cases did not have a TET2 mutation but two of them
showed an abnormal karyotype; case HD-0535 showed a
t(3;12) with upregulation of HMGA2.11 Table 1 shows
summarized results on the cases with a sequence variation in
either TET2 or ASXL1 (the remaining cases did not show
variations of TET2 or ASXL1 deduced amino acid sequences).

We analyzed the same sequences in DNA extracted from
CD34-purified cells of three patients with ASXL1 and/or TET2
mutation in their blood cell DNA (HD-0496, HD-0536 and HD-
0540). The same ASXL1 and TET2 mutations were detected in
the corresponding CD34 DNA. This is in agreement with what is
known of the physiopathology of MPNs and suggests that ASXL1
mutations occur early during disease evolution.

Our study shows that several potential tumor suppressors may
be inactivated in MPNs, especially in PMF. However, larger
studies are required to better define the prevalence and
prognostic impact of ASXL1 mutations, and their association
with TET2 and JAK2mutations. It further suggests that cumulated
haploinsufficiency may play a role in leukemogenesis; however,
truncated proteins may also have a dominant negative effect,
and inactivation may also occur though epigenetic regulation. A
first hypothesis is that TET2 and ASXL1 alterations (single or
combined) lead to an increase in the program of self-renewal in

Table 1 ASXL1, JAK2 and TET2 mutations in patients with MPN

Case Sex/age Diagnosis Karyotype at
diagnosis

JAK2Val617Phe TET2 ASXL1 (exon 12)

HD-0433 F/68 ET ND 20–30% c.4010-4025del
p.Tyr1337LeufsX21

HD-0496 M/63 PMF ND Negative c.1864C4T
p.Gln622X

c.1934dupG
p.Gly646TrpfsX12

HD-0528 M/57 PMF 46, XY [20] B75% c.4062delA
p.Ala1355HisfsX8

HD-0535 M/56 AML
(post-ET MF in blast
phase)

46, XY, t(3;12)
(q26–27;q13–14)
[20]

Negative c.2285dupT
p.Leu762PhefsX12

HD-0536 M/55 PMF
accelerated phase

46, XY, add
(15)(q25–26) [5]/46,
XY [19]

Negative c.1934dupG
p.Gly646TrpfsX12

HD-0537 F/61 ET ND Negative c.2385delC
p.Trp796GlyfsX22

HD-0540 M/55 PMF 46, XY [20] Negative c.1934dupG
p.Gly646TrpfsX12

HD-0545 F/66 ET 46, XX [20] B15% c.3965_3966insA
p.Glu1323GlyfsX16

c.4189G4Aa

p.Gly1397Ser
HD-0552 F/50 ET 46, XX [20] Negative c.3173G4Ta

p.Gly1058Val
HD-0595 M/59 SE ND Negative c.3935C4Ta

p.Ala1312Val

Abbreviations: ET, essential thrombocythemia; F, female; M, male; ND, not done; PMF, primary myelofibrosis; SE, secondary erythrocytosis.
aPossible polymorphism.
References for nucleotide and protein sequences of TET2 and ASXL1 are, respectively, NM_001127208.1, NP_001120680.1 and NM_015338.4,
NP_056153.2.
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MPN progenitors through modifications of DNA and histone
regulatory marks. Mutations of TET2 and ASXL1 are also found
in MDSs,2,3,6,7 suggesting that additional alterations are
responsible for the differences between the two types of chronic
myeloid disease. JAK2 V617F is one of these, but in the JAK2-
negative cases they are unknown. Upregulation of HMGA2,
which also controls chromatin structure, may participate.11,12 In
our study, ASXL1 and JAK2 V617F mutations were mutually

exclusive. Thus, a second hypothesis is that ASXL1 plays the role
of JAK2 in MPNs non-mutated for JAK2. However, our series is
too small to allow any conclusion.

Together with the recent report on UTXmutations,13 our study
further suggests that some modifications of epigenetic status in
tumor cells are consequences of mutations in specific genes.
The questions are how many such genes do exist and how many
are needed to trigger a disease; in other words, what is the

HD-0540 : c.1934dupG ; p.Gly646TrpfsX12

HD-0535 : c.2285dupT ; p.Leu762PhefsX12

HD-0537 : c.2385delC ; p.Trp796GlyfsX22
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Figure 1 Examples of nucleotide sequences for three myeloproliferative neoplasm (MPN) cases. Sequence of the mutated ASXL1 allele shows
change at the position indicated by an arrow. The corresponding sequence is shown above the tracks.
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repertoire and what are the combinations? It is probable that in
the future we will have to determine the number of mutated
alleles for many genes in any given case.
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Figure 2 Representation of the ASXL1 protein with known motifs and domains. Localization of frameshift mutations in studied myeloproliferative
neoplasm (MPN) samples is indicated below by arrowheads (for example, Gly646TrpfsX12 denotes a frameshifting change with Glycine as first
affected amino acid, change in a Tryptophan and a new reading frame ending in a stop at position 12).
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LETTER TO THE EDITOR

Rare mutations in DNMT3A in myeloproliferative neoplasms and myelodysplastic
syndromes

Blood Cancer Journal (2011), e18; doi:10.1038/bcj.2011.15;
published online 13 May 2011;

Alterations of epigenetic marks are thought to play an important
role in myeloid malignancies. In particular, aberrant DNA
methylation is a hallmark of these diseases. DNMT3A and
DNMT3B methyltransferases have predominant role in de novo

methylation of DNA. Mutations in DNMT3A have been found in
roughly 20% of acute myeloid leukemia (AML).1–3 The precise
mechanism by which DNMT3A may affect DNA methylation is
not known. The TET2 gene encodes an enzyme that favors the
transformation of 5-methylcytosines in 5-hydroxymethylcyto-
sines. TET2 function requires alpha-ketoglutarate (aKG). TET2 is
frequently mutated in myeloid diseases. Mutation in IDH1 and
IDH2 changes their enzymatic activity and induces an
hypermethylation of AML DNA.3 Mutated IDH1/2 enzymes
catalyze aKG into 2-hydroxyglutarate (2HG). Production of
2HG impairs TET2 function. This explains why mutations in
TET2 and in IDH1/2 are mutually exclusive.4 In contrast,
mutations in IDH1/2 are more frequent in AML cases with
DNMT3A mutations.2

We searched for mutations and deletions of DNMT3A, TET2
and IDH1/2 in a series of 201 chronic myeloid diseases
including 135 myeloproliferative neoplasms (MPNs) and 66
myelodysplastic syndromes (MDSs). The MPN cases comprised
33 polycythemia vera (PV) and 5 post-PV myelofibrosis (MF), 56
essential thrombocythemia (ET) and 10 post-ET MF, 25 primary
myelofibrosis (PMF), 3 MPN- unclassifiable and 3 MDS/MPN
cases. The MDSs comprised 5 refractory anemia (RA), 13 RA
with ring sideroblasts (RARS), 7 refractory cytopenia with
multilineage dysplasia, 16 RA with excess blasts (RAEB) type 1,
20 RAEB type 2 and 5 MDS-unclassifiable cases.
We determined the sequence of all exons of TET2, exons 4 of

IDH1 and IDH2, and exons 15 to 23 of DNMT3A (which
encode the C-terminal half of the protein, including the catalytic
domain, where most mutations have been found so far), as
described.2,5 High density array-comparative genomic hybridi-
zation5 provided information on the status of the respective loci.
In MPNs, we found 13 mutations in TET2 in 12 patients (2 PV,

1 post-PV MF, 3 ET, 2 post-ET MF, 2 PMF, and 2 MDS/MPN one
of which had two mutations), 0 mutations in IDH1/2, and
2 mutations in DNMT3A (1 in a JAK2 V617F-positive PV, 1 in a
JAK2 V617F-negative PMF) (see Table 1). The two mutations in
DNMT3A were missense (c.2245C4T, p.Arg749Cys in the PV;

c.2644G4A, p.Arg882Ser in the PMF). All mutations were
heterozygous.

In MDSs, we found 12 mutations and 1 deletion of TET2 (all
heterozygous), 5 mutations of IDH1/2, and 4 mutations (6%) and
1 deletion of DNMT3A (all heterozygous) (see Table 1). Mutations
in DNMT3A were 1 nonsense (c.1681G4T, p.Glu561Stop), 1
frameshift (c.1872del, p.Pro625LeufsX26) and 2 missense
(c.1723G4C, p.Ala575Pro; c.2141C4G, p.Ser714Cys). Muta-
tions in TET2, IDH1/2 and DNMT3A were all mutually exclusive.
Thus, 23 MDS cases out of 66 (roughly one-third) showed one
alteration (mutation or deletion) in either DNA methylation-
associated gene. Strikingly, the 4 DNMT3A-mutated cases were
1 RA and 3 RARS. One RARS case had a trisomy 8.

DNMT3A mutations were very recently reported in two series
of MDSs, including 62 RAEB cases6 and 150 cases of various
subclasses.7 In the RAEB series,6 3 cases (4.8%) were mutated.
In the second series,7 12 patients had DNMT3A mutations (8%).
These results show that, in chronic myeloid diseases, TET2
mutations are prominent, whereas IDH1/2 and DNMT3A are
less frequent. In MPNs, we did not find any IDH mutation;
previous works had found that only 4% of PMF cases and few
PV and ET were mutated in IDH1/2.8,9 IDH1/2 mutations are
also rare in MDSs, except in some subclasses such as MDSs with
del(5q) or trisomy 8.5,10,11 Only six cases were mutated in
DNMT3A in our whole series of chronic cases. Overall, IDH1/2
and DNMT3A mutations are therefore more a feature of AMLs,
especially primary AMLs with normal karyotype and intermedi-
ate prognosis.2,3 This suggests that mutations in TET2, IDH1/2
and DNMT3A, although potentially all functionally linked to
DNA methylation, may not be equivalent events in the initiation
of leukemogenesis; TET2 mutation could be more efficient in
triggering the process. In our series, mutations of the three genes
were mutually exclusive, whereas DNMT3A mutations have
been found to be associated with TET2 or IDH1/2 mutations in
AMLs.2 This may just be because of a low number of mutated
samples in chronic cases. However, this may also suggest that
IDH1/2 and DNMT3A mutations may participate, although less
frequently than TET2, to the initial phases of the disease. This
may be in collaboration with specific cooperating alterations
such as trisomy 8 or del(5q).

All our DNMT3A-mutated MDSs were low-risk RA/RARS
cases. The DNMT3A Arg882 amino-acid residue, which is a
mutation hotspot in AMLs,1–3 was only mutated once in our
series of MPNs (in a PMF) and it was not mutated in our series of
MDSs. In the reported RAEB series,6 the three mutations affected
the Arg882 residue. In the other published series,7 three out of
the four Arg882-mutated MDSs were RAEB/RAEB-T cases. The
DNMT3A mutations can occur in the various subclasses of
MDS. However, the Arg882 mutation may be more specific of
RAEB and/or aggressive cases, whereas mutations at the other
residues may have a different function and may be associated
with a different (milder?) phenotype.
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Table 1 Mutations in three DNA methylation-associated genes in
patients with chronic myeloid diseases

TET2
a

IDH1/2
a

DNMT3A
a

Total
a

MPNs (N¼135) 12 (8.9) 0 2 (1.5) 14 (10.4)
MDSs (N¼66) 12 (18.2) 5 (7.6) 4 (6) 21 (31.8)
Total (N¼ 201) 24 (11.9) 5 (2.5) 6 (3) 35 (17.4)

Abbreviations: IDH1, isocitrate dehydrogenase 1; MDS, myelodys-
plastic syndrome; MPN, myeloproliferative neoplasm.
aPercentages are in parentheses.
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LETTER TO THE EDITOR

Mutations and deletions of the SUZ12 polycomb gene in myeloproliferative neoplasms

Blood Cancer Journal (2011) 1, e33; doi:10.1038/bcj.2011.31;
published online 26 August 2011

Alterations of epigenetic marks have an important role in
myeloid malignancies.1 Mutations have been found in several
epigenetic regulators including ASXL1, DNMT3A, EZH2, IDH1/2
and TET2.2,3 DNMT3A, IDH1/2 and TET2 are involved in the
regulation of DNA methylation. EZH2 belongs to a complex of
proteins called ‘polycomb repressor complex 2’ (PRC2).4 ASXL1
is a regulator of PRC1, the other polycomb complex. Several
other proteins belong to the two polycomb complexes; although
alterations of ASXL15 and EZH26,7 are probably prominent in
myeloid diseases, we suspected that these other PRC compo-
nents might also be involved in some cases.
We searched for mutations in SUZ12, a gene encoding a

PCR2 protein, in 186 whole blood samples from 125
myeloproliferative neoplasms (MPNs), 14 MPNs at the blast-
phase stage and 47 chronic myelomonocytic leukemias
(CMML). The MPNs comprised 33 polycythemia vera (PV) and
4 post-PV myelofibrosis (MF), 51 essential thrombocythemia
(ET) and 9 post-ET MF, 22 primary myelofibrosis, 3 unclassifi-
able and 3 myelodysplastic syndrome/MPN cases. SUZ12 is
located on chromosome arm 17q (Figure 1a) and comprises 16
exons (Figure 1b). We determined the sequence of SUZ12 exons
10 to 16 (the existence of a highly conserved SUZ12

pseudogene prevented easy design of oligonucleotide primers
for SUZ12 exons 1 to 9). In the MPN samples, we also searched
for mutations of JAK2 (exon 14), ASXL1 (exons 12), DNMT3A

(exons 15–23), IDH1 and IDH2 (exon 4), MPL (exon 10) and
TET2 (all exons). Mutations were searched by Sanger DNA
sequencing analysis except for the JAK2 mutation, which was
detected by semi-quantitative PCR. We searched for SUZ12

deletions in 80 of the MPN samples and in the 47 CMML
samples by using array-comparative genomic hybridization
(aCGH) on high-density oligonucleotide microarrays
(Hu-244A, Agilent Technologies, Massy, France), as described
previously.8 All patients signed an informed consent and the
study was approved by our ethics committee.
We found mutations of SUZ12 in two MPN patients: a PV,

HD-0716 and a blast phase of post-ET MF, HD-1038 (Table 1).
The two mutations were missense and apparently heterozygous
(Figures 1c and d). In the PV case, sequencing of DNA from
buccal swab or CD3-purified T-cells showed the absence of
variation compared with reference, thus showing that the
mutation was acquired (Figure 1e). The HD-0716 PV case was
JAK2 V617F-positive (the mutated allele burden was 15–30%)
and TET2-mutated. After diagnosis, the patient, a 66-year-old
man, was treated with hydroxyurea. After 2 years of treatment a
blood sample processed and studied as the initial one showed
that the SUZ12 mutation was barely detectable (Figure 1d). The
HD-1038 blast phase of a post-ET MF was diagnosed in an
80-year-old woman. The chronic stage was not available for
study. At the acute stage, the sample was JAK2 V617F-negative
and TET2-mutated (c.3640C4T p.Arg1214Trp), the karyotype
was complex and the aCGH profile showed, among other
alterations, a heterozygous loss of TET2, 7q21-qter spanning

EZH2, 12p12-p13 spanning AEBP2 and 17q11-q21 spanning
NF1 and the other SUZ12 allele (Figure 2). No germline DNA
was available. We did not detect any mutation of ASXL1 in the
two cases, whereas 17 other MPN cases were mutated (Table 1).
We found 2 mutations in DNMT3A,9 2 in IDH2, 1 in MPL

and 15 in TET2. No SUZ12 mutation was found in the 47
CMML cases.

Deletions of the NF1 gene at 17q11 are frequent in MPNs.10

By using aCGH we found that the SUZ12 gene, which lies
close to NF1, is often included in these deletions. We found
SUZ12 deletions in three MPNs and in two CMML cases
(Figure 2). This was the case for HD-1038. No aCGH profile
was available for HD-0716. Two other MPN cases (HD-0535
and HD-0728) showed a deletion of a SUZ12 allele but were
not mutated (Table 1); however, as mentioned above, the first
nine exons of the gene were not studied. In another MPN case
(HD-0689), the deletion encompassed NF1 but not SUZ12

(Figure 2), suggesting that NF1 was the actual targeted gene of
the deletion.

Our study shows that a mutation can affect a PRC2
component other than EZH2 in few cases of MPN. This
mutation of SUZ12 may substitute for or cooperate with a
mutation of EZH2 to compromise PRC2. This reinforces the
current view that position epigenetic regulators as major players
of leukemogenesis, together with signaling molecules and
transcription factors. SUZ12 mutations are rare but are actually
in the same range as DNMT3A,9 IDH2 and MPL. Because we
tested only the last exons of the gene our study may have
underestimated the frequency of SUZ12 mutations. Interest-
ingly, in addition to mutations, SUZ12 function could be
affected by gene loss. The 17q11 region encompassing NF1 and
SUZ12 is deleted in MPNs10 and CMMLs. Our study suggests
that both genes may participate to leukemogenesis, explaining
why the NF1-SUZ12 17q11 region is often lost en bloc. It is also
possible that other genes are involved; we sequenced the exons
of RAB11FIP4, located between the NF1 and SUZ12, in our
series of MPN cases but found no mutation.

PRC2 is the major methyltransferase for H3K27 methylation, a
modification of histone H3 that represses gene expression
programs throughout development.4 Mice with loss of function
mutations in PRC2 components display enhanced activity of
their hematopoietic stem cell/progenitor population and loss of
SUZ12 function in particular enhances hematopoietic stem cell
activity.11 It remains to be determined whether the mutations we
have identified lead to a loss of function of the protein. In the
HD-0716 case, the c.1685A4G p.Asn562Ser mutation may
affect the VEFS-box known to be critical for EZH2 interaction,12

consequently disrupting PRC2 function. In the HD-1038 case,
the deletion of an allele combined with the mutation of the other
allele suggests a two-hit process associated with a tumor
suppressor. Whether SUZ12 mutations are present in other
hematopoietic diseases should be determined. Whether other
PRC2 components, such as AEBP2, EED and JARID2, are
mutated and how they combined with other mutations in
hematopoietic diseases should also be investigated.

Many genes contribute to leukemogenesis through mutations
of their sequence; our study also shows that, beside the

Citation: Blood Cancer Journal (2011) 1, e33; doi:10.1038/bcj.2011.31
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major contributors, most of which may be known already,
there may be a number of rarely mutated contributors.
This could render the molecular diagnosis of myeloid
diseases more difficult to establish. Many of these rarely

mutated genes (for example, SUZ12) may affect the
same functions and pathways (for example, polycomb
repression) as the frequently mutated ones (for example,
EZH2).

Figure 1 Mutation of the SUZ12 gene in MPNs. (a) Localization of the SUZ12 gene in chromosomal region 17q11. (b) Representation of the
16 SUZ12 exons. (c) Representation of the 739-amino-acid-long SUZ12 protein with known motifs and domains. Localization of the mutations is
indicated below by arrowheads. (d) Nucleotide sequences for HD-0716 PV case. Sequence of the mutated SUZ12 allele demonstrates change at
the position indicated by an arrow in the sample taken at diagnosis. (e) The mutation was hardly detectable after 2 years of treatment and is absent
from CD3 T-cells and buccal swab samples. The corresponding sequence is shown above the tracks.

Table 1 Mutations and deletions of SUZ12 in patients with myeloproliferative neoplasms

SUZ12

mutation

SUZ12

loss

ASXL1

mutation

ASXL1

loss

DNMT3A

mutation

IDH1/2

mutation

JAK2

mutation

MPL

mutation

TET2

mutation

TET2

loss

Polycythemia vera 1/33 0/7 3/33 0/7 1/33 0/33 32/33 0/33 4/33 0/7
Essential thrombocythemia 0/51 0/19 2/51 0/19 0/51 0/51 32/51 0/51 3/51 0/19
Myelofibrosis 0/35 1/35 8/35 1/35 1/35 0/35 24/35 0/35 4/35 0/35
Other MPN 0/6 0/6 2/6 0/6 0/6 0/6 1/6 0/6 2/6 0/6
Blast phase MPN 1/14a 2/13a 2/14 0/13 0/14 2/14 4/14 1/14 2/14a 2/13a

Total MPNs 2/139a 3/80a 17/139 1/80 2/139 2/139 93/139 1/139 15/139a 2/80a

Abbreviation: MPN, myeloproliferative neoplasm.
aHD-1038 sample in common.
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Département d’Oncologie Moléculaire, UMR891 Inserm,
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3Département d’Hématologie, Institut Paoli-Calmettes,
Marseille, France and
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8 Gelsi-Boyer V, Trouplin V, Adélaı̈de J, Aceto N, Remy V, Pinson S
et al. Genome profiling of chronic myelomonocytic leukemia:
frequent alterations of RAS and RUNX1 genes. BMC Cancer 2008;
8: 299–314.

9 Brecqueville M, Cervera N, Gelsi-Boyer V, Murati A, Adélaı̈de J,
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Figure 2 aCGH profile of chromosome 17 in four MPN cases showing loss of the NF1-SUZ12 region. HD-0535 (blue profile), a blast phase
primary myelofibrosis (PMF), HD-0728 (red profile), a PMF and HD-1038 (yellow profile), a blast phase post-ET MF show loss, among other genes,
of NF1 and SUZ12, whereas in HD-0689 (green profile), a PMF, no loss of SUZ12 is observed. Deletion of NF1 but not SUZ12 in HD-0689, and
mutation of SUZ12 in HD-1038 suggest both genes participate in leukemogenesis.
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 LETTER TO THE EDITOR LETTER TO THE EDITOR

Recent articles in the Journal of 
Experimental Medicine and in Cell Cycle 
by the laboratory of A. Iwama estab-
lished a role for polycomb gene BMI1 in 
leukemogenesis using a mouse model.1,2 
Polycomb proteins regulate gene expres-
sion through the control of chromatin 
structure and repressive histone marks. 
They play major roles in development and 
stem cell biology. They distribute into 
two complexes called polycomb repressive 
complexes 1 and 2 (PRC1 and PRC2). 
PRC1 contains several proteins, including 
BMI1. PRC1 monoubiquitylates lysine 
119 of histone H2A via the ubiquitin 
ligases RING1 and RNF2.3 PRC2 con-
tains EED, EZH2 and SUZ12 proteins. 
PRC2 is a histone methyltransferase that 
trimethylates lysine 27 of histone H3, 
resulting in the H3K27me3 mark, which 
specifies transcriptional repression. Recent 
studies have shown that components of 
PRC2, especially EZH2, are targeted by 
inactivating mutations in human myeloid 
malignancies.4-7 PRC2 genes are mutated 
in acute stages, such as acute myeloid leu-
kemia (AML), and chronic stages, such 
as myelodysplastic syndromes (MDS) or 
myeloproliferative neoplasms (MPN). 
The latter comprise polycythemia vera 
(PV), essential thrombocythemia (ET) 
and primary myelofibrosis (PMF). EZH2 
is mutated in 13% of PMF cases and in 
12% of cases with MDS/MPN features.5 
Actually, through these direct inactivating 
mutations in its components or through 
alterations in PRC2-interacting proteins 
such as ASXL1,8 PRC2 appears as a key 
tumor suppressor complex in myeloid dis-
eases. No such results have been reported 
yet for PRC1 genes in human samples. 
In contrast, because the loss of Bmi1 
gene induces a defect in the self-renewal 
capacity of hematopoietic stem cells9 it 
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was thought that PRC1 and PRC2 played 
opposite roles in leukemogenesis. Oguro 
and colleagues1 have just demonstrated 
that in an Ink4a/Arf-l- mouse, the loss of 
the Bmi1 gene generated a disease similar 
to PMF. Mice repopulated with Bmi1-/-
Ink4a-Arf-/- hematopoietic cells devel-
oped a lethal disease with clinical features 
observed in human PMF. This exciting 
result suggests that alterations of PRC1 
complex components could, according to 
the genetic context (an abrogation of p16 
and p19 tumor-suppressor control in the 
mouse model of Oguro and colleagues), 
play a role in the development of myeloid 
diseases similar to that of PRC2. PRC1 
and PRC2 silencing functions are coordi-
nated, and the two complexes may exert 
their leukemogenic effect through the 
deregulation of the same loci. Indeed, 
Oguro and colleagues identified onco-
genic loci repressed by PRC1, such as 
Hmga2, and further demonstrated that 
Hmga2 promoter is also under the control 
of EZH2.1,2 A consequence of these results 
in human medicine is that alterations or 
deregulation of PRC1 components and 
controlled loci may substantially increase 
the proportion of hematopoietic dis-
eases with defects in polycomb network 
genes. To determine whether BMI1 may 
be altered in human MPNs, we studied 
the genome of 35 PMF cases by using 
array-comparative genomic hybridiza-
tion (aCGH) on high-density oligonu-
cleotide microarrays (Hu-244A, Agilent 
Technologies), as previously described.10 
We also searched for mutations in BMI1 
in 77 MPN cases comprising 4 PV, 
20 ET and 36 myelofibrosis (MF) (25 
PMF, 8 post-ET MF, 3 post-PV MF), 
3 MPN/MDS, 3 MPN-unclassifiable, 
5 blast phase post-ET, 3 blast phase post-
ET MF, 3 blast phase PMF using Sanger 

DNA sequencing of BMI1 coding exons 
2 to 10. We did not find any mutations 
in BMI1. We found a heterozygous dele-
tion of chromosome region 10p12.31 
encompassing the BMI1 locus and seven 
other genes (Fig. 1) in case HD-1095, a 
64-year-old man diagnosed with PMF. 
The HD-1095 sample had a JAK2V617F 
mutation (50–60% allele burden), was 
not mutated in ASXL1, DNMT3A, IDH1, 
IDH2 and TET2, and displayed other 
small chromosomal deletions that had led 
to the loss of SOCS2, FBXL18 and MYB, 
but not of CDKN2A/INK4A (not shown). 
To our knowledge, this is the first example 
of BMI1 locus alteration in human cancer. 
BMI1 deletion could lead to haploinsuffi-
ciency; unfortunately, RNA was not avail-
able for this sample. We studied BMI1 
mRNA expression in 25 PMF profiled 
by Affymetrix microarrays. BMI1 expres-
sion in PMF was similar to that in normal 
blood (not shown), suggesting that the 
BMI1 locus is not inactivated by hyper-
methylation as a general rule. In this series 
studied by aCGH we did not find altera-
tions of the HMGA2 locus, but we had 
previously reported one case of HMGA2 
3’UTR breakage and mRNA overexpres-
sion in an MPN case.11 Finally, to deter-
mine whether BMI1 alteration could 
be found in other myeloid diseases, we 
searched for a deletion of the locus in 253 
non-PMF samples (73 MPNs, 53 chronic 
myelomonocytic leukemias, 63 MDSs, 
and 64 AMLs) by using aCGH but 
found no other deleted case. Our results 
show that, although structural altera-
tions of BMI1 and downstream effectors 
are rare, they do occur in human MPN 
samples. This supports both the findings 
of Oguro and colleagues in the mouse 
and the potential role of PRC1 in leuke-
mogenesis. Whether other mechanisms 
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of downregulation of BMI1 or alterations 
in other PRC1 components can be found 
in hematopoietic diseases remains to be 
demonstrated.
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Since the discovery of the JAK2V617F tyrosine kinase-activating mutation several genes have been found mutated in non-

chronic myeloid leukemia (CML) myeloproliferative neoplasms (MPNs), which mainly comprise three subtypes of ‘‘classic’’

MPNs; polycythemia vera (PV), essential thrombocythemia (ET), and myelofibrosis (MF). We searched for mutations in

ASXL1, CBL, DNMT3A, IDH1, IDH2, JAK2, MPL, NF1, SF3B1, SUZ12, and TET2 genes in 149 non-CML MPNs, including 127

‘‘classic’’ MPNs cases. JAK2 was mutated in 100% PV, 66% ET and 68% MF. We found a high incidence of ASXL1 mutation in

MF patients (20%) and a low incidence in PV (7%) and ET (4%) patients. Mutations in the other genes were rare (CBL,

DNMT3A, IDH2, MPL, SF3B1, SUZ12, NF1) or absent (IDH1). VVC 2012 Wiley Periodicals, Inc.

INTRODUCTION

Myeloproliferative neoplasms (MPNs) originate

from genetically transformed hematopoietic stem

cells with a capacity for multilineage differentia-

tion and efficient myelopoiesis. Non-chronic mye-

loid leukemia (CML) MPNs mainly comprise

polycythemia vera (PV), essential thrombocythe-

mia (ET), and myelofibrosis (MF). MF can either

occur de novo as primary MF (PMF) or result

from the progression of PV or ET (hereafter

called post-PV MF and post-ET MF). An MPN

transforms into acute leukemia in !4–6% of the

patients (Noor et al., 2010).

The JAK2V617F somatic mutation is found in

>95% of PV, 50% of ET and 50% of PMF (Pan-

ani, 2009; Delhommeau et al., 2010). However,

the mechanism by which this single mutation

contributes to the pathogenesis of three clinically

distinct disorders remains unclear. Several novel

mutations have been described recently in

chronic or blast-phase MPNs (Tefferi, 2010).

They affect ASXL1 (Additional sex combs-like 1;

Exon 12) (Carbuccia et al., 2009), CBL (Casitas

B-lineage lymphoma; Exons 8 and 9) (Makishima

et al., 2009), DNMT3A (DNA methyl transferase

3 alpha; several exons) (Ley et al., 2010; Abdel-

Wahab et al., 2011a; Brecqueville et al., 2011a),

EZH2 (Enhancer of zeste homolog 2; several

exons) (Ernst et al., 2010; Nikoloski et al., 2010),

IDH1 and IDH2 (Isocitrate dehydrogenase 1 and

2; Exon 4) (Pardanani et al., 2010a), JAK2 (Janus

kinase 2; Exon 12) (Scott et al., 2007), LNK

(Lymphocyte-specific adaptator protein; Exon 2),

(Oh et al., 2010; Pardanani et al., 2010b), MPL

(Myeloproliferative leukemia virus; Exon 10)

(Pikman et al., 2006), splicing factor genes

(Papaemmanuil et al., 2011; Yoshida et al., 2011),

SUZ12 (Suppressor of zeste 2 homolog; Exons 14

Additional Supporting Information may be found in the online
version of this article.
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and 16) (Brecqueville et al., 2011b; Score et al.,

2012), and TET2 (Ten–Eleven Translocation,

oncogene family member 2; several exons) (Del-

hommeau et al., 2009; Tefferi et al., 2009a; Tef-

feri et al., 2009b) genes.

We have studied 11 genes, including SF3B1

and NF1, whose mutations have been recently

identified (Yoshida et al., 2011; Haferlach et al.,

2012), and ASXL1, whose mutations are frequent

in myeloid malignant diseases and often associated

with a poor prognosis. This combination of genes

has never been studied so far in MPNs. ASXL1

maps to chromosome band 20q11 (Fisher et al.,

2003). The ASXL1 protein is a component of vari-

ous DNA and histone regulatory complexes (Cho

et al., 2006; Fisher et al., 2006) and participates in

the deubiquitination of these complexes (Scheuer-

mann et al., 2010). Mutations in ASXL1 have been

reported in both chronic and blast-phase MPNs by

us and others (Carbuccia et al., 2009; Abdel-

Wahab et al., 2011b; Stein et al., 2011); however,

our reported series of cases was small, the study of

Abdel-Wahab et al. did not take into account the

frequent c.1934dupG; p.Gly646TrpfsX12 mutation

(Abdel-Wahab et al., 2011b) and two recent stud-

ies reported mutations of ASXL1 in MPNs but did

not examine other candidate genes (Ricci et al.,

2011; Stein et al., 2011).

MATERIALS AND METHODS

Patients and Samples

MPN samples were selected according to the

WHO criteria (Vardiman et al., 2009). A total of

149 cases of non-CML MPN were included: 30

PV, 53 ET, 44 MF (30 PMF, 4 post-PV MF, 10

post-ET MF), 3 unclassifiable MPNs, 5 MPN/

Myelodysplastic syndromes (MDS), and 14 blast-

phase PV, ET, and MF. PV, ET, and MF are

hereafter designed as ‘‘classic’’ MPNs (Support-

ing Information Table S1A). Paired samples were

obtained at different times of chronic-phase dis-

ease for 11 patients (2 PV, 1 ET, 7 PMF, and 1

post-ET MF), (Supporting Information Table

S1B). Samples were obtained at diagnosis or after

diagnosis free of disease progression. Prognosis

for PMF was evaluated with the Dynamic Inter-

national Prognostic Scoring System (DIPSS)-plus

(Gangat et al., 2011). Information on patients

(individual thrombotic risk for ET and PV,

DIPSS-plus risk for PMF, time from diagnosis to

sampling, biological factors, therapies used prior

to sampling, transfusion dependence are shown

in Supporting Information Table S1A, S1B). We

obtained paired normal DNA from 55 buccal

swabs and 8 nonclonal CD3þ cells of these MPN

patients.

We also searched for mutations in 24 non-MPN

cases including seven reactive thrombocytosis

(RT) due to inflammatory syndrome (n ¼ 1), sple-

nectomy (n ¼ 3), or iron deficiency (n ¼ 3), and

17 JAK2V617F-negative reactive erythrocytosis

(RE) with normal or elevated serum erythropoietin

due to pulmonary dysfunction (n ¼ 2), heavy

smoking (n ¼ 9), severe sleep apnea (n ¼ 4), or

high oxygen affinity (n ¼ 2). The majority of sam-

ples were collected at the Institut Paoli-Calmettes.

Of 149 MPN samples, 17 were collected from

three other Centers in France (Hôpital Saint-

Joseph, Marseille; Hôpital d’instruction des armées

Sainte-Anne, Toulon; Centre Hospitalier Général

d’Avignon). For molecular analysis, all samples

were processed similarly at the Institut Paoli-

Calmettes. All patients signed an informed con-

sent for research and the study was approved

by our institutional review board (‘‘Comité

d’Orientation Scientifique’’ of the Institut Paoli-

Calmettes).

Nucleic Acids Extraction

Peripheral blood samples, CD3þ cell popula-

tion and buccal swabs were collected from

patients and processed immediately or cryocon-

served at $80%C. CD3þ cell population was sep-

arated by the CD3 microbead kit (Miltenyi

Biotech, Germany). High-quality DNA from

blood samples was extracted by the Allprep

DNA/RNA isolation kit (Qiagen, Germany).

DNAs from buccal swab and CD3þ cells were

extracted by the QIAmp DNA micro kit (Qiagen,

Germany).

DNA Sequencing

Genes were selected for their known involve-

ment in leukemogenesis. DNA Sanger-sequenc-

ing of exon-coding sequences of ASXL1 (Exon

12), CBL (Exons 8, 9), DNMT3A (Exons 15–23),

IDH1 (Exon 4), IDH2 (Exon 4), JAK2 (Exon 14),

MPL (Exon 10), NF1 (55 exons), SF3B1 (Exons

15, 16), SUZ12 (Exons 10–16), and TET2 (Exons

3–11) was done as follows. The primers used for

PCR sequencing are described in Supporting

Information Table S2A. PCR amplifications of

DNA were done in a total volume of 25 ll PCR

mix containing at least 5 ng template DNA, Taq
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buffer, 200 lmol of each deoxynucleotide triphos-

phate, 20 pmol of each primer, and 1 U of Hot

Star Taq (Qiagen). PCR amplification conditions

were 95%C 10 min; 95%C 30 sec, variable tempera-

ture 30 sec, 72%C 30 sec to 1 min depending on

PCR product length for 35 cycles (for TET2, the

PCR program is described in Supporting Informa-

tion Table S2B), 72%C 10 min. Because of the

controversy about the ASXL1 c.1934dupG muta-

tion that occurs within a series of guanine, we

tested four different polymerases (Hot star Taq

from Qiagen, AmpliTaq Gold
VR
from Applied Bio-

systems, Phire
VR

from Finnzymes, Kapa2G

Robust
VR

from Kapabiosystems) to eliminate a

possible polymerase failure leading to false posi-

tive detections. PCR products were purified using

Millipore plate MSNU030. Two microliters of

the purified PCR products were used for

sequencing using the Big Dye terminator v1.1 kit

(Applied Biosystems) including the forward or

reverse primer. After G50 purification, sequences

were loaded on ABI 3130xl and 3730 automats

(Applied Biosystems). The sequence data files

were analyzed using SeqScape software. The

genetic alterations identified were cross-referenced

to information from the Ensembl Genome

Browser (http://www.ensembl.org) and all muta-

tions were confirmed on an independent PCR

product. TET2 intronic mutations were validated

by cDNA sequencing (SuperScriptTM II Reverse

Transcriptase, Invitrogen) and primers used are

described in Supporting Information Table S2A).

References for nucleotide and protein sequences

are respectively for ASXL1: NM_015338.5, NP_

056153.2; for CBL: NM_005188.2, NP_005179.2;

for DNMT3A: NM_022552.3, NP_072046.2; for

IDH1: NM_005896.2, NP_005887.2; for IDH2:

NM_002168.2, NP_002159.2; for MPL: NM_

005373.2, NP_005364.1; for NF1: NM_0010424

92.2, NP_001035957.1; for SF3B1: NM_012433.2,

NP_036565.2; for SUZ12: NM_015355.2, NP_056

170.2; and for TET2: NM_001127208.1, NP_001

120680.1.

Statistical Analysis

Collected clinical and biological data were

those observed at the time of sampling for molec-

ular analyses. Correlations between sample

groups and clinico-biological data were calculated

with the Fisher’s exact test for qualitative varia-

bles with discrete categories, and the Mann–

Whitney U-test for continuous variables. Overall

survival (OS) was calculated for MF as the time

(in months) between the date of diagnosis and

the date of death (for patients who deceased) or

last follow-up (for censored patients). Causes of

death for MF included leukemic transformation,

progressive disease with marrow failure, and com-

plications from infections. Survival curves were

defined with the Kaplan–Meier method and com-

pared with the log-rank test. Two-tailed P values

<5% were considered as significant for all statisti-

cal tests.

RESULTS

Gene Mutations in non-CML MPNs

We searched for mutations in 11 selected genes

in 149 MPN cases comprising 127 classic MPNs

(PV, ET, and MF), 14 PV/ET/MF blast-phases

and 8 unclassifiable MPN and MPN/MDS forms.

A series of 24 non-MPN reactive cases was simi-

larly studied.

We found ASXL1 mutations in 17 MPN cases

(11%). They were all heterozygous, and com-

prised 14 frameshift (including 11 c.1934dupG;

p.Gly646TrpfsX12) and 3 nonsense mutations

presumed to truncate the protein from its C-ter-

minus that includes the plant homeodomain

(PHD) finger (Table 1, Fig. 1). Subclass-specific

mutational frequencies were 7% (2/30) in PV, 4%

(2/53) in ET, 20% (6/30) in PMF, 50% (2/4) in

post-PV MF, 10% (1/10) in post-ET MF, 14% (2/

14) in PV/ET/MF blast-phases and 40% (2/5) in

MPN/MDS (Fig. 2). ASXL1 mutations were more

frequent in MF than PV and ET (P ¼ 0.023),

(Fig. 2B). TET2 mutations (Fig. 1) were present

in 18 of 149 MPN patients (12%) and somewhat

more evenly distributed across subtypes than

ASXL1 mutations (Table 1, Fig. 2). In one PMF

(HD-0528) with a TET2 mutation (c.4062delA;

p.Ala1355HisfsX8) at diagnosis, we observed a

second TET2 mutation (c.1648C>T; p.Arg550X)

48 months later (HD-1300; 7 months after alloge-

neic transplant) (Table 1, Supporting Information

Fig. S1). Intron variant for TET2

c.3803_3803þ5delAgtaagt (HD-0432) was con-

firmed by a cDNA sequencing. This intronic

mutation causes Exon 6 deletion and creates a

premature stop codon leading to a truncated

TET2 protein (p.Val1199ArgfsX31) (Table 1).

We found a CBL mutation in one ET, MPL

mutations in a PMF (HD-1138) (Supporting In-

formation Fig. S1) and a post-ET blast-phase

(HD-0989) and mutations in IDH2 in two post-

ET blast-phases (HD-0619 and HD-0923). Muta-

tions of DNMT3A were detected in three cases: a

MUTATION ANALYSIS IN MYELOPROLIFERATIVE NEOPLASMS 745
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PV (HD-0880), a PMF (HD-0719) and a post-MF

blast-phase (HD-1137), and mutations in SUZ12

in two cases: a PV (HD-0716) and a blast-phase

of post-ET MF (HD-1038) (Brecqueville et al.,

2011a,b), (Table 1, Fig. 1).

By using array-comparative genomic hybridiza-

tion (aCGH) we had found heterozygous 17q11

deletions containing the NF1 gene in four MPN

cases (Brecqueville et al., 2011b); we therefore

studied NF1 in our series; results were available

for 36 MF cases, 5 blast-phases and 3 MPN/

MDS. We found two NF1 mutations in two

PMF: c.3790G>A p.Glu1264Lys (Exon 28) (HD-

1123) and c.8499T>G; p.Asp2833Lys (Exon 58)

(HD-0726) (Table 1, Fig. 1, Supporting Informa-

tion Fig. S2); these cases did not show any 17q11

deletion as seen by aCGH (data not shown).

Mutations in components of the splicing ma-

chinery were described in myeloid malignancies,

especially myelodysplastic syndromes (Papaemma-

nuil et al., 2011; Stein et al., 2011; Yoshida et al.,

2011; Visconte et al., 2012). They were more

rarely found in de novo AMLs and MPNs (9.4%)

(Yoshida et al., 2011; Lasho et al., 2012). The

SF3B1 gene was found mutated in three-quarters

of refractory anemia with ring sideroblasts (RARS)

and RARS associated with marked thrombocytosis

(RARS-T). SF3B1 encodes a subunit of a splicing

factor (U2 snRNP) and histone acetyltransferase

(STAGA) complexes. Because this gene is impli-

cated in RARS-T, an MPN/MDS form, we ana-

lyzed this gene in our series. We found the same

mutation within Exon 15 (c.2098A>G; p.Lys700-

Glu), which represent the most common reported

SF3B1 mutation (Papaemmanuil et al., 2011;

Visconte et al., 2012), in five patients: one ET

(HD-0541), one post-ET MF (HD-0554), one

blast-phase post-ET MF (HD-0646), one PMF

(HD-1207), and one MPN/MDS (HD-0496) (a

RARS associated with MF) (Table 1, Fig. 1).

Figure 1. Deduced localization of mutations in myeloproliferative
neoplasms. ASXL1 (ASXH: Additional sex combs homology domain;
PHD: Plant Homeodomain; NR box: Nuclear Receptor), SUZ12
(VEFS-box: (VRN2-EMF2-FIS2-Su(z)12) box), TET2 (BOX1 and
BOX2: conserved regions 1134–1444, 1842–1921), DNMT3A (PHD:
Plant Homeodomain; PRC2: Polycomb Repressive Complex 2;

PWWP: proline tryptophan tryptophan proline), CBL (TKB: Tyrosine
Kinase Binding; RF: RING finger; PPP: Proline rich region; LZ: Leucine
Zipper; UBA: Ubiquitin Associated), and NF1 (Sec: Sec14-like; PH:
Pleckstrin Homology) proteins. Triangles represent nonsense muta-
tions, circles represent frameshift mutations and squares represent
missense mutations.
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None of the 24 reactive cases was mutated in

any of the 11 genes (including at the ASXL1 1934

nucleotide position).

Analysis of DNAs from buccal swabs and non-

clonal CD3þ cells allowed the distinction between

somatic mutations and nonacquired variants for a

portion of cases. Two of the ASXL1 (including

the c.1934dupG; p.Gly646TrpfsX12) and seven of

the TET2 mutations were not found in any of the

germ line DNAs tested (Table 1, Supporting In-

formation Figs. S1, S2, and S3). Similarly, the

c.3790G>A; p.Glu1264Lys and c.8499T>G;

p.Asp2833Lys NF1 mutations were not found in

the buccal swabs (Table 1, Supporting Information

Fig. S2). Even when using four different polymer-

ases the c.1934dupG; p.Gly646TrpfsX12 ASXL1

mutation was found in peripheral blood but not in

buccal swab DNAs (Supporting Information Fig.

S4). Finally, we found 24 missense mutations in

our series, 4 in ASXL1, 19 in TET2 and 1 in CBL;

only 19 of them have been reported as single nu-

cleotide polymorphisms in dbSNP (Supporting

Information Table S3).

Patterns of Concomitantly Mutated Genes in MPNs

In the 127 classic MPNs studied, ASXL1 was

mutated in 11/95 JAK2V617F (12%) and 2/32

JAK2wt (5%) cases, and in 2/14 TET2-positive

(14%), and 11/113 TET2-negative (10%) cases

(Fig. 3). Reciprocally, 85% (11/13) and 15% (2/13)

of ASXL1-mutated cases carried JAK2V617F and

TET2 mutations, respectively. Only two of the

patients, a PMF (HD-1289) and a post-ET MF

(HD-0601), carried a mutation in each of the

three genes. The ET case (HD-0547) with a CBL

mutation carried the JAK2V617F. The PMF case

(HD-1138) mutated in MPL carried an ASXL1

mutation. Interestingly, the same patient 36

months before (HD-0540) was negative for the

MPL mutation (Supporting Information Fig. S1)

but the ASXL1 mutation was already present.

The ET blast-phase mutated in MPL also carried

a TET2 mutation. Both NF1-mutated PMF cases

(HD-0726 and HD-1123) had the JAK2V617F

and HD-1123 carried also an ASXL1 mutation.

Among the three cases mutated in DNMT3A,

only one (a PV) carried an associated mutation

(JAK2V617F). Among the two cases mutated in

SUZ12, the blast-phase post-ET MF (HD-1038)

was also mutated in TET2 and the PV case (HD-

0716) carried the JAK2V617F. Interestingly, the

four classic MPNs with SF3B1 mutation did not

carry any other mutation in the tested genes

except the JAK2V617F in two cases (post-ET

MF and blast-phase post-ET MF); we found an

Figure 2. Gene mutations in 127 ‘‘classic’’ myeloproliferative neoplasms. A: Respective frequency of
ASXL1, CBL, DNMT3A, JAK2, SF3B1, SUZ12, and TET2 mutations. B: Distribution of ASXL1 and TET2
mutations in PV, ET, and MF cases. Among ASXL1-mutated MPNs, MF are significantly more mutated
than PV or ET (P ¼ 0.023). ET: essential thrombocythemia, MF: myelofibrosis, PV: polycythemia vera.
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association of ASXL1, TET2, and SF3B1 mutation

only in the MPN/MDS case (HD-0496). Figure 3

summarizes these results. In 30% of the 53 ETs

and 21% of the 44 MFs, no mutation was found

(Fig. 2A).

Associations Between Mutations and Clinico-

Biological Features of the 127 Classic MPNs

MPN cases with mutation in ASXL1 (Table 2)

were associated with an older age (P ¼ 0.008)

than cases without ASXL1 mutation. ASXL1- and

TET2-mutated patients had a tendency to be

more frequently males than females (P ¼ 0.14

with OR ¼ 2.9 and P ¼ 0.18 with OR ¼ 2.1,

respectively). The presence of an ASXL1 muta-

tion did not influence leukocyte count or platelet

count but hemoglobin count was lower in ASXL1-

mutated classic MPN cases (P ¼ 0.04) (Table 2).

We observed no association between the pres-

ence of mutant ASXL1 or TET2 and the individ-

ual thrombotic risk in ET and PV.

The DIPSS-plus score was available for 28 of

our 30 PMF patients. PMF with ASXL1 mutations

showed a tendency to be included in the high-risk

group (one intermediate-1 risk and five intermedi-

ate-2 risk; P ¼ 0.63, OR ¼ 2.8) (Table 3). The

PMF patient (HD-0927) mutated in ASXL1 and

stratified as intermediate-1 risk presented constitu-

tional symptoms such as splenomegaly and pruri-

tus justifying cytoreductive therapy.

We evaluated the prognostic impact of ASXL1

mutation in MF with available follow-up informa-

tion (n ¼ 44) (Table 3). Although the number of

patients was small, we observed a difference (P

¼ 0.02) in 5-year OS between patients with

ASXL1 mutation (56% 5-year OS) and patients

without ASXL1 mutation (87% 5-year OS) (Table

3, Fig. 4). This was not observed with TET2

mutations (Fig. 4).

DISCUSSION

We found a high incidence of ASXL1 mutation

in myelofibrosis, including PMF (20%), post-PV

MF (50%) and post-ET MF (10%), and a low

incidence in PV (7%) and ET (4%). ASXL1 muta-

tions in MF have been described. A first study on

MPN granulocytes reported 23 ASXL1 mutations

in 77 MF cases (30%) including 15/47 (32%)

PMF and 11/30 (37%) post-ET/PV MF (Stein

et al., 2011). A second study identified ASXL1

mutations in 6/46 (13%) PMF, 5/22 (23%) post-

PV/ET MF, and 2/11 (18%) MPN blast-phases in

a series of bone marrow samples, and in 12% of

25 granulocyte PMF cases (Abdel-Wahab et al.,

2010); however, this study did not take into

account the p.Gly646TrpfsX12 mutation, which

roughly accounts for half of ASXL1 mutations

(Boultwood et al., 2010; Chou et al., 2010; Fer-

nandez-Mercado et al., 2010; Stein et al., 2011).

A third study on blood granulocytes or bone mar-

row samples identified ASXL1 mutations in 23/42

(55%) PMF and 5/23 (22%) post-ET/PV MF

cases (Ricci et al., 2011). We found one ASXL1

mutation in ET and two in PV. Only one case of

Figure 3. Patterns of concomitantly mutated genes in myeloproliferative neoplasms. Identified muta-
tions in 11 genes in 149 samples are shown by colored squares. Only cases with at least one mutation
(JAK2V617F is not taken into account) are shown. *: paired samples HD-0540/HD-1138, ET: essential
thrombocythemia, MDS: myelodysplastic syndrome, MF: myelofibrosis, MPN: myeloproliferative neo-
plasm, ND: not determined, PMF: primary myelofibrosis, PV: polycythemia vera.
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ASXL1-mutated PV and one case of ASXL1-

mutated ET have been described so far (Stein

et al., 2011; Martinez-Aviles et al., 2011). In our

series, among the two ASXL1-mutated PV cases,

one (HD-0659) had the hematocrit elevated to

63%, subnormal EPO level and showed a

JAK2V617F mutation with low allele burden

(2%), which is unusual in PV. We found ASXL1

TABLE 2. Features of ASXL1-Mutated or -Unmutated Patients with PV, ET, or MF

Total

number

ASXL1

unmutated

ASXL1

mutated P-value Odds ratio

Classic MPN patients 127 114 13

Older Age (y) mean (range) 63 (29–97) 74 (58–83) 0.008

Sex female 57 54 (47%) 3 (23%) 0.14 2.9

male 70 60 (53%) 10 (77%)

Leukocyte count (& 109/L); median (range) 9.2 (1.9–120) 11.4 (2.1–42) 0.20

Hemoglobin count (g'dL$1); median (range) 14.1 (7.2–20.4) 11.7 (9.2–21.3) 0.04

Hematocrit count (%); median (range) 42.5 (20.2–63.1) 36.0 (27–66.4) 0.06

Platelet count (x 109/L); median (range) 563 (5–2,175) 450 (108–1188) 0.27

Diagnosis PV 30 28 (25%) 2 (15%)

ET 53 51 (45%) 2 (15%) 0.02

MF 44 35 (31%) 9 (69%)

PV

Leukocyte count (x 109/L); median (range) 30 8.65 (2.3–26.5) 5.55 (4.7–6.4) 0.07

Hemoglobin count (g'dL$1); median (range) 30 14.3 (11.1–17.8) 13.5 (11.9–15.1) 0.61

Hematocrit count (%); median (range) 30 42.2 (36–51.7) 40.5 (35.7–45.4) 0.56

Platelet count (x 109/L); median (range) 30 700 (411–2175) 648 (482–815) 0.59

ET

Leukocyte count (x 109/L); median (range) 53 8.5 (2.3–26.5) 5.4 (2.1–8.7) 0.32

Hemoglobin count (g'dL$1); median (range) 53 14.1 (8.4–17.8) 11.8 (9.2–14.3) 0.38

Hematocrit count (%); median (range) 53 42.3 (24.7–51.7) 32.9 (27–38.8) 0.07

Platelet count (x 109/L); median (range) 53 709 (365–2175) 570 (450–691) 0.25

MF

Leukocyte count (x 109/L); median (range) 44 8.6 (1.9–120) 11.7 (4.6–42) 0.20

Hemoglobin count (g'dL$1); median (range) 44 11.5 (7.2–17.8) 11 (9.4–13.7) 0.96

Hematocrit count (%); median (range) 44 35 (20.2–52) 33.5 (29.7–45.6) 0.7

Platelet count (x 109/L); median (range) 44 295 (5–890) 407 (108–1188) 0.27

PMF 30 24 (80%) 6 (20%)

post PV-MF 4 2 (50%) 2 (50%) 0.27

post ET-MF 10 9 (90%) 1 (10%)

ET, essential thrombocythemia; MF, myelofibrosis; MPN, myeloproliferative neoplams; PMF, primary myelofibrosis; PV, polycythemia vera; y, years.

TABLE 3. DIPSS-Plus Risk Distribution in PMF and MF Outcomes Depending on ASXL1 Mutation Status

Total

number

ASXL1

unmutated

ASXL1

mutated P-value Odds ratio

PMF patients 28 22 6

DIPSS-plus risk n (%) Low 3 3 (15%) 0 0.39

Intermediate-1 6 5 (25%) 1 (17%)

Intermediate-2 14 9 (45%) 5 (83%)

High 5 5 (25%) 0

DIPSS-plus risk group n (%) Low 9 8 (36%) 1 (17%) 0.63 2.8

High 19 14 (64%) 5 (83%)

MF patients 44 35 9

Follow-up from initial MF diagnosis,

months; median (range)

44 39.1 (0–210.2) 13.6 (0–85.4)

5-years overall survival % [95CI] 87% [74–100] 56% [23-100]

Deaths n (%) 9 (20%) 6 (17%) 3 (33%)

DIPSS, dynamic international prognostic scoring system; MF, myelofibrosis; PMF, primary myelofibrosis.

For PMF, DIPSS-plus depends on age (>65 years), on hemoglobin (<10 g'dL$1), on leukocyte count (>25.109/L), on circulating blasts ((1%), on

platelet count (<100.109/L), on karyotype and on transfusion status.
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mutations in 2/14 (14%) cases of PV/ET/MF

blast-phases; a similar frequency was observed in

a previous study (2/11) of MPN blast-phases

(Abdel-Wahab et al., 2011b).

We noticed an association of mutations in genes

involved in signaling pathways (CBL, JAK2, MPL,

NF1) and mutations in genes involved in epigenetic

regulations (ASXL1, SUZ12, DNMT3A, IDH2, or

TET2). In our PV and ET cases, ASXL1 and TET2

mutations were mutually exclusive but this was not

true in MF and MPN/MDS. This association is

indeed frequent in MPN/MDS (especially chronic

myelomonocytic leukemia—CMML) (Abdel-

Wahab et al., 2011b). Another study did not find

MPN cases with concomitant mutations in ASXL1,

JAK2, and TET2 genes (Abdel-Wahab et al., 2010)

whereas another one described a single case of post-

PV MF with mutations in these three genes (Abdel-

Wahab et al., 2011b). A SUZ12-mutated case was

associated with a TET2 mutation whereas the three

DNMT3A-mutated cases had neither ASXL1 nor

TET2 mutation. For DNMT3A, SF3B1, and SUZ12

the low mutational frequencies prevent to draw any

more conclusions (Fig. 2).

We found the same incidence of ASXL1 muta-

tions in JAK2wt and JAK2V617F patients. For

seven patients we were able to determine that

the ASXL1 mutation was present at the time of

diagnosis. For the paired samples HD-0507/HD-

1122, HD-0528/HD-1300, HD-0610/HD-0841,

and HD-0555/HD-0866 obtained at different

times of the disease (Supporting Information Ta-

ble S1B) we found an elevation of the

JAK2V617F allele burden but no apparition of an

ASXL1 mutation. In a previous study, with the

exception of a single patient who acquired both

ASXL1 and TET2 mutations, all patients with

ASXL1 mutation at leukemic transformation al-

ready had ASXL1 mutation at the chronic MPN

state (Abdel-Wahab et al., 2010). These observa-

tions suggest that ASXL1 mutations may consti-

tute early alterations in MPN oncogenesis and

precede JAK2 and MPL mutations (Carbuccia

et al., 2009; Abdel-Wahab et al., 2010; Szpurka

et al., 2010). The study of the HD-0540/HD-

1138 pair strengthens this hypothesis (Fig. S1).

Taken together our results suggest that altera-

tions of epigenetic regulators cooperate with and

may precede mutations in components of signal-

ing pathways. The opposite is possible. In one

JAK2V617F and TET2 mutated PMF case (HD-

0528) we observed the acquisition of a second

TET2 mutation during chronic phase (Fig. S1).

This was not surprising but further document the

fact that TET2 mutations can occur at various

time of the disease (Delhommeau et al., 2009;

Abdel-Wahab et al., 2010). Genotyping of indi-

vidual clones and functional studies will be nec-

essary to precise the actual pathogenic

cooperation between ASXL1 mutation and other

mutations such as JAK2, IDH1/2, and TET2 in

terms of fibrotic and leukemic transformation.

MPN cases with mutation in ASXL1 were asso-

ciated with older age and patients with ASXL1 or

Figure 4. Survival analysis of myelofibrosis patients according to the ASXL1 and TET2 mutational sta-
tus. Survival curves were defined with the Kaplan-Meier method and compared with the log-rank test.
MF: myelofibrosis, MT: mutated, WT: wild-type.
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TET2 mutations tended to be more frequently

males than females. A recent study showed an

association between ASXL1 lesions and older age

and male sex (Stein et al., 2011). These data may

be explained in part by higher level of mitotic

recombination events in males than in females

(Stein et al., 2010). The proportion of ASXL1

mutations was higher in post-PV MF and post-

ET MF (50 and 10%, respectively) than in PV

and ET (7 and 4%, respectively), suggesting that

the ASXL1 status may help predict the risk of

evolution of PV and ET to MF. Hematological

features were not influenced by ASXL1 mutation

but the numbers of patients studied for each type

were too low to allow firm conclusions.

In the 44 MF patients, the 5-year OS was shorter

in ASXL1-mutated patients than in nonmutated

patients. The presence of an ASXL1 mutation

could be an incentive to use an investigational

drug therapy (pomalidomid, JAK2 inhibitors,

mTOR inhibitors) as proposed in the management

of intermediate-2 or high-risk disease (Tefferi,

2011). A previous survival analysis also showed

that ASXL1 mutations tended to be associated

with worse survival of PMF (P ¼ 0.06) (Abdel-

Wahab et al., 2011b). A similar association of

ASXL1 mutations with aggressiveness has been

found in MDS (Boultwood et al., 2010), in CMML

(Gelsi-Boyer et al., 2010) and in de novo acute mye-

loid leukemia (Chou et al., 2010). ASXL1 muta-

tions are associated with secondary AML

(Carbuccia et al., 2010; Rocquain et al., 2010). In

primary cytogenetically normal AMLs, ASXL1-

mutated older patients have an unfavorable out-

come (Metzeler et al., 2011). In contrast, another

study did not show any correlation between

ASXL1 mutations and accelerated transition rate

from ET or PV to MF; however, MF patients with

ASXL1 lesions were more likely to have received

anemia-directed therapy compared to those with-

out lesions (Stein et al., 2011). In a recent study,

ASXL1-wild type MF carried a higher percentage

of JAK2V617F allele than ASXL1-mutated MF

(Ricci et al., 2011). ASXL1 alterations may lead to

an increase in the self-renewal pathway in MPN

progenitors through modifications of DNA and his-

tone regulatory marks (Acquaviva et al., 2010); this

may render the disease more aggressive.

One mutation in CBL was found in an ET

patient. This finding is new. However, the patient

presented with thrombocytosis only, without cyto-

penia, and with normal spleen size; there were rare

immature granulocytes associated with rare dacryo-

cytes on blood smears, suggesting MF apparition,

as documented for one case in a previous study

(Grand et al., 2009). We found IDH2 mutations in

two post-ET blast-phases but none in chronic-

phase diseases, as previously described (Tefferi

et al., 2010). Despite the fact that TET2 and IDH

mutations are exclusive and may intervene in the

same methylation pathway, this suggests that their

influence on MPN pathogenesis is different.

Three of the five SF3B1 mutations were

detected in patients with ET history and none in

PV. This is in agreement with a pioneering study

on SF3B1 (Papaemmanuil et al., 2011), which

described mutations of this gene in 6/189 ET cases

and 6/136 PMF cases but not in 95 PV cases. Five

other splicing factor genes were found mutated in

around 10% of MPNs (not otherwise specified)

(Yoshida et al., 2011). In another study, SF3B1

mutations were found in 6.5% of PMF (10/155

cases), invariably associated with bone marrow ring

sideroblasts (Lasho et al., 2012). SF3B1 mutations

have been described in 72% of patients with

RARS-T (Visconte et al., 2012). Spliceosome

mutations could represent a pathogenic link

between RARS-T and MPN with thombocytosis

and open a new field of investigation in the patho-

genesis of MPN, essentially in ET and MF.

Because SF3B1-mutated patients with RARS and

RARS-T have thrombotic events (Visconte et al.,

2012), it would be interesting to study SF3B1

mutation status in large ET series to evaluate the

individual thrombotic risk for mutated patients.

Deletions of the tumor suppressor gene NF1

associated with a mutation in the remaining allele

in half of the cases were recently described in 5%

of myeloid malignancies (Haferlach et al., 2012);

no mutation was found in MPN chronic-phases

whereas one blast-phase was mutated (Haferlach

et al., 2012). We described only two mutations in

our series, in two PMF. These NF1 mutations

could lead to RAS activation pathway during dis-

ease evolution of MF.

The genetic complexity of non-CML MPNs is

highlighted by the recent discovery of novel

mutations in several genes including ASXL1,

CBL, DNMT3A (Abdel-Wahab et al., 2011a; Brec-

queville et al., 2011a; Stegelmann et al., 2011),

EZH2 (Ernst et al., 2010; Nikoloski et al., 2010),

IDH1/2, JAK2, LNK (Oh et al., 2010; Pardanani

et al., 2010b), MPL, splicing genes (Yoshida

et al., 2011), SUZ12 (Brecqueville et al., 2011b;

Score et al., 2012) and TET2. High-throughput

sequencing studies are likely to identify even

more alterations in MPNs. Excluding JAK2 and

MPL mutations, the described mutations are not
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MPN-specific. Alteration of the ASXL1 gene is

prominent in MF suggesting that ASXL1 altera-

tion may play a role in myelofibrosis physiopa-

thology. Among the classic MPNs, MF seems to

be a more complex molecular group than PV or

ET. A stronger alteration of DNA and histone

modifications could be associated with transition

of PV or ET to MF.
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Abstract

Myelofibrosis is a myeloproliferative neoplasm that occurs de novo (primary 

myelofribrosis) or results from the progression of polycythemia vera or essential 

thrombocytemia (hereafter designated as secondary myelofibrosis or post-

polycythemia vera/ essential thrombocytemia myelofibrosis). To progress in the 

understanding of myelofibrosis and to find molecular prognostic markers we studied 

104 samples of primary and secondary myelofibrosis at chronic (N=68) and acute 

phases (N=12) from 80 patients, by using array-comparative genomic hybridization 

and sequencing of 23 genes (ASXL1, BMI1, CBL, DNMT3A, EZH2, IDH1/2, JAK2,

K/N-RAS, LNK, MPL, NF1, PPP1R16B, PTPN11, RCOR1, SF3B1, SOCS2, SRSF2, 

SUZ12, TET2, TP53, TRPS1). We found copy number aberrations in 54% of 

samples, often involving genes with a known or potential role in leukemogenesis. We 

show that cases carrying a del(20q), del(17) or del(12p) evolve in acute myeloid 

leukemia (p=0.03). We found that 88% of the cases were mutated, mainly in 

signaling pathway (JAK2 69%, NF1 6%) and epigenetic genes (ASXL1 26%, TET2 

14%, EZH2 8%). Overall survival was poor in patients with more than one mutation 

(p=0.001) and in patients with JAK2/ASXL1 mutations (p=0.02). Our study highlights 

the heterogeneity of myelofibrosis, and points to several interesting copy number 

aberrations and genes with diagnostic and prognostic impact. 

Keywords: myelofibrosis, myeloproliferative neoplasm, aCGH, del(20q), mutations, 

ASXL1.



Introduction 

Myelofibrosis (MF) is a clonal hematopoietic stem cell disorder belonging to 

the non-chronic-myeloid-leukemia myeloproliferative neoplasms (MPN). MF is 

characterized by cytopenias and/or leukocytosis, leukoerythroblastosis in blood, 

progressive marrow fibrosis and extramedullary hematopoiesis with splenomegaly.1

The disease can occur de novo as primary MF (PMF) or result from the progression 

of polycythemia vera (PV) or essential thrombocytemia (ET) (hereafter called post-

PV/ET MF) with no clinical and histological characteristics differences.2 MF has a 

poor prognosis; the median overall survival (OS) is 5 years.3 Evolution to acute 

myeloid leukemia (AML) occurs in around 20% of patients.3 OS is predicted by the 

International Prognostic Scoring System (IPSS),3 dynamic-IPSS (DIPSS)4 and 

DIPSS-plus system.5 These scores help therapeutic choices. DIPSS-plus takes into 

account unfavorable karyotypic abnormalities such as +8, -7/7q-, i(17q), inv(3), -5/5q-

, 12p- or 11q23 rearrangement. The karyotype is abnormal in around 35% of PMF 

cases;6 the most frequent lesions are del(20q), del(13q) and abnormalities of 

chromosome 1.7

The discovery of JAK2
8 and MPL

9 mutations in 50% to 60% and 5% to 10% of 

patients, respectively, allowed a better understanding of MF pathogenesis. Mutations 

in CBL,
10

TET2,
11

ASXL1,
12

IDH,
13

IKZF1,
14

LNK,
15

EZH2,
16

DNMT3A,
17

NF1,
18

SUZ12,
18

SF3B1,
19 and SRSF2

20 genes have been described in MPNs including MF. 

MF seems to have more genetic alterations than ET and PV, for example more 

ASXL1 mutations.12,21–23 The prevalence of an abnormal karyotype is not different 

among the three MF subtypes (PMF and post-PV/ET MF)24 but the difference in 

mutation frequency is not well established and the genetic events that trigger PMF 

and post-ET/PV MF remain unknown. Early studies had shown that ASXL1,
23



EZH2,25
IDH

26 and SRSF2
20 mutations have prognosis impact. A recent study of a 

cohort of 879 PMF patients has shown that transformation to leukemia is indeed 

influenced by ASXL1, EZH2, SRSF2 and IDH mutations, and that ASXL1 mutations 

have an impact on survival independent of the DIPPS-plus score.27

We have studied here 80 MF cases by using array-comparative genomic 

hybridization (aCGH) and Sanger sequencing of 23 genes on 104 MF samples. We 

have compared the molecular abnormalities in primary, secondary and blast phase 

MF. 

Methods 

Patients  

A total of 104 samples corresponding to 80 patients with MF were studied, 

including 68 cases at chronic phases at diagnosis (n=24) (Supplemental Table 1A)

or during disease course (n=44) (Supplemental Table 1B) and 12 blast phases 

(BP)-MF (Supplemental Table 1C – in this table 5 other BP cases are evolution of 5 

of the 68 chronic phases). Based on the World Health Organisation criteria,28 MF at 

chronic phase comprised 39 PMF, 15 post-PV MF, 14 post-ET MF. For 19 of the 80 

patients, two or more samples were obtained (at different times during chronic phase, 

or at chronic phase and at blast phase) allowing a preliminary study of its progression 

(Supplemental Table 1B). Prognostic impact for PMF was evaluated with IPSS,3

DIPSS4 and DIPSS-plus.5 We obtained 25 paired normal DNAs for the 80 patients 

(buccal swabs and CD3+ cells). For all patients, median time for follow-up was 47 

months (range: 2-207). Median time from diagnosis to sampling was 47 months 



(range: 3-289). Samples and associated data were obtained from the IPC/CRCM 

Tumor Bank, that operates under authorization #AC-2007-33 granted by the French 

Ministry of Research. Prior to scientific use of samples and data, patients were 

appropriately informed and asked to consent in writing, in compliance with French 

and European regulations. The project was approved by the IPC Institutional Review 

Board (Comité d'Orientation Stratégique).

DNA extraction  

DNAs from PB leukocytes (n=97), BM (n=7) and matched normal (n=25) 

samples were extracted following a described protocol.23

Array comparative genomic hybridization (aCGH)  

Genomic imbalances were analyzed by using genome-wide, high-density

244K CGH Microarrays (Hu-244A, Agilent Technologies, Massy, France) as 

described in supplemental methods.29

Sanger sequencing  

Genes were selected because of their known involvement in leukemogenesis 

or their alteration in the aCGH-study and studied by Sanger-sequencing of their 

exon-coding regions: ASXL1, BMI1, CBL, DNMT3A, EZH2, IDH1/2, JAK2, KRAS,

LNK, MPL, NF1, NRAS, PPP1R16B, PTPN11, RCOR1, SF3B1, SRSF2, SOCS2,

SUZ12, TET2, TP53 and TRPS1. Primer sequences are described in Supplemental 

Table 2A. PCR amplifications of DNA were done as previously described.23 PCR 



program for TET2 is described in Supplemental Table 2B. All mutations were 

confirmed on an independent PCR product.  

Statistical analysis  

Analyses were done on patients at diagnosis and/or during follow-up. 

Correlations between sample groups and clinico-biological data were calculated with 

the Chi2 and Fisher’s exact tests for qualitative variables with discrete categories, 

and the Mann-Whitney U-test for continuous variables. For post-PV/ET MF statistical 

analyses were restricted to cases at MF phase. OS and time to acute transformation 

(TTAT) were calculated from the time of MF diagnosis. Death from any cause was 

defined relevant event for OS while the occurrence of acute transformation was 

considered as relevant event for TTAT. Patients without event at last contact were 

censored. Causes of death for MF included leukemic transformation, marrow failure, 

and complications from infections. Survival curves were defined with the Kaplan-

Meier method and compared with the log-rank test. Two-tailed p-values <5% were 

considered as significant for all statistical tests.  

Results 

Copy number aberrations in myelofibrosis  

We searched for copy number aberrations (CNA) in 63 MF samples, 

comprising 38 PMF, 14 post-PV MF and 11 post-ET MF (Supplemental Table 1A). 

Among the 34 samples (54%) that showed CNAs, 17 (50%) carried a single CNA, 6 



(18%) two CNAs, and 11 (32%) three or more CNAs (Table 1). We identified 72 

CNAs including 9 gains and 63 deletions (del) (Figure 1). We classified aCGH 

profiles into three types. Type 1 (45/72) comprised large CNAs (>4Mb) affecting 

chromosome arms: +1q, -5q, -7, +9p, -8q, -11q, -12p, -13q, -17q, -18p, -20q. Type 2 

(27/72) showed CNAs that affected few or single genes such as deletions involving 

CSMD2 (1p35.1), TET2 (4q24), MYB (6q23.2), CUX1 (7q22.1), TRPS1 (8q24.11), 

ETV6, CDKN1B/p27 (12p13), SOCS2 (12q22), RCOR1 (14q32.33), NF1 (17q11), 

genes, and gains involving TPO (2p25) and SALL3 (18q23) genes (Table 1,

Supplemental Figure 1). In type 3 profiles, observed in 46% (n=29) of patients, no 

CNA were detected. 

We detected no difference in CNAs according to sex (p=0.50), or to the 

character of primary or secondary MF (p=0.44). Nevertheless, we identified CNAs in 

58% of PMF (22/38), 71% of post-PV MF (10/14), and 18% of post-ET MF cases 

(2/11). Cases that carried at least one CNA (n=34) were associated with lower 

hemoglobin (p=0.001), lower hematocrit (p=0.0004), and the need for red cell 

transfusion (p=0.03). The DIPSS score is established only for primary MF; the 

presence of CNA was associated with intermediate-2/high risk DIPSS and DIPSS-

plus scores (p=0.01 and p=0.03) (Table 2).  

Recurrent alterations in myelofibrosis 

We detected 34 recurrent aberrations (>3 times), in 20q (n=14), 17q (n=7), 7p 

(n=5), 9p (n=3), 13q (n=3), and 1q (n=3). Del(20q), found in 22% (14/63) of the 

cases, was the most recurrent alteration (41%, 14/34); it was identified by aCGH and 

karyotype in 13 cases (11 PMF and 2 post-PV MF) and in one post-PV MF by 



karyotype only (clone with del(20q) was minority) (Figures 1-2). Del(20q) was 

isolated in half of the cases and associated with at least another CNA in the other 

half. The average size of the deletion was 16.0 Mb (range 4.3-28.3Mb) (Table 1). We 

distinguished two separate commonly-deleted regions (CDR1 and CDR2). CDR1 

spanned 0.3 Mb and included around 10 genes including PPP1R16B and two small 

nucleolar RNA (SNOR) host genes (SNORA71, SNHG11). CDR2 spanned 3.9 Mb 

and comprised several potential leukemogenic genes: STK4, SDC4, CD40, NCOA3, 

SULF2, ZFAS1 and several SNORs (Figure 2, Supplemental Table 3). Cases with 

del(20q) were associated with lower leucocyte count, hemoglobin, and hematocrit 

(p=0.01, p=0.03 and p=0.02 respectively) and the need for red cell transfusion 

(p=0.03). PMF cases with del(20q) were associated with intermediate-2/high risk 

DIPSS and DIPSS-plus scores (p=0.03 and p=0.04) (Table 2).  

The second most recurrent CNA was del(17q), detected in 7 cases (3 post-PV 

MF and 4 PMF cases). Four del(17q) were microdeletions that spanned around 1.2 

Mb, with the loss of few genes including NF1 and SUZ12 (Figure 1, Table 1). NF1

deletions were found in 3 post-PV MF and 2 PMF. In one post-PV case (HD-

1427_1656), this deletion was associated with del(1p) and gain (6q) as the patient 

got worse; in one post-PV MF (HD-1813_1836), it was associated with monosomy 7 

and del(12p) and the disease evolved in AML; in a PMF (HD-0689), it was associated 

with del(4q24) and del(14q); the patient developed fatal evolution.  

The third most recurrent CNA was del(7p) detected in 5 cases (3 post-PV MF, 

1 post-ET MF and 1 PMF). Three del(7p) were part of monosomies 7, which affect 

several leukemogenic genes, such as EZH2, CUX1 and IKZF1. Monosomy 7 was 

accompanied by a microdeletion in 12p, which encompassed ETV6 and 

CDKN1B/p27 genes, in two post-PV MF cases that both evolved in AML, and 



associated with del(20q) in a patient with post-PV MF who deceased (Figure 1,

Table 1). 

Gene mutations in myelofibrosis 

We studied the mutational status of 23 genes in 68 MF cases comprising 39 

PMF, 15 post-PV MF and 14 post-ET MF (Supplemental Table 4). Eighteen genes 

(ASXL1, CBL, DNMT3A, EZH2, IDH1/2, JAK2, KRAS, LNK, MPL, NF1, NRAS, 

PTPN11, SF3B1, SRSF2, SUZ12, TET2, and TP53) were selected for their 

involvement in leukemogenesis, and five because they were found altered by the 

aCGH analysis (BMI1, PPP1R16B/TIMAP, RCOR1, SOCS2, and TRPS1). 

Frequently mutated genes were JAK2 (69%), ASXL1 (26%), TET2 (14%), EZH2 

(8%), NF1 (6%), and SRSF2 (6%). All other studied genes were mutated in less than 

5% of the cases (CBL, DNMT3A, LNK, MPL, NRAS, PTPN11, SF3B1, and TP53) or 

not mutated (BMI1, IDH1/2, KRAS, PPP1R16B, RCOR1, SOCS2, SUZ12 and

TRPS1) (Figure 3A, Supplemental Figure 2). We identified one new gene mutated 

in MF, PTPN11, which was also affected by deletions. In two PMF cases (HD-0777 

and HD-1289), we found PTPN11 missense mutations (c.1471C>T;p.Pro491Ser and 

c.1508G>A;p.Gly503Glu). These mutations, which affect the Protein Tyrosine 

Phosphatase domain (exon 13) were probably both acquired; p.Pro491Ser has been 

described as somatic in childhood acute leukemia30 and we did not find p.Gly503Glu 

in the patient’s buccal swab DNA. No acquired mutation was found in TRPS1. 

A total of 57 cases (84%) were mutated in at least one of the studied genes.

JAK2, ASXL1, TET2, EZH2, DNMT3A, LNK and SF3B1 mutations were evenly found 

in PMF and secondary MF. SF3B1 mutations were detected in post-ET MF (1/12, 



8%) and PMF (2/36, 6%) and SRSF2 mutations (4/38, 8%) in PMF patients only. We 

did not find any mutation in 35% of post-ET MF and 15% of PMF (Figure 3A). 

Within the three MF subtypes, the majority of concomitant mutations 

implicated JAK2 mutation and another gene mutation (Figure 3A-B). In secondary 

MF, mutations of genes involved in epigenetic regulation or in splicing were 

systematically associated with the JAK2V617F mutation, whereas in PMF these 

mutations could be isolated (Figure 3A-B). Mutations in CBL, LNK, MPL, NF1, 

PTPN11 and NRAS were mutually exclusive but could occur with a JAK2 mutation 

(Figure 3B). Mutations in TET2 and DNMT3A were mutually exclusive, whereas 

ASXL1, EZH2, and TET2 mutations could be concomitant and could co-occur with a 

JAK2 mutation. Mutations in SF3B1 and SRSF2 were mutually exclusive, and could 

occur with a JAK2 mutation (Figure 3B).  

ASXL1, TET2 and SRSF2 mutations were associated with older age (p=0.02, 

p=0.03 and p=0.05, respectively). Cases mutated in ASXL1, EZH2 or SRSF2 genes 

had an increased WBC count (p=0.01, p=0.009 and p=0.006 respectively) (Table 3).

Platelet count was high in SRSF2-mutated cases (p=0.04) (Table 3). Patients with a 

need for red cell transfusion were preferentially ASXL1-mutated (p=0.04) (data not 

shown). 

Alterations during disease course and blast phase transformation

To identify molecular markers associated with disease course, we studied 19 

MF matched pairs (corresponding to patients with two or more samples during 

disease course) and 17 BP-MF (Supplemental Table 1B).  



Evolution to MF. A PV case (HD-0842) was JAK2-, ASXL1- and EZH2 mutated 

without CNA; 24 months later, at post-PV MF stage (HD-1401), a del(8q) including 

CSMD3 and RAD21 genes appeared. An ET case (HD-0551) was JAK2V617F (15-

30%) and carried a del(11q) (-0.1); 61 months later at MF stage (HD-1616), the 

JAK2V617F mutation and del(11q) increased (50-70% and -0.8, respectively) and a 

trisomy 9 was present (Table 4). 

MF disease course. Between cases studied at diagnosis (n=24) or after the initial 

diagnosis (n=44) there was no difference in the overall number of mutations (p=0.70) 

and no difference in mutational frequencies for ASXL1, TET2 and EZH2 genes 

(Supplemental Figure 3). Indeed, several patients carried already ASXL1, EZH2,

JAK2, SF3B1, SRSF2 and TET2 gene mutations at MF diagnosis. Only one PMF 

case (HD-0540) mutated in ASXL1 acquired an additional MPL mutation 36 months 

later. Similarly, CNAs were analyzed according to whether MF cases were studied at 

diagnosis for 23 patients or later for 40 patients. Overall, there was again no 

difference between the two groups (p=0.76) (Supplemental Figure 3). Among the 19 

pairs, 8 (42%) did not acquire any additional alteration during disease course. 

Additional CNAs or more visible CNAs were observed in few patients during disease 

course. A post-ET MF case (HD-1360), JAK2V617F-mutated with no CNA, acquired 

8 months later a del(12p). Another post-ET MF (HD-0614) was not mutated in the 

genes studied and did not show any CNA, but the patient got worse during disease 

course (HD-1352) and acquired a complex karyotype including losses of 4q24 

(TET2), 7p (IKZF1, ETV1), 12q23.1 (SOCS2). A post-PV MF (HD-0789) carried 

del(20q), ASXL1 and JAK2 mutations, and 37 months later, the patient (HD-1691) 

acquired a  monosomy 7 and died  (Table 4).  



Blast phase MF transformation. Among MF transformed to AML (n=5), two post-PV 

MF (HD-1559 and HD-1813) at chronic stage harbored a monosomy 7 and a small 

del(12p) encompassing ETV6 (not detectable on karyotype for HD-1559) (HD-1813 

had also a del(17q11) encompassing NF1 not detectable on karyotype). These two 

MF evolved rapidly in AML, keeping their CNAs. One PMF case (HD-0927), which 

was JAK2-, ASXL1-, SRSF2-mutated with no CNA, acquired during disease course 

(HD-1265, HD-1461) a del(20q) and evolved in AML (HD-1853) with a trisomy 8. 

Another PMF case (HD-0528) JAK2-, TET2- and SRSF2- mutated without CNA at 

diagnosis, relapsed 47 months later (HD-1300) despite engraftment, and acquired a 

del(20q), an additional TET2 mutation with JAK2 and SRSF2 mutations increase; one 

year later at BP transformation, a del(6q) was added to del(20q) and the patient (HD-

1611) died. Another post-ET MF (HD-1309) without CNA was not mutated in the 

studied genes; at leukemic transformation 14 months later (HD-1741), we detected a 

complex karyotype with several CNAs including del(7p), del(12p) (Supplemental 

Figure 4); the patient died rapidly (Table 4). 

Among 17 BP-MF, we detected CNAs in 82% of the cases (14/17) 

(Supplemental Table 5). We identified 82% of type 1 CNAs (55/67) including large 

gains: +3q, +9p; and large deletions: -7q, -8q, -11q, -16q. Type 2 CNAs represented 

18% (12/67) of CNAs and included deletions in 12p (ETV6, CDKNA1B/p27), 13q14.2 

(RB1), 15q21.3 (TCF12), 17q11 (NF1), 18p11 (PTPN2), and 21q22 (RUNX1)

(Supplemental Figure 4 and Table 5). Recurrent CNAs were del(12p), including 

ETV6 and CDKN1B/p27, detected  in 5 AMLs  (3 post-PV/ET MF, one post-PMF and 

one post-MPN MF), del(7q), including EZH2, detected  in 5 AMLs (5 post-PV/ET MF), 

del(20q) detected in 3 AMLs (one post-PV MF and 2 post-PMF), del(17q11), 

including NF1, detected in 2 AMLs (2 post-PV/ET). The most often mutated genes 



were JAK2 (44%, 4/9), ASXL1 (25%, 3/12), TP53 (23%, 3/13) and EZH2 (22%, 2/9) 

(Supplemental Table 6). 

Prognostic impact of CNAs and gene mutations 

We studied TTAT according to CNAs and genes frequently mutated (>5%)

(Supplemental Table 7). In univariate analysis, TTAT was not different between 

patients with and without CNAs (p=0.58). However, TTAT was decreased in patients 

with at least one CNA if it were del(20q) or del(17q) or del(12p) (p=0.03) (Figure 4A). 

TTAT was decreased in patients with more than one mutation (p=0.04) and in 

SRSF2- and EZH2-mutated patients compared to non-mutated patients (p=0.0002 

and p=0.01) (Supplemental Table 7).  

The 5-year OS was severely decreased in patients with more than one 

mutation (81% versus 47%, p=0.001) (Figure 4B), with at least one mutation in 

epigenetic-associated genes (ASXL1, EZH2, TET2, DNMT3A) (63% versus 73%, 

p=0.03) and with at least one mutation in a splicing-associated gene (SF3B1,

SRSF2) (42% versus 68%, p=0.004). Patients who carried ASXL1 or EZH2 mutation 

had a poorer OS than patients not mutated in the two genes (p=0.02, p=0.003, 

respectively). This was not the case for TET2 (p=0.59). SRSF2-mutated patients had 

a poor OS (p=0.01) (supplemental Table 5). In multivariate analyses, we included 

ASXL1, EZH2 and SRSF2 mutations as co-variates; EZH2 and SRSF2 mutations 

predicted poor OS (p=0.04 and p=0.007, respectively) (Supplemental Table 5). We 

found a significant interaction between JAK2 and ASXL1 status; cases mutated in 

both genes had a poor outcome (p=0.02) (Figure 4C). 



Discussion 

We studied 80 patients with MF. We recognized several alterations involved in 

MPN pathogenesis and identified new alterations, which may have a role in MF 

initiation and/or progression. Overall for 68 MF patients at chronic phase, 54% of 

cases had CNAs and 88% were mutated.

Multiple pathways affected in MF 

Components of signaling pathways such as JAK2,8 CBL10 and LNK15 were 

frequently mutated. We also detected deletions of SOCS2, whose product down-

regulates the JAK/STAT pathway, and of NF1
23

 whose product regulates the RAS 

pathway. We showed that PTPN11 mutations, found in juvenile myelomonocytic 

leukemia, myelodysplastic syndrome (MDS) and AML30 are also present in MF. The 

TGFβ is thought to play a role in MF pathogenesis.31,32 TRPS1 was deleted in a PMF 

and a post-ET MF (Figure 1), suggesting a role in MF development; it was shown 

that the loss of TRPS1 enhances TGFβ signaling leading to renal fibrosis.
33

 Signaling 

mutations were frequently associated with mutations in genes involved in epigenetic 

regulation.34

We found a high frequency of ASXL1, TET2 and EZH2 mutations. We 

detected several gains and deletions involving other epigenetic regulators, such as 

gain of SALL3, whose encoded product interacts with DNMT3A.
35

 We found one 

deletion of polycomb BMI1,36 whose loss in the mouse model causes pathological 

hematopoiesis similar to PMF37 and one deletion of RCOR1.  

The third cell process affected in PMF and post-ET MF was RNA splicing. Few 

studies have previously described SF3B1 and SRSF2 mutations in PMF cases.19,20



Overall, MF seems to be characterized by alterations in known leukemogenic 

genes but also by rare alterations in other genes. Whole sequencing of an MF 

genome has indeed showed the presence of non-recurrent mutations in novel 

genes.38

Primary and secondary MF  

There was no difference of CNAs between primary and secondary MF; and 

gene mutations of ASXL1, TET2 and EZH2 were evenly distributed in PMF (40%), 

post-PV MF (45%) and post-ET MF (44%). However, in secondary MF, mutations 

were always associated with the JAK2V617F mutation; in contrast, in PMF, mutations 

and del(20q) could be found independently of the JAK2V617F.39 These observations, 

which would have to be complemented by data on colony assays, suggest different 

molecular ways to MF. First, patients with post-ET/PV MF carry both an epigenetic 

mutation and JAK2V617F mutation whereas PMF can develop with a non-JAK2 

mutation (Supplemental Figure 5). Second, in both primary and secondary MF we 

found cases with a JAK2V617F mutation alone. Third, some patients with PMF or 

post-ET MF did not have mutation in any of the studied genes; the proportion of post-

ET MF without mutation and CNAs was similar to that found in ET;23 here, whole 

genome sequencing could help define the mechanisms (private gene mutations, 

mutation in miRNAs or other non-coding sequences).  

We did not find any SF3B1 and SRSF2 mutations in post-PV MF whereas 

SRSF2 mutations were found in four cases of PMF only and were associated with 

higher platelet count. SF3B1 mutations were found in PMF and post-ET MF. 

Mutations in SF3B1 were also found in refractory anemia with ring sideroblasts and 



marked thrombocytosis.40 These data suggested a link between spliceosome 

mutations and megakaryocyte lineage proliferation.  

Disease progression and prognosis in myelofibrosis 

We identified chromosomal abnormalities, i.e. del(20q), del(17q) and del(12p), 

associated with poor TTAT. These recurrent CNAs are observed in other myeloid 

malignancies such as MDS and AML.
41,42

 We found an association between del(20q) 

and intermediate-2 DIPPS-plus score, low leucocyte count, low hemoglobin level, 

and the need for red cell transfusion. Genes included in the del(20q), such as 

L3MBTL1, have been studied for their possible involvement in leukemogenesis. 

However, sequencing analyses of 20q genes did not detect any mutation,43

suggesting that haploinsufficiency of several genes of this chromosomal region could 

contribute to leukemogenesis. We compared the two minimal CDRs we identified 

with other studies (Supplemental Figure 6).39 SNORNA host genes were present in 

these two CDRs. SNORNAs are 60–300 nucleotide-long non coding RNAs that are 

excised from intron regions of pre-mRNAs, downregulated in leukemic cells, 

suggesting that they may have a role in cancer development.
44

The use of aCGH allowed the identification of abnormalities not detectable on 

karyotype, in particular del(17q), and del(12p) associated or not to monosomy 7. 

Del(17q11) was the second most recurrent CNA. Several studies have described 

del(17q) encompassing NF1 tumor suppressor in myeloid malignancies.45 We 

identified NF1 deletion in 5 cases and mutations in 2 PMF cases with no CNAs. 

These cases evolved in AML or the patients deceased, suggesting that NF1

alterations may contribute to MF progression and poor outcome. Monosomy 7 or del 

(7q) were associated with del(12p13) in 3 cases. In MDS and AML, a recent study 



reported that in patients with monosomy 7, an additional ETV6 deletion is common.46

Del(12p) was not systematically detected by karyotype whereas monosomy 7 was 

always found when present.46 Alterations of 12p have been described in various 

hematologic malignancies such as acute lymphoblastic leukemia, AML, MDS and 

MPNs.47 The smallest deleted region encompasses the ETV6 transcription factor and 

CDKN1B/p27 tumor suppressor genes, in 12p13. In myeloid malignancies, ETV6

rearrangements are frequently associated with other genetic events.
48

 Our data 

strengthen the idea that when the karyotype reveals a monosomy 7, aCGH, FISH or 

sequencing could help identify an associated del(12p); this information could be 

important for therapeutic decision because of the high risk of acute transformation.   

We found that poor TTAT was associated with SRSF2 and EZH2 mutations, 

suggesting that these mutations are associated with disease progression and may 

represent an important event leading to AML. Our univariate analyses showed that 

ASXL1, EZH2 and SRSF2 mutations, but not TET2 mutations, are associated with 

poor prognosis, in  agreement with previous reports in MPNs,23,25,27 MDS,49 chronic 

myelomonocytic leukemia,29 and AML.50 A study of a 879 PMF cases showed that 

ASXL1 mutations had prognostic relevance independent of the DIPPS-plus model.
27

Due to a low number of patients we found only a tendency for ASXL1 mutations to 

predict OS in multivariate analysis. Interestingly, we identified an impact on OS when 

both JAK2 and ASXL1 were mutated. This combination of mutations may lead to 

specific disease phenotype (MPN) and worse prognosis (clonal amplification). We did 

not find any additional mutation in the studied genes during MF disease course 

except for MPL and TET2 mutations and increased JAK2 allele burden. According to 

previous studies21,22 patients with ASXL1 mutations present during MF course had 

already ASXL1 mutation at diagnosis (in PMF and secondary MF cases). ASXL1



mutations may constitute early alterations in MPN oncogenesis and precede JAK2

and MPL mutations.
12

In conclusion, we did not find any mutational and CNA difference between the 

three MF subtypes. The same scoring system might be used in PMF and secondary 

MF but this should be assessed in a specific study. We identified CNAs with impact 

on TTAT including some that could not be described by karyotyping, suggesting that 

additional molecular analysis could help therapeutic decision. In agreement with a 

recent important article27 our study showed that mutations in ASXL1, EZH2, SRSF2

associated with del(20q), del(17q) and monosomy 7/del(12p) identify MF patients at 

risk of premature death or leukemic transformation. This may help therapeutic 

decision and the design of new therapeutic association between JAK2 inhibitors and 

epigenetic drugs according to mutational status.  
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Table 2. Features of MF cases with CNAs and 20q deletion 

Total  
number 

CNA no CNA p
20q 

deleted 
no 20q 
deleted 

p

Myelofibrosis n 63 34 (54%) 29 (46%) 14 (22%) 49 (78%) 

        

Sex 
M 34 17 17 

0.50 
7 27 

0.74 
    F 29 17 12 7 22 

        

MF character primary 38 22 (65%) 13 (45%) 

0.44 

11 (79%) 27 (55%) 

0.11 

secondary 25 12 (35%) 16 (55%) 3 (21%) 22 (45%) 

        

Diagnosis 

PMF 38 22 (65%) 16 (55%) 

0.02 

11 (79%) 27 (55%) 

0.12 post-PV MF 14 10 (29%) 4 (14%) 3 (21%) 11 (22.5%) 

post-ET MF 11 2 (6%) 9 (31%) 0 11 (22.5%) 

        

Age (y) 
median (range) 

 69 (30-86) 70 (53-86) 66 (30-83) 0.23 67 (59-82) 68 (30-86) 0.76 

Leukocyte count (x 10
9
/L); 

median (range) 
8.9 (1.3-120) 7.1 (1.3-120) 9.3 (1.9-48.8) 0.28 3.8 (1.3-35) 10.7 (1.9-120) 0.01 

Hemoglobin count (g/dL); 
median (range) 

11.4 (5.8-17.8) 9.8 (5.8-15.7) 12.0 (8.5-17.8) 0.001 9.4 (7.2-13.7) 
11.6 (5.8-

17.8) 
0.03 

Hematocrit count (%); 
median (range) 

 34.7 (18-52) 28.8 (18-51.9) 37.2 (24.8-52) 0.0004 26.9 (20.2-40.8) 35.0 (18-52) 0.02 

Platelet count  (x 10
9
/L); 

median (range) 
256 (5-1188) 150 (5-890) 274 (36-1188) 0.12 106 (5-890) 273 (26-1188) 0.05 

    

Need red cell 
transfusion 

no 40 17 23 
0.03 

5 35 
0.03 

yes 19 14 5 7 12 

        

Circulating blasts 
no 23 12 11 

0.97 
6 17 

0.48 
yes 38 20 18 7 31 

        

IPSS category 
(PMF) 

low/inter-1 13 5 8 

0.14 

2 11 

0.13 
inter-2/high 20 13 7 8 12 

    

DIPSS category 
(PMF) 

low/inter-1 13 4 9 
0.01 

1 12 
0.03 

inter-2/high 23 17 6 10 13 

       

DIPSSplus category 
(PMF) 

low/inter-1 12 4 8 
0.03 

1 11 
0.04 

inter2/high 24 17 7 10 14 

CNA, copy number aberrations; DIPSS, dynamic international prognostic scoring system ; F, female; Inter, intermediate; IPSS, 

international prognostic scoring system; M, male; MF, myelofibrosis; PMF, primary myelofibrosis; post-ET MF, post-essential 

thrombocythemia MF; post-PV MF, post-polycythemia vera MF; y, years. For PMF, IPSS, DIPSS and DIPPS plus scores 

depend on age (>65 years), on hemoglobin (< 10 g/dL), on leukocyte count (> 25.10
9
/L), on circulating blasts (> or = 1%), on 

platelet count (< 100.10
9
/L), on presence of constitutional symproms (weight loss, night sweats, fever). For DIPPSplus score, 

karyotype and transfusion status must be added to DIPSS. IPSS score was calculated at MF diagnosis whereas DIPPS and 

DIPPSplus score were calculated at sampling. 
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Figures legends

Figure 1. Karyoview of copy number aberrations (CNAs) detected in 63 patients 

with myelofibrosis by using array-comparative genomic hybridization. The bars 

depict the physical positions and the size of aberration: green bars indicate deletions 

and red bars indicate gains. Some genes known or suspected to play a role in 

leukemogenesis are indicated when included in the shown CNAs.  

Figure 2. aCGH profiles of recurrent del(20q). Del(20q) is a recurrent CNA 

detected in 13 cases by a aCGH. Two separate commonly-deleted regions (CDR), 

CDR1 and CDR2, were identified, with a respective size of 0.3 Mb (HD-1289;HD-

1538) and 3.9 Mb (HD-1538;HD-1587). Genes lost in CDR1 and CRD2 are shown in 

supplemental Table 3.

Figure 3. Frequency and distribution of gene mutations. A: Circos plot showing 

frequencies of gene mutations in MF, in PV and ET according to a previous study,23

in PMF, in post-PV MF and post-ET MF. The ribbon representing the splicing 

pathway is composed of SF3B1 and SRSF2 mutations; that representing the 

signaling pathway is composed of CBL, LNK, MPL, NF1, NRAS, and PTPN11

mutations. B: Patterns of concomitantly mutated genes and CNAs in myelofibrosis.

Identified mutations are shown by colored squares and CNAs seen by aCGH are 

shown by colored squares with *. For DIPSS scores, in PMF, green and red squares 

represent low/intermediate-1 and intermediate-2/high risk. 

+: gain, -: deletion, C: CBL, DNMT: DNMT3A, ET: essential thrombocythemia, M: 

MPL, MF: myelofibrosis, N: NF1, PTP: PTPN11, PMF: primary myelofibrosis, PV: 

polycythemia vera, R: NRAS, SUZ: SUZ12.

Figure 4. Kaplan-Meier estimates. A: Time to Acute Transformation (TTAT) 

according to deletions: del(12p), del(17q), del(20q). B: Overall Survival (OS) 

according to more than one mutation. C: OS according to JAK2/ASXL1 combined 

mutations. del: deletion, mt: mutated, wt: wild-type. 











Supplemental information 

Supplemental Tables  

Supplemental Table 1. Clinical and biological characteristics of 104 MF samples 

studied by aCGH and DNA sequencing. 

Supplemental Table 2. Sequencing primers.

Supplemental Table 3. List of genes located in the two 20q commonly deleted 

regions (CDR1 and CDR2). 

Supplemental Table 4. Gene mutations of 68 MF cases with TET2, IDH1/2, 

DNMT3A, ASXL1, EZH2, SUZ12, BMI1, RCOR1, JAK2, MPL, CBL, SOCS2, LNK, 

NF1, KRAS, NRAS, PTPN11, PPPP1R16B, TRPS1, SF3B1, SRSF2 and TP53 

mutations 

Supplemental Table 5. Summary of all detected CNAs in 14 blast phase MF. 

Supplemental Table 6. Gene mutations of 17 blast phase MF cases with TET2, 

IDH1/2, DNMT3A, ASXL1, EZH2, SUZ12, BMI1, RCOR1, JAK2, MPL, CBL, SOCS2, 

LNK, NF1, KRAS, NRAS, PTPN11, PPPP1R16B, TRPS1, SF3B1, SRSF2 and TP53 

mutations. 

Supplemental Table 7. Prognostic impact of CNAs and gene (>5%) on Time to 

Acute Transformation (TTAT) and Overall Survival (OS). Univariate (log-rank tests) 

and multivariate (Cox-models) analyses. 
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Supplemental Figures 

Supplemental Figure 1. Examples of aCGH profiles. A: aCGH profile of 

chromosome 1 in case HD-1427 showing a deletion including CSMD2. B: aCGH 

profile of chromosome 8 in case HD-1362 showing a deletion including TRPS1. C: 

aCGH profile of chromosome 14 in case HD-0728 showing a deletion including 

RCOR1. D: aCGH profile of chromosome 18 in case HD-0777 showing a gain 

including SALL3. 

Supplemental Figure 2. Deduced localization of mutations in our myelofibrosis 

series (n=68). ASXL1, ASXH: additional sex combs homology domain; PHD: plant 

homeodomain; NR box: nuclear receptor box. TET2, BOX1 and BOX2: conserved 

regions 1134-1444, 1842-1921. EZH2, SANT: putative DNA binding domain in the 

SWI-SNF and ADA complexes, the transcriptional co-repressor N-CoR and TFIIIB; C-

rich: cysteine-rich domain; SET domain: protein lysine methyltransferase enzymes.

DNMT3A, PHD: plant homeodomain; PRC2: polycomb repressive complex 2; 

PWWP: proline tryptophan tryptophan proline. CBL, TKB: tyrosine kinase binding; 

RF: ring finger; PPP: proline rich region; LZ: leucine zipper; UBA: ubiquitin 

associated. NF1, Sec: sec14-like; PH: pleckstrin homology. LNK, Pro/DD: proline-rich 

dimerization domain; PH: pleckstrin homology; SH2: src homology 2. PTPN11, N-

SH2 and C-SH2: amino SRC homology 2; PTP: protein tyrosine phosphatase. 

SRSF2, RRM: RNA recognition motif; RS: arginine/serine domain. SF3B1, HD: heat 

domains. Triangles represent nonsense mutations, circles frameshift mutations and 

squares missense mutations.�  

Supplemental Figure 3. Histogram comparing alterations found in patients 

studied at diagnosis and during disease course using aCGH (n=63) and 

sequencing (n=68). CNA: copy number aberration. 

Supplemental Figure 4. Examples of aCGH profiles in blast phase MF. A: aCGH 

profile of chromosome 12 in 7 samples (HD-1559_1649,  HD-1649_1559, HD-

1137, HD-1741_1309, HD-1813_1836, HD-1813_1836 and HD-1847) showing 

recurrent deletions in 12p13 including ETV6, CDKN1B/p27. B: aCGH profile of 

chromosome 15 in HD-1167 showing a deletion including TCF12. C: aCGH profile of 

chromosome 18 in HD-1167 showing a deletion including PTPN2. D: aCGH profile of 

chromosome 21 in HD-1517 showing a deletion including RUNX1.

Supplemental Figure 5. Schematic representation of ways to primary or 

secondary myelofibrosis from a JAK2 mutated or non-JAK2 clone as deduced 

from the mutation analysis.

Supplemental Figure 6. Ideogram of the long arm of chromosome 20 

comparing deleted regions in myeloid malignancies. Commonly-deleted regions 

(CDRs) determined in several studies including the present one are shown by 



colored rectangles, with position in Mb. The colored lines indicate the deleted 

region(s) in each patient. aCGH: array comparative genomic hybridization, AML: 

acute myeloid leukemia, aSNP: array single nucleotide polymorphism, CEL: chronic 

eosinophilic leukemia, CMML: chronic myelomonocytic leukemia, ET: essential 

thrombocythemia, FISH: fluorescence in situ hybridization, MDS: myelodysplastic 

syndrome, MPN: myeloproliferative neoplasm, MF: myelofibrosis, sAML, secondary 

acute myeloid leukemia, PMF: primary myelofibrosis, PV: polycythemia vera. 

�
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Supplemental Figure 2 
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Supplementary Figure 4 
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Abstract

Myeloid malignant diseases comprise chronic (including myelodysplastic syndromes, myeloproliferative neoplasms

and chronic myelomonocytic leukemia) and acute (acute myeloid leukemia) stages. They are clonal diseases arising

in hematopoietic stem or progenitor cells. Mutations responsible for these diseases occur in several genes whose

encoded proteins belong principally to five classes: signaling pathways proteins (e.g. CBL, FLT3, JAK2, RAS),

transcription factors (e.g. CEBPA, ETV6, RUNX1), epigenetic regulators (e.g. ASXL1, DNMT3A, EZH2, IDH1, IDH2,

SUZ12, TET2, UTX), tumor suppressors (e.g. TP53), and components of the spliceosome (e.g. SF3B1, SRSF2). Large-

scale sequencing efforts will soon lead to the establishment of a comprehensive repertoire of these mutations,

allowing for a better definition and classification of myeloid malignancies, the identification of new prognostic

markers and therapeutic targets, and the development of novel therapies. Given the importance of epigenetic

deregulation in myeloid diseases, the use of drugs targeting epigenetic regulators appears as a most promising

therapeutic approach.

Introduction

Myeloid malignancies are clonal diseases of hematopoietic

stem or progenitor cells. They result from genetic and epi-

genetic alterations that perturb key processes such as self-

renewal, proliferation and differentiation. They comprise

chronic stages such as myeloproliferative neoplasms

(MPN), myelodysplastic syndromes (MDS) and chronic

myelomonocytic leukemia (CMML) and acute stages, i.e

acute myeloid leukemia (AML). AML can occur de novo

(~80% of the cases) or follow a chronic stage (secondary

AML). According to the karyotype, AMLs can be subdi-

vided into AML with favorable, intermediate or unfavor-

able cytogenetic risk [1]. MPNs comprise a variety of

disorders such as chronic myeloid leukemia (CML) and

non-CML MPNs such as polycythemia vera (PV), essen-

tial thrombocythemia (ET) and primary myelofibrosis

(PMF).

Molecular biology has always been important in

hematology, especially myeloid malignant diseases. Cur-

rently however, except in some specific examples such as

the BCR-ABL1 fusion in CML, and NPM1 or FLT3

mutations in de novo AML, molecular data are not asso-

ciated with optimal clinical and therapeutic exploitation

in the clinic. This may change with the flurry of new

data that are being generated. It all started with the dis-

covery of the JAK2V617F mutation in MPNs [2–5]. Like

the characterization of the BCR-ABL1 fusion kinase,

which has led to the development of an efficient targeted

therapy [6], this breakthrough showed how much pro-

gress can be made by the identification of a single mo-

lecular event regarding disease definition, understanding

and classification, prognosis assessment, clinical moni-

toring and treatment. Since then, many new mutated

genes have been identified. They affect various cell pro-

cesses such as signaling, regulation of gene transcription

and epigenetics, mRNA splicing and others. The aim of

this review is not to describe these results in detail; this

has been done in several excellent recently-published

reviews [7–16]. Without putting emphasis on a particu-

lar gene, disease or cell process, it is more to discuss

how the new data may improve our global vision of

leukemogenesis and may be used for progress in at least

three directions.
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Review

Understanding molecular leukemogenesis

Identification of new mutations

The genetic events involved in leukemogenesis have been

deciphered by using two approaches. First, genomic

alterations have been identified by using karyotype ana-

lysis and DNA hybridization onto oligonucleotide arrays

(SNP-arrays, array-CGH); several types of genomic pro-

files have been found: lack of detectable changes, unipar-

ental disomies (UPD), losses of chromosomes or large

chromosomal regions, trisomies, losses or gains of small

regions or genes. Second, small gene mutations have

been detected by classical Sanger sequencing [17–22] or,

more recently, by the use of new technologies such as

next generation sequencing (NGS) [23–31].

These studies, together with previous ones that had

identified JAK2, NPM1, MPL, RAS and RUNX1 muta-

tions, among others, led to the discovery of several

major players in leukemogenesis: ASXL1 [21], BCORL1

[25], CBL [19], DNMT3A [24,32], EZH2 [20,22], IDH1/

IDH2 [26], TET2 [18] and UTX [33]. The mutational fre-

quencies of these genes range from a few percent to

more than 50%, or even virtually 100%, depending on

the gene, the disease and the series studied. Thus, almost

all cases of PV have a mutation of JAK2 [34,35]. Not

counting the latter, mutations in ASXL1 and TET2 are

frequently observed throughout the whole myeloid

spectrum (Figure 1), reaching 40-50% in CMML [33,36].

Mutations in DNMT3A and IDH1/2 are rare in the

chronic stages but reach 15-20% in AML and exhibit a

strong association with monocytic features [30]. Genes

encoding components of the splicing machinery that is

involved in the splicing of introns during pre-mRNA

maturation (mainly SF3B1, SRSF2, U2AF35/U2AF1, and

ZRSR2) have been found frequently mutated in MDSs

and CMML, and more rarely in MPNs and AML (Fig-

ure 1) [31,37–42]. Mutations in splicing factors are

found in more than 60% of MDS with ring sideroblasts

and in more than 50% of CMML [31].

Mutations in leukemogenic genes have been described

in detail in recent reviews [7,9,10,12–16,43]; and will not

be reviewed here. We will rather delve on the questions

aroused by these recent data.

Have we already identified the entire repertoire of mutated

genes?

We may have identified (most of ) the major culprits

[14]. First, there are hundreds of background mutations

(i.e. that do not provide selective advantage) but only a

limited number of driver mutations (i.e. that cause the

disease) in each malignant disease. Second, many of the

newly discovered mutated genes may affect the same

pathways or networks as the major mutated genes. For

example, deletions and mutations of NF1, which have

been recently identified [17,44,45], or PTPN11 [46] are

thought to have the same effect as a RAS mutation; a

mutation of the SHKBP1 gene [47] or a duplication of

the SH3KBP1 gene [48], which both encode cytoplasmic

regulators of the CBL pathway, may have the same effect

as a CBL mutation [49,50]. Because EZH2, EED and

a b

TET2

SRSF2

EZH2

Figure 1 Circos diagrams depict the relative frequency and associations of the major mutations in MPNs (a) and MDSs (b), respectively

based on data from our work [37] on 127 classic MPNs and from Damm’s study [38] on 221 MDSs. Wild-type means that no disease allele

has been detected in the genes listed.
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SUZ12 proteins all belong to the same polycomb com-

plex 2 (PRC2) the rare deletions or mutations of the

EED [23,51] and SUZ12 genes [17,51] could have the

same effect as EZH2 mutations. Third, several genes

(e.g. ETV6 [52] or RUNX1) can be structurally altered by

mechanisms other than mutation, such as deletions and

breakages. Fourth, some important regulatory genes

could be affected not by structural alteration but through

other mechanisms such as abnormal DNA methylation

(e.g. CDKN2A/B [53], TRIM33 [54], CTNNA1 [55],

SOCS1 [56,57]), histone modifications, mRNA splicing,

microRNA or long non-coding RNA (lncRNA) modula-

tion, or product degradation. Fifth, when all known

mutated genes are analyzed in a series of cases, the per-

centage of samples with at least one mutated candidate

driver gene varies from 50% [58] to over 90% (in CMML;

[33]; Gelsi-Boyer et al., submitted). Moreover, most sam-

ples studied by NGS were shown to harbor gene muta-

tions [23,26]. Thus, we are soon approaching the days

where all cases can be defined by combination of several

alterations. The practical definition of leukemogenesis

will then be based on a specific and limited repertoire of

alterations, including translocations, mutations and copy

number changes, affecting a defined set of driver genes.

However, some issues still need be addressed. First,

many genes may be mutated or deleted with a very low

frequency (i.e. under 1%); their involvement and recur-

rence may be hard to demonstrate. Second, because

NGS studies of several malignancies have shown that

hundreds of genes can be mutated in a single tumor,

background mutations should be discarded and driver

genes validated. Third, we still miss information in some

diseases such as essential thrombocythemia (ET), in

which JAK2 mutations are found in only half the cases,

and TET2 mutations in less than 10%. We also lack

knowledge about the targeted genes of some frequent

genomic alterations such as the 20q11-q13 deletion

(ASXL1 and DNMT3B, more centromeric, are not

involved). Fortunately, this lack of information is bound

to disappear. The example of refractory anemia with ring

sideroblasts (RARS) is instructive; in three-quarters of

RARS, mutations have been recently found in SF3B1,

a gene encoding a subunit of a splicing factor (U2

snRNP) and histone acetyltransferase (STAGA) com-

plexes [27,29,31].

Is there some specificity in gene alterations?

Gene fusions (e.g. BCR-ABL1, PML-RARA, FGFR1-asso-

ciated fusions. . .), 5q deletion and JAK2 mutations are

specific of some forms of myeloid diseases, although

JAK2 mutations occur in three distinct subtypes of

MPN. RUNX1 mutations are frequent in MDSs, CMML

and AML but rare in MPNs. Among splicing factor

genes, mutations in SF3B1 are highly specific of MDS

with ring sideroblasts and SRSF2 mutations are most fre-

quent in CMML [31]. In contrast, some mutated genes

(e.g. ASXL1, DNMT3A, EZH2, TET2) occur in a wide

range of myeloid diseases and with various frequencies.

Future studies may identify mutations or combinations

of mutations that drive a specific phenotype.

What are the functions of the mutated proteins ?

Leukemogenic alterations mainly affect five classes of pro-

teins (Figure 2): signaling pathway components, such as

ABL, CBL, CBLB, FGFR1, FLT3, JAK2, KIT, LNK, MPL,

PDGFRs, PTPN11, PTPRT [23,59] and RAS, transcription

factors (TFs) such as CEBPA, ETV6 [58], GATA2 [30],

IKZF1 [60], RARA and RUNX1, epigenetic regulators (ERs),

such as ASXL1, BCORL1 [25], DAXX [23], DNMT3A,

EZH2 [20,22], MLL, MYST3, NSD1 [30], PHF6 [61], SUZ12

[17,51], TET2 and UTX [28], tumor suppressors (TSG),

such as CDKN2A, TP53, and WT1 and components of the

spliceosome [27,29,31,38,39,41,42]. However, additional

alterations occur in genes encoding proteins that it is too

early to classified into these defined categories, such as

DIS3, DDX41 [23], mitochondrial NAPDH dehydrogenase

ND4 [62], or cohesin complex proteins [23,63].

In chronic stages, alterations in signaling molecules

can be grouped in two major categories, a first one that

is found in MPNs and affects oncogenic tyrosine kinases

(ABL1, JAK2, FGFR1, PDGFRs) and the downstream

JAK-STAT and/or PI3-kinase pathways, and a second

one that is mutated in CMML and affect the RAS-MAP

kinase pathway (RAS, PTPN11, NF1). CBL alterations

occur in a wide variety of myeloid diseases [50].

TFs and ERs constitute the largest classes, which in-

volve several categories of proteins (Figure 3); because

there are many ways to affect gene expression it is prob-

able that not all of these categories are known yet. The

existence of epigenetic alterations in myeloid malignan-

cies has been known for long time [64,65]. For example,

alterations of MLL, a histone methyltransferase (HMT),

and MYST3, a histone acetyltransferase (HAT), have

shown the importance of epigenetic deregulation in

AMLs with translocation [45,64,65]. However, in chronic

diseases and in AMLs with normal karyotype, the extent,

causes, identities, exact roles and consequences of epi-

genetic alterations have long remained elusive. Molecu-

lar studies have recently shown that both DNA

methylation and histone regulation are affected, and that

epigenetic alterations may be due to genetic alterations,

(i.e. mutations in genes encoding epigenetic regulators).

The latter phenomenon has been observed in genome-

wide analyses of many neoplasias [28,66,67]. However,

not all epigenetic alterations may be due to an abnormal

genetic background [1,53,54].

The recent reports of the interrelated functions of IDH1/

2 and TET2 in DNA methylation represent a major
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breakthrough in our understanding of leukemogenesis

[68]. It was initially hard to associate mutations of IDH1

and IDH2, two metabolic enzymes, with mutations in

TET2, an unknown gene product, and as hard to suspect

their role on DNA methylation. A very rapid series of ele-

gant studies have shown i) that IDH1/2 and TET2 muta-

tions are mutually exclusive in myeloid malignancies [68],

ii) that mutated IDH1 and IDH2 produce 2-

hydroxyglutarate instead of alpha-ketoglutarate (αKG)

[69,70], iii) that TET2 encodes an αKG–dependent methyl

cytosine dioxygenase whose mutation alters the conversion

of 5-methylcytosine (5-mC) to 5-hydroxymethylcytosine

(5-hmC) [68,71] and iv) that both IDH1/2 and TET2muta-

tions impact on DNA methylation and are involved in the

same biochemical pathway [72]. In addition, TET proteins

can generate from 5-hmC 5-formylcytosine and 5-

carboxylcytosine, but their roles are currently unknown

[73]. The recent studies on TET proteins suggest a role in

removing aberrant DNA methylation to ensure DNA

methylation fidelity [74]. This has opened a new area of re-

search since first, other factors involved in DNA demethy-

lation may exist and second, several αKG–dependent

enzymes, such as jumonji histone demethylases [75] are

epigenetic regulators; therefore, some of these proteins

could also be involved in malignancies. However, IDH1/2

and TET2 mutations, while mutually exclusive, are not

equivalent because IDH1/2mutations are more frequent in

acute than in chronic myeloid diseases, whereas it is not

the case for TET2 alterations, which are more evenly dis-

tributed between chronic and acute stages. Inactivation of

TET2 increases self-renewal in hematopoietic stem cells

and induces a disease resembling CMML in mouse models

[76,77]. Mutated IDH1/2 enzymes may impact on self-

renewal but with a different strength. The likely explanation

is that IDH1/2 and TET2 have other, non-overlapping

functions on the regulation of DNA methylation and his-

tone marks. Also, an IDH-mutated product may depend on

another, rate-limiting factor to exert a leukemogenic effect.

DNMT3A is a de novo DNA methyltransferase involved in

the formation of 5-mC and has complex interactions with

polycomb and HMT proteins [78]. How DNMT3A muta-

tions affect DNA methylation remains to be defined

[24,30,79]; they probably do so in a different way from

TET2 or IDH1/2 mutations since they may co-occur with

either of them. A recent study showed that DNMT3A

loss leads to upregulation of hematopoietic stem cell

genes and downregulation of differentiation genes

but is alone insufficient to induce a malignant disease

in a mouse model [79].

Mutations in regulators of histone marks have become

a major subject of research and the relationships be-

tween them are quickly unveiled. Central regulators of
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myelopoiesis and key players in leukemogenesis seem to

be the polycomb regulatory complexes, especially PRC2,

which, in addition to direct defects of its components

(EED, EZH2, SUZ12), could be affected in its concerted

action with several ERs, such as ASXL1, cohesins,

DNMT3A, IDH1/2, MLL, TET2 and UTX. TET proteins

could regulate pluripotency and self-renewal through

interaction with PRC2 [74,80,81]. The cohesin complex is

encoded by four genes (SMC1, SMC3, RAD21 and

STAG2), which have been found mutated [23] and deleted

[63]. A major interactor of cohesin complex is CTCF.

PRC2 is recruited to specific loci through interaction of

SUZ12 with CTCF [82]. Another main leukemogenic

interactor of PRC2 components is ASXL1. A recent study

showed that ASXL1 loss affects PRC2 complexes and

H3K27me3 histone marks, and induces a strong

hematopoietic phenotype consistent with an MDS in a

conditional knock-out mouse model [83]. ASXL1 would

direct PRC2 to leukemogenic loci such as HOXA genes.

Thus, through direct alterations of its components or of

proteins or lncRNAs [84] that recruit the complex, PRC2

has emerged as a key node in a network regulating

hematopoietic stem cell self-renewal and proliferation and

as a major factor in myeloid leukemogenesis. This is also

true for T-cell leukemogenesis [85]. Correct functioning

of polycomb repressive complex 1 (PRC1) seems also to

be important for myeloid cells since the loss of BMI1 (a

component of PRC1) in the mouse leads to a disease simi-

lar to PMF [86]. Structural alterations of the BMI1 gene

occur but are rare in human myeloid diseases [87].

Whether other chromatin-associated complexes play a

role in leukemogenesis should soon be revealed. ASXL1

could play a role in a cross-talk between major chroma-

tin silencing systems, PRC1/PRC2, HP1α/CBX5 hetero-

chromatin repressive complex and polycomb repressive

deubiquitinase (PR-DUB) complex. Mutations in BCOR

and BCORL1 suggest that the RAF/BCOR complex

[84,88] might be involved in AML. The recent identifica-

tion of a mutation in the DAXX gene in an AML case

[23] further supports a wide participation of chromatin-

regulatory complexes in leukemogenesis and cancer in

general. DAXX and ATRX (which is mutated in X-

linked α-thalassemia) are subunits of a chromatin re-

modeling complex and are both mutated in solid tumors

[89,90].

The importance of the fifth class of mutated genes was

more unexpected. Mutations in components of the spli-

ceosome, which are mutually exclusive, lead to splicing

defects including exon skipping, intron retention and

use of incorrect splice site [31]. A recent study showed

that a consequence of splicing gene mutations is accu-

mulation of unspliced transcripts affecting a specific

subset of mRNAs [41].

What are the effects of the gene mutations?

The dominant-positive effects of oncogenes such as

BCR-ABL1, mutated FLT3, JAK2 or RAS, have been easy

to apprehend. CBL and LNK mutations inactivate brakes

on signaling pathways and may have a dominant-

negative effect. TET2 is inactivated in the manner of a

tumor suppressor. EZH2 is frequently associated with

UPD and acts as a TSG. A frequent form of defect seems

to be haplo-insufficiency [91], which could be associated

with the (generally) heterozygous loss or mutation of

ASXL1, NF1, NPM1, TP53, RUNX1 or TET2. Neo-

functionalization results from IDH1/2 mutations, which

are always mono-allelic. For genes altered through differ-

ent mechanisms (mutations, deletions or translocations)

such as RUNX1 or with different types of mutations

(hotspot or dispersed) such as DNMT3A, the function

might be variably affected and some mutants may have a

dominant-negative effect. Mutations in spliceosome

genes are mostly missense and could result in proteins

with a modified but not inactivated function.
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Figure 3 Schematic representation of epigenetic regulation of

a leukemogenic locus (LL) framed by histone H3. (a) Histone

acetyltransferases (HAT; e.g. MYST3) and histone methyltransferases

(HMT; e.g. MLL) can activate the locus. (b) Reciprocally, the locus is

repressed by polycomb complex PRC2 (which comprised EED,

EZH2 and SUZ12 proteins). ASXL1 would direct PRC2 to the locus.

Loss-of-function mutations in PRC2 components or in ASXL1

remove PRC2 repression. DNMT3A is involved in the formation of

5-methylcytosines (5mC) from cytosines and interacts with HMTs as

well as with PRC2 components. TET2 mediates hydroxylation of

5mC to 5hmC. To function, TET2 requires α-ketoglutarate (αKG),

which is provided by IDH1/2 proteins. Aberrant methylation patterns

are caused by mutation in TET2 or in IDH1/2, which produces

2-hydroxyglutarate instead of αKG.
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Mutations in signaling pathways, transcription net-

works and splicing machinery have many downstream

consequences. Modifications in epigenetic regulation of

DNA and histones may have a strong amplifying effect

since they impact on the transcription of thousands of

genes. This in turn impacts on the properties of

hematopoietic stem cells, favoring self-renewal and pro-

liferation over differentiation, thus promoting leuke-

mogenesis [92]. However, chimeric proteins involving

TFs and ERs (e.g. MLL, MYST3, NSD1 . . .) may induce

a stronger effect than mutations in other TFs and ERs

(such as ASXL1, EZH2 or TET2), which may need to

co-occur with several other alterations to trigger AML,

often after a chronic phase. Perhaps like the difference

between a water jet and a sprinkling rain, this difference

may have to do with the specific functions of TFs and

ERs [64]. TF and ER fusion proteins assemble in com-

plexes that are directly recruited to their target genes

where they modify the local histone marks, drastically

altering transcription. In contrast, mutated ERs may

moderately perturb the epigenetic network, resulting in

global gene deregulation.

Mutations in spliceosome components may lead to

several types of deregulation, including alterations of the

epigenetic control of differentiation and self-renewal;

they may thus result in the same defects as TF and ER

mutations. This may derive from splicing aberrations of

leukemogenic genes (e.g. RUNX1) [41] or from other

specific but indirect defects. SF3B1 for example interacts

with components of the polycomb repressor complex 1

(PRC1) and SF3B1 mutations may compromise PRC1

regulation of leukemogenic loci [93]. Reciprocally, the

function of the pre-mRNA splicing machinery involves

the reading of histone marks, and defective chromatin

regulators may affect splicing [94]. Directly or indirectly,

SF3B1 mutations, which are associated with the presence

of ring sideroblasts, are likely to affect genes involved in

red cell biology and mitochondria function. Because

mutations in splicing genes, in TFs and in ERs are not

mutually exclusive it is probable that the three types of

alterations have additive rather than interchangeable

effects.

Modeling molecular leukemogenesis

Are there preferential combinations and mutual exclusions?

Two driver mutations may never occur together (mutual

exclusion) in the same cell because of epistasis (two hits

in the same pathway are not selected because they do

not provide a growth advantage) or synthetic lethality

(two hits are counter-selected because they compromise

the life of the leukemic cell). Associations and cooper-

ation can occur in all other cases.

Some chronic myeloid malignancies, such as CMML

(myeloproliferative form, MP-CMML) and MPNs, have a

proliferative component. This component is driven by

alterations in signaling molecules, such as CBL, CBLB,

FLT3, JAK2, LNK, MPL, NF1, PTPN11 or RAS. These

mutations are generally mutually exclusive. However,

JAK2 mutations can be found in patients with mutations

of CBL, LNK or MPL [95–97]. In most cases when two

signaling mutations are found in the same patient they are

not in the same cellular clone. Signaling mutations associ-

ate with mutations in genes from the other classes (TSGs,

TFs, ERs). CBL and KIT mutations are more frequent in

AML with t(8;21) and inv(16), i.e. with alterations of the

core binding factor (CBF), a dimeric transcriptional factor

containing the RUNX1 protein [98].

With rare exceptions, mutations in genes encoding

splicing factors do not synergize and are mutually exclu-

sive [31,38,41,42].

As already mentioned, IDH1 or IDH2 mutations are

mutually exclusive with TET2 mutations. Except for this,

TET2 mutations seem to be able to cooperate with either

of the other recurrent alterations. ASXL1 mutations,

which occur preferentially in secondary AML, are mutu-

ally exclusive with NPM1 mutations, which occur in de

novo AML [99]. Although ASXL1 interacts with PRC2

proteins [83] ASXL1 and EZH2 mutations are not mutu-

ally exclusive [58]. Mutations in EED and SUZ12 may

even be found in the same AML case [23]; however, they

may affect different clones. RUNX1 mutations are fre-

quently associated with ASXL1 defects in MDSs [100].

Mutations in ASXL1 and TET2 can be concomitant (Fig-

ure 1), and each can co-occur with mutations in signaling

molecules [58,100]. In MDSs, U2AF1 mutations are more

frequent in ASXL1-mutated than in ASXL1-wildtype cases

[38,42]. TP53 mutations and losses, likely associated with

genetic instability, are found in MDSs with karyotypic

alterations but not in cases with normal karyotype [58].

DNMT3A mutations are more frequent in AML with

NPM1 and FLT3 mutations, infrequently found in ASXL1-

mutated cases, and very rare in cases with translocations

[24,101]. Overall, while IDH1/2 and TET2 mutations are

equally distributed, there seem to be two major associa-

tions in AMLs with intermediate cytogenetic risk, ASXL1/

RUNX1 on the one hand (secondary, dysplastic AMLs),

NPM1/FLT3/DNMT3A on the other hand (primary, non-

dysplastic AMLs) [99]. These and other associations and

exclusions not described here or yet to be discovered will

help understand the major leukemogenic pathways. An

important issue is to demonstrate that mutations found in

the same case are actually cooperating mutations that co-

occur in the same cell progeny and not in different clones.

How many hits are necessary to trigger a malignant

myeloid disease?

Early studies of chronic and acute hematopoietic malig-

nant diseases have shown that some cases may display a
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single mutational event whereas others harbor several

hits [100]. This difference may just be due to the low mu-

tational frequency of many driver genes (e.g. NF1A, EED)

[102] and to our current ignorance of other targets. Actu-

ally, NGS studies have shown that the general rule is to

find several altered genes in each case [23,26,59,103] and

murine models have shown that single alterations are, ex-

cept in rare cases, not sufficient to cause AML [104,105].

In the years to come mouse models will have to challenge

many combinations of mutations.

The study of matched chronic and acute stages has

shown that progression is associated with additional

alterations. However, the chronic stages are already char-

acterized by the presence of several mutations. We

found that many cases of CMML have already four

mutations [36], and this was without counting mutations

in splicing factors. JAK2 and TET2 concomitant muta-

tions are frequent in MPNs [16,37]. Whether they are

both necessary for the various phases of the disease and

their order of appearance are a matter of debate [106].

An NGS study indeed showed that the ten mutations

identified in an MDS patient can be detected together in

most studied single cells, suggesting a linear evolution of

the disease and the existence of a dominant clone [103].

Regarding evolution of AML after therapy, a recent NGS

study has revealed two major patterns at relapse [23];

the first pattern is the persistence of a dominant clone

and the second pattern is the selection and expansion of

a minor clone; in both cases the relapse clone had

gained additional mutations. Another recent NGS study

showed that genetic evolution of secondary AML is a

dynamic process shaped by multiple cycles of mutation

acquisition and clonal selection. MDS are oligoclonal

with founding clones; these clones persist in secondary

AML, which shows at least an additional subclone with

new “progression” mutations [107]. Founding mutations

may occur in various genes, such as U2AF1 [39]

or TET2. Many different genes may be involved in pro-

gression. Thus, several steps are necessary to trigger a

myeloid disease, even a so-called chronic one, and pro-

gression involves additional hits.

How many of these steps are there?

A first step in the leukemogenic process is likely to be a

mere clonal expansion. Several gene mutations may play

a role at this stage. Their identity may depend on

whether they target a hematopoietic stem cell or a pro-

genitor. In the first case the initial hit should provide a

proliferation boost, in the second the hit should bestow

self-renewal on the proliferating progenitor [108]. Muta-

tions in a TSG, splicing gene, or in some ERs such as

TET2, could occur at this initial step. It is also possible

that, in a susceptible background, several clones emerge

independently early on [12,109].

Then, because of increasing proliferation and genetic

instability, a cell from the affected clone (or clones)

undergoes various additional mutations (including many

background mutations), leading to an oligoclonal malig-

nant tumor. Some of the early mutations may not be

present in the clone that eventually becomes leukemic.

Thus, for each case, only the determination of all poten-

tial mutations and the reconstitution of the mutation

profile and clonal evolution will help understand the

pathophysiology of the disease. This is now achievable

by using NGS. How many steps can eventually be indivi-

dualized may depend on how many clones are initially

expanded, on the level of genetic instability that results

from the initial hits, and on the impact of the mutations

on self-renewal, differentiation and proliferation. Some

mutations in epigenetic regulators may have a milder ef-

fect on genetic reprogramming than a gene fusion in-

volving a master transcription factor, which will induce a

strong block of differentiation in a hematopoietic pre-

cursor [92]. The latter event is prominent in de novo

AMLs, which accordingly display only few or none of

the other recently-discovered mutated genes.

A previous scheme of leukemogenesis [110] was based

on the minimal cooperation of two oncogene classes,

proliferation-drivers (kinases, RAS) and differentiation-

blockers (mostly transcription factors), to trigger AML.

The ever-increasing molecular complexity of myeloid ma-

lignancies is now obvious and calls for an update of this

model. First, it is now routinely possible to observe the co-

operation, already at the chronic stage, of three, four or

more mutated genes (to speak only of known or suspected

drivers), whose products belong to at least five classes,

class I signaling molecules class II TFs, class III ERs, class

IV TSGs and class V splicing factors [100]. Second, not all

mutations of a class are equivalent; mutations in ASXL1,

RUNX1 or TET2 occur almost as frequently at the chronic

stages as in AML whereas mutations of IDH1/2 or

DNMT3A are preferentially found at the acute stage. The

reason for this remains obscure but may have to do with

the different intensities in the differentiation block

induced by the mutations. Third, the classes are not well

individualized. For example, EZH2, RUNX1 and TET2 are

both TSGs and TF/ERs. NF1 is both a TSG and a regula-

tor of signaling pathways. Because it induces phosphoryl-

ation of histone H3 and PRMT5 arginine

methyltransferase, JAK2V617F may also be an ER [111].

Fourth, all classes may not be systematically affected in

each case. Fifth, if classes I and V are relatively well indivi-

dualized, with genes whose mutations are generally mutu-

ally exclusive, the definition of the other classes may

evolve. However, despite all this, the initial schematic

model might not be so far off. The two key processes of

differentiation and self-renewal seem to be always altered

and proliferation is frequently affected. It may just be that
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the oncogenic hits required to achieve each step might be

more numerous than initially expected. This model will

apply to cases with intermediate or normal cytogenetic

risk; a different leukemogenesis pathway linked to genetic

instability may be involved in cases with TP53 mutation

and complex karyotype [112].

Considering all this, several pathways to leukemia can

be envisaged (Figure 4). The first pathway could be direct

and trigger de novo AML with a gene fusion as the major

event and few other alterations. The second pathway is

characterized by NPM1 mutations, which are rarely asso-

ciated with mutations in other known TFs or ERs except

in DNMT3A and IDH1/2 [23,101]. AML with complex

karyotype can derive from genetic instability, with or with-

out TP53 mutations. A fourth pathway would be the accu-

mulation of several hits in signaling molecules, TFs, ERs

and splicing factors, which induce either secondary AML

after a chronic phase (Figure 5) or de novo AML; however,

some so-called de novo AMLs with several ER mutations

could actually be secondary to a non-detected chronic

phase. Mutations in TFs and ERs are not major events in

chronic myeloid leukemia (CML), which is triggered by

the BCR-ABL1 fusion; however, mutations in ERs such as

ASXL1, IDH1/2 and TET2 may participate to CML pro-

gression to AML [113,114].

Overall, the development of an AML may follow a “slot

machine” model (Figure 6), in which the late steps would

be, to some point, constrained by the initial ones (clonal

dominance, cooperations/exclusions). Oligoclonality would

be due to several possible draws at each step. It is import-

ant that we determine the exact number of “reels” (hits)

and “symbols” (genes) and the possible combinations.

Utilizing molecular leukemogenesis

Understanding and modeling leukemogenesis will have a

major impact on the management and treatment of

Translocation TF

+ Mutations signaling (FLT3, KIT)

Mutations TP53 + Genetic instability 

Primary 

AML

Secondary 

AML

Mutations

TFs (RUNX1), ERs (ASXL1, EZH2, TET2)

+ signaling (CBL, JAK2, RAS) 

+ splicing (SF3B1, SRSF2, U2AF1)

BCR-ABL1 + Additional mutations/deletions

Mutations TP53 + Genetic instability 

Mutations

NPM1 + signaling (FLT3) 

+ TFs, ERs (TET2, DNMT3A, IDH)

Cytogenetic risk 

Adverse  

Favorable 

Intermediate 

Primary disease 

MPN, MDS or CMML 

MDS 

MPN (CML) 

HSC/PG

Figure 4 Schematic representation of pathways leading to acute myeloid leukemia (AML) from hematopoietic stem cell (HSC) or

progenitors (PG). Gene fusions and NPM1 mutation are major events in the induction of primary AMLs with favorable and intermediate

cytogenetic risk (they correspond respectively to mutation groups A and B of Ley et al [24], and to mutation groups 2 + 3 and 1 of Shen et al.

[101]. Secondary AML following MPN or MDS (see Figure 1) could occur after a series of gene mutations in transcription factors and epigenetic

regulators combined with a mutation in a signaling pathway (see Figure 3), after TP53 mutation and a series of mutations and karyotype

alterations due to genetic instability, or after additional mutations in BCR-ABL chronic myeloid leukemia.
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hematopoietic malignancies. Molecular biology already

helps establish the diagnosis (JAK2), classification (BCR-

ABL1, FGFR1, PDGFRs), prognosis (FLT3, NPM1, CEBPA)

and treatment (BCR-ABL, 5q-, JAK2) of myeloid diseases.

Due to the increasing simplification and accessibility to

clinical laboratories of NGS equipment, the repertoire of

all genetic alterations will soon be determined for any new

case as a routine practice.

The establishment of a precise taxonomy comprising

homogeneous pathophysiological entities is a major goal

in hematology. It relies heavily on molecular data. It

started with the karyotype and has continued with gene

expression profiles [115,116]. Gene mutations will nicely

complete the picture. Other factors such as microRNAs

and long non-coding RNAs status [1], methylation profiles

[117] and histone marks may have to be integrated too.

Several studies have shown that gene mutations have

indeed a major impact on prognosis of myeloid diseases.

This is the case in MDSs for mutations in five genes,

ASXL1, ETV6, EZH2, TP53 and RUNX1 [58]. Mutations

in ASXL1 seem to be associated with an aggressive

phenotype in all myeloid malignancies [8]: they are fre-

quent in high-risk MDSs and correlate with poor progno-

sis in MDSs [118–120] and with acute progression in

CMML [36], they are more frequent in myelofibrosis than

in other MPNs [37,121], and characterize secondary

AML. DNMT3A mutations are frequent in younger

patients with AML and are associated with an unfavor-

able prognosis in MDS and AML [15,24,30,101]. Among

splicing gene mutations, those in U2AF1 and SRSF2 seem

to be associated with aggressive forms of myeloid diseases

and those in SF3B1 with good prognosis [38,39,41,42].

Molecular data will allow the establishment of an

upgraded index of prognosis. For example, in MDSs, it is

highly conceivable that the current prognostic index used

for the evaluation of the disease (IPSS), which already

Primed stage 

(initial expansion) 

Epigenetic

alteration 1 

(TET2)

.
. .

. .
. .

.. ..
.. ..

Epigenetic 

alteration 2 

(ASXL1) .. ..
..

Signaling 

(JAK2 or RAS)

Chronic stage

... ...
... ... ... ...

Acute stage

(secondary AML)

Epigenetic 

alteration 4 

(ETV6)

....
....

....
.... ........

..........
..........

.....

Transcription factor

alteration

(RUNX1) 

. .
. .. .
. . . .. .

..
Epigenetic 

alteration 3

(EZH2)

....

Accelerated stage 

(e.g. MF, RAEB2)

..........

Figure 5 Schematic representation of a case of malignant myeloid disease evolving in four stages along one pathway. Clones with

different gene mutations (color squares in cells) represent various ratios of the oligoclonal leukemia. The order and nature of the mutations (or

genome alterations) is given as an example and may differ from one case to another. However, in contrast to JAK2V617F, which has a mild effect

on hematopoietic stem cell (HSC) [16], TET2 mutation has the property to initiate the amplification of HSC and to pave the way to secondary

mutations [77]. Mutations in signaling molecules, which have a major impact on the disease phenotype, will vary with the type of chronic stage,

for example it could affect JAK2 in case of MPN, RAS in case of MP-CMML and be absent in case of MDS. MF: myelofibrosis, RAEB: refractory

anemia with excess of blasts, AML: acute myeloid leukemia.
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includes karyotypic data, can be improved by a molecular

index regrouping the mutations that impact on the

patient’s outcome [112]. Whether TET2 mutations are to

be included is a matter of debate [122–124]. In AML, a

thorough study of 18 genes, including ASXL1 and

DNMT3A, proposed an updated and precise risk stratifi-

cation based on gene mutations [125].

New therapeutic targets can be found in two of the

five major classes of leukemogenic genes. Following

the successful use of imatinib in CML, abnormal sig-

naling pathways associated with myeloproliferation, be

it the JAK-STAT pathway [126–128] or another path-

way, represent appealing targets. Drugs targeting epi-

genetic modifications, i.e. epidrugs, such as histone

deacetylase inhibitors and hypomethylating agents

(DNMT inhibitors), are currently developed or used in

clinics, and many new ones are studied in preclinical

assays and clinical trials [1]. Targeting histone methyl-

transferases (e.g. MLL) or lysine acetyltransferases (e.g.

P300) [129] is also a promising area of development.

The determination of gene mutations and their conse-

quence on gene regulation and cell programming will

help treat myeloid malignancies in providing a ration-

ale for the use and development of new epidrugs, in

directing the choice of the drug cocktails, and in

allowing the design of drug delivery and the monitor-

ing of drug response and disease progression. For ex-

ample, agents directed against TET2-, IDH- and

DNMT3A-associated methylation defects may repre-

sent a new area of development. To date, the use of

TET2 mutations status to evaluate the response to

DNMT inhibitors is still debated [130,131]. Because

many mutations compromise PRC2 function drugs an-

tagonizing this defect hold great promise.

Proteins of two other leukemogenic classes may also

serve as therapeutic targets. For example, the antitumor

macrolide pladienolide targets SF3B1 [132] opening new

opportunities to develop treatments against RARS.

Compounds aiming at restoring a normal P53 pathway

are in development [133,134].

The existence of concomitant mutations is an incen-

tive for combinatorial therapies; for example, therapeutic

synergy may be obtained by the combined use of signal-

ing inhibitors and epidrugs.

Finally, the complete determination of the mutation

repertoire will provide novel therapeutic targets. For

some diseases, such as CMML, it is already possible to

identify at least one target for nearly nine cases out of

ten [33,36]. However, the development of resistance, as

observed with imatinib [135], is a critical issue.
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Figure 6 “Slot machine” model of leukemogenesis. Alterations in signaling molecules, transcription factors (TFs), epigenetic regulators (ERs),

tumor suppressors (TSG), spliceosome components and various genome abnormalities (examples are given) fall into (at least) four “reels” (steps)

that combine to induce a malignant myeloid disease. Acute myeloid leukemia (AML) results from one of the allowed combinations of four (at

least) cooperating alterations. At chronic stages, the steps are variably combined, some may be absent (e.g. signaling), some may be specific (e.g.

SF3B1 splicing mutations in RARS). Each step can be achieved by alterations in one of several genes. The initial step leads to expansion of a

founding clone. Two examples of draw (plain and dotted lines) leading to AML are shown.
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Hopefully, target identification will allow for the devel-

opment of new combinatorial strategies, such as the one

based on synthetic lethality [136,137]. If two mutations

never occur together it may mean that their combined

effect is deleterious. Thus, opportunities for deriving

synthetic lethality drugs could stem from the observa-

tion of exclusions in mutations patterns.

Conclusions

Thus, mutations and models (“M and Ms”) will help

manage myeloid malignancies. The eventual comprehen-

sive determination in any given case and at diagnosis, of

the set of altered genes, underlying affected pathways

and disease stage, will guide towards an optimal treat-

ment based on an appropriate combination of drugs tar-

geting the various affected processes of the disease.

Clinically-oriented laboratories should already be prepar-

ing for that challenge. Meanwhile, there is much to mull

over the “M and Ms” of myeloid malignancies.
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Mutations in ASXL1 are associated with poor
prognosis across the spectrum of malignant
myeloid diseases
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Abstract

The ASXL1 gene is one of the most frequently mutated genes in malignant myeloid diseases. The ASXL1 protein

belongs to protein complexes involved in the epigenetic regulation of gene expression. ASXL1 mutations are found

in myeloproliferative neoplasms (MPN), myelodysplastic syndromes (MDS), chronic myelomonocytic leukemia

(CMML) and acute myeloid leukemia (AML). They are generally associated with signs of aggressiveness and poor

clinical outcome. Because of this, a systematic determination of ASXL1 mutational status in myeloid malignancies

should help in prognosis assessment.

Keywords: ASXL1, Gene mutations, Myeloid diseases

Mutations in the ASXL1 (additional sex combs like 1)

gene were first reported in 2009 in myelodysplastic syn-

dromes [1]. ASXL1 maps to chromosome region 20q11,

close to the DNMT3B gene, and belongs to a family of

three paralogs. ASXL1 comprises 12 exons and is

expressed in most hematopoietic cell types.

Function of the ASXL1 protein
ASXL1 codes for a nuclear protein of 1084 residues

characterized by an N-terminal helix-turn-helix domain,

HARE-HTH [2], and an unusual C-terminal plant

homeodomain (PHD), which may bind methylated

lysines (Figure 1). The central part of ASXL1 contains

an ASXH globular domain that may interact with a

polycomb-associated deubiquitinase (DUB) [2,3]. ASXL1

regulates epigenetic marks and transcription through

interaction with polycomb complex proteins and various

transcription activators and repressors [3-5]. In Droso-

phila, ASX forms a complex with the ubiquitin carboxy-

terminal hydrolase calypso to constitute the recently

identified polycomb repressive deubiquitinase (PR-DUB)

complex [3,6]. Human wild-type ASXL1 associates with

the calypso ortholog BAP1 [7]. The calypso/BAP1 DUB

deubiquitylates K119ub on histone H2A, leading to gene

repression. However, the role of ASXL1 in leukemogen-

esis does not seem to be mediated by the DUB complex

[7]. Recent data have shown that ASXL1 interacts with

components of the polycomb complex PRC2, namely

EZH2 and SUZ12, two proteins involved in the deposi-

tion of H3K27me3 histone repressive marks. These two

PRC2 components are also mutated in myeloid malig-

nant diseases [8-11]. Inhibition of ASXL1 function leads

to loss of H3K27me3 histone marks. ASXL1 role could

be to recruit the PRC2 complex to known leukemogenic

loci such as HOXA genes [7]. ASXL1 also associates

with HP1a/CBX5, a component of the heterochromatin

repressive complex [6,12]. HP1a binds to histone H3.

JAK2 phosphorylates histone H3 and excludes HP1a

from chromatin [13]. Thus, a potential functional link

may exist between ASXL1 and JAK2 mutations but this

remains to be demonstrated.

The functions of the other ASXL proteins are poorly

defined. ASXL2 has been shown to regulate heart [14]

and bone development, as well as adipogenesis. Mouse

ASXL2 has been identified as a regulator of bone

mineral density and osteoclastogenesis [15] and whereas

ASXL1 represses, ASXL2 increases the expression of
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adipogenic genes [16]. ASXL3 expression and functions

remain to be determined [17].

ASXL1 and concomitant mutations in myeloid
malignancies
The vast majority of the ASXL1 mutations found in

myeloid malignancies affect the twelfth exon of the gene

although rare mutations in other exons have been

detected [18]. ASXL1 mutations are frameshift and non-

sense mutations that are supposed to result in C-term-

inal truncation of the protein upstream of the PHD

finger (Figure 1). The functional relevance of some

reported missense mutations is not clear. The most fre-

quent mutation, which accounts for more than 50% of

all ASXL1 mutations, is a duplication of a guanine

nucleotide (c.1934dupG); it leads to a frameshift (p.

Gly646TrpfsX12). One study has described this muta-

tion as a PCR artefact [19], but because it is not found

in germ-line DNAs, control DNAs or other studied

types of cancers such as breast cancer, it is now gener-

ally considered to be a bona fide mutation.

ASXL1 mutations are usually heterozygous, suggesting

that haplo-insufficiency is the key pathological factor;

however, the truncated ASXL1 protein could also have a

dominant negative role in titrating out an interacting

protein. Actually, recent data have demonstrated a loss

of ASXL1 protein in leukemia samples with ASXL1

mutation, indicating that these mutations are loss-of-

function disease alleles [7].

ASXL1 is mutated in all types of malignant myeloid

diseases, including myelodysplastic syndromes (MDS),

myeloproliferative neoplasms (MPN), chronic myelomo-

nocytic leukemia (CMML) and acute myeloid leukemia

(AML). According to the series studied, ASXL1 muta-

tion frequency varies from a few percent to more than

50% of cases (Table 1). ASXL1 mutations are most
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Figure 1 Distribution of ASXL1 mutations along the protein. From top to bottom are shown the localization of the ASXL1 gene on

chromosome region 20q11, the exon structure of ASXL1, and the ASXL1 protein with its conserved motifs and binding regions: HARE helix-turn-

helix at the N-terminus, HP1/CBX5 binding region, ASXH, an a-helical domain that contains LXXLL (nuclear receptor boxes), and the C-terminal

plant homeodomain (PHD) finger. Below reported mutations (see Table 1) are shown along the protein: circles and triangles indicate frameshift

and nonsense mutations, respectively, and the colors correspond to the exon location.
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frequent in CMML (~ 45%). In MPNs, they are frequent

in primary myelofibrosis (PMF)(34.5%) and rare in poly-

cythemia vera (PV) or essential thrombocythemia (ET).

In AML, they are found in secondary (30%) rather than

in de novo cases (6.5%), and in AML with normal karyo-

type ASXL1 mutations are mutually exclusive with

NPM1 mutations [20]. ASXL1 is the second most fre-

quently mutated gene in MDSs after TET2 [21]. In

MDSs, ASXL1 mutations are more frequent in refractory

anemia with excess of blasts (RAEB) than in the other

forms such as refractory anemia with ring sideroblasts

(RARS) [1,5,22]. ASXL1 mutations are further detected

in rare cases of juvenile myelomonocytic leukemia

(JMML) [23] and in RARS-T [24].

With the exception of NPM1 and FLT3, it seems that

ASXL1 mutations coincide with mutations in many

known genes including EZH2 [18], IDH1/2, RUNX1 and

TET2 [21,22]. Although ASXL1 functions are related to

the PRC2 complex, which includes EZH2, ASXL1 and

EZH2 mutations are not mutually exclusive [18,38].

ASXL1 mutations can also cooperate with mutations in

genes encoding signaling (CBL, JAK2, NF1, RAS) and

splicing proteins (SF3B1, SRSF2, U2AF35). For example,

in MDSs, ASXL1 mutations are more frequent in

U2AF35-mutated patients than in U2AF35 wild-type

patients [39]. In MPNs, ASXL1 mutations are found

with the same frequency in JAK2V617F and JAK2 wild-

type cases [26,36]. In MDSs, ASXL1 mutations are often

associated with RUNX1 mutations, and, in AMLs, with

RUNX1 and CEBPA. [29,33,40].

Other alterations in ASXL1, ASXL2 and ASXL3

Few deletions of the gene have been reported and

ASXL1 is generally not included in the more telomeric

20q13 deletion that is often observed in myeloid dis-

eases. The ASXL1 gene can be translocated and fused to

the PAX5 gene in acute lymphoblastoid leukemia [41]

and altered by germ-line mutations in the Bohring-

Opitz syndrome; this severe syndrome leads to death at

an early age preventing to know whether susceptibility

to hematopoietic diseases might result from ASXL1

germ-line mutations [42]. In recent genome sequencing

studies rare mutations in ASXL1 and ASXL3 have also

been found in chronic lymphocytic leukemia [43] but

not in T-cell acute leukemia [44]. Mutations in ASXL2

and ASXL3 have not been found in myeloid diseases so

far, but ASXL2-MYST3 and EPC1-ASXL2 fusions have

been identified in myelodysplastic syndrome and T-cell

acute leukemia, respectively [45,46]. Both MYST3 and

EPC1 are epigenetic regulators and these fusion proteins

probably disrupt epigenetic protein complexes.

Animal models of ASXL1 loss
In a first model of Asxl1 gene knock-out in the mouse

ASXL1 loss mildly perturbed myelopoiesis but did not

trigger an actual hematological malignancy [47].

Table 1 Mutations in ASXL1 gene in published studies

Selected Ref. MDS
n (%)

CMML
n (%)

MPN
n (%)

Secondary AML
n (%)

De novo AML
n (%)

*Abdel-Wahab et al., [25] 12/63 (19.3)

*Abdel-Wahab et al., [18] 3/24 (12.5) 3/46 PMF (6.5)

Béjar et al., [21] 63/439 (14.4)

Brecqueville et al., [26] 17/149 (11.4): 6/30 PMF (20), 2/30 PV (7), 2/53 ET (4),

Boultwood et al., [5] 28/182 (15.4) 17/51 (33.3) 9/40 (22.5) 8/27 (29.6)

Boultwood et al., [27] +6/41 (CML) (14.6)

Carbuccia et al., [28] 5/64 (7.8)

Carbuccia et al., [20] 9/17 (58) 3/46 (6)

Chou et al., [29] 54/501 (10.8)

Gelsi-Boyer et al., [1] 4/35 (11.4) 17/39 (43.6)

Gelsi-Boyer et al., [30] 25/53 (47.2)

Grossmann et al., [31] 41/79 (52)

Jankowsa et al.,[32] 24/52 (46)

Pratcorona et al., [33] 3/24 (12.5) 35/775 (4.5)

Ricci et al.,[34] 23/42 PMF (54.8)

Rocquain et al., [22] 13/65 (20) 9/18 (50) 3/46 (6.5)

Shen et al., [35] 27/605 (4.5)

Stein et al., [36] 12/47 PMF (25.5)
1/42 PV (2)

Thol et al., [37] 40/193 (20.7)

Total* 148/914 (16.2) 124/274 (45) 41/119 PMF (34.5) 30/99 (30.3) 130/2000 (6.5)

* not included in final count because p.Gly646TrpfsX12 had not been taken into account; + including CML cases
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However, the effect of the absence of ASXL1 protein

may have been masked by partially penetrant perinatal

lethality. In another, more recent model of conditional

Asxl1 gene knock-out, the animals developed a strong

hematopoietic phenotype consistent with an MDS with

myeloproliferative features. In cooperation with NRAS

oncogenic mutation the absence of ASXL1 triggered an

MDS/MPN. These observations were confirmed by

experiments in hematopoietic cells using shRNA direc-

ted against ASXL1, which were highly coherent with the

expected role of ASXL1 in leukemogenesis [7].

ASXL1 mutations in disease evolution
Like TET2 mutations, ASXL1 mutations are found in

chronic and acute stages of myeloid malignancies. In a

study of MPNs, with the exception of a single patient who

acquired both ASXL1 and TET2 mutations, all patients

with ASXL1 mutation at leukemic transformation already

had ASXL1 mutation at the chronic stage [25]. In a series

of secondary AML with multilineage dysplasia we found

that in cases resulting from a transformation of a known

MDS the same ASXL1 mutation was present at both the

chronic and acute stages (Devillier et al., submitted).

These observations suggest that ASXL1 mutations may

constitute early hits in leukemogenesis and precede other

alterations such as JAK2 and TET2 mutations [24,25,28].

However, there is also evidence to suggest that the oppo-

site is true in some cases. In MPNs, for example, the pro-

portion of ASXL1 mutations is higher in post-PV

myelofibrosis (MF) and post-ET MF than in PV and ET.

This suggests that the ASXL1 mutation may follow a JAK2

mutation and could therefore help predict the risk of evo-

lution from PV and ET to MF [26,36,48]. As such, ASXL1

mutations may play a crucial role in the pathogenesis of

PMF, as well as in the molecular progression from the

chronic phase of a previous PV or ET to MF. Finally, in

MDSs and CMML, ASXL1 mutations seem to be present

in chronic phases and precede transformation and in rare

cases, ASXL1 mutations can be lost or acquired during

relapse of de novo AML [29].

ASXL1 mutations in disease outcome
A number of studies have linked ASXL1 mutations to the

outcome of malignant myeloid diseases. In a study of

MPNs based on the DIPSS-plus score [49] (Dynamic

International Prognostic Scoring System for primary mye-

lofibrosis), ASXL1 mutation tended to be associated with

an aggressive disease and a poor overall survival [26]. In a

large study of PMF patients ASXL1 mutations were asso-

ciated with shorter overall survival [50]. In CMML, the

presence of an ASXL1 mutation could help predict trans-

formation to AML [30]. In MDSs, ASXL1 mutations are

associated with a reduced time to progression in AML and

constitute an independent prognostic marker [37]. Finally,

a study of 18 genes in a large cohort of MDSs showed that

mutations in 5 genes had prognostic impact: TP53, EZH2,

ETV6, RUNX1 and ASXL1 [21]. Coupled with the standar-

dized international prognostic scoring system (IPSS),

mutations in these five genes could help refine the prog-

nosis evaluation of MDSs.

By contrast, a study of a large cohort of 605 AML cases

without cytogenetic prognostic markers other than 11q23

abnormalities, reported that ASXL1 mutations were not

associated with outcome [35]. However, they were asso-

ciated with shorter overall survival in patients with inter-

mediate-risk AML [29,33]. A recent study of 476 cases

with intermediate-risk de novo AML showed that ASXL1

mutations have a major impact on outcome [51]. Accord-

ing to the current European LeukemiaNet (ELN) guide-

lines for the diagnosis and management of AML, AMLs

with normal karyotype are classified into two genetic cate-

gories based on their NPM1, FLT3-ITD and CEBPA muta-

tion status: the ELN Favorable category is defined as

mutated CEBPA and/or mutated NPM1 without FLT3-IT;

all remaining cases (ie, those with wild-type CEBPA, and

wild-type NPM1 with or without FLT3-ITD or mutated

NPM1 with FLT3-ITD) form the ELN Intermediate-I cate-

gory [52,53]. ASXL1 mutations have been associated with

inferior survival among ELN Favorable, but not among

ELN Intermediate-I patients [40]. Taken together, these

data show that ASXL1 mutations have prognostic value in

certain subgroups of AML patients.

Conclusion
In almost all studies, and whatever the type of myeloid

malignancy, ASXL1 mutations are associated with

adverse features including, but not limited to myelodys-

plasia, myelofibrosis or progression to AML. Systematic

detection of ASXL1 mutations could thus help in the

assessment of disease and should perhaps be implemen-

ted in routine practice, whether associated with already

systematically-surveyed mutations (CEBPA, JAK2, FLT3,

NPM1) or in upcoming systematic genome analyses.
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Introduction

Chronic myelomonocytic leukemia (CMML) is a malignant
hematologic disease of the elderly characterized by peripher-
al blood monocytosis, overproduction of bone marrow
monocytes with dysplasia of one or more lineages, and less
than 20% of blasts in the bone marrow. Its prognosis is poor
with a median survival of 12-18 months and a 15-20% risk of
transformation into acute myeloid leukemia (AML).1,2 CMML
is classified by the World Health Organization (WHO) into
the myelodysplastic/myeloproliferative neoplasms and,
based on the number of blasts, subclassified into CMML1
and CMML2 (5-9% and 10-19%, respectively).3 Like
myelodysplastic syndromes (MDS), CMML shows dysplastic
features that reflect ineffective hematopoiesis; however, dys-
plasia is associated with bone marrow proliferation.4,5

Because of this duality, CMML had been separated into a
myeloproliferative form (MP-CMML) and a myelodysplastic
form (MD-CMML) based on a semi-arbitrary threshold of 13
x 109/L for peripheral white blood cell (WBC).6 However, due
to its lack of impact on outcome, this separation is not includ-

ed in the WHO classification.3 Yet, the prognosis of MD-
CMML but not MP-CMML may be evaluated by the interna-
tional prognostic scoring system, underlining a similarity of
MD-CMML with MDS. Moreover, even if, given the limited
treatments currently available, MD and MP-CMMLs have
similar outcome, this situation may change with the advent
of new therapies, in which case they would each need to be
recognized separately. 

Because CMML has both dysplastic and proliferative fea-
tures it is likely that the disease is heterogeneous. We wanted
to determine whether these MD and MP features may have
any relevant molecular basis that may help classify and
understand CMML. To this aim, we established the gene
expression profiles and the mutational status of CMML and
compared them to those of MDS.

Design and Methods

Patients and samples
We selected 53 CMML and 32 MDS bone marrow (BM) samples

previously studied by array-comparative genome hybridization
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Chronic myelomonocytic leukemia is similar to but a separate entity from both myeloproliferative neoplasms and
myelodysplastic syndromes, and shows either myeloproliferative or myelodysplastic features. We ask whether this
distinction may have a molecular basis. We established the gene expression profiles of 39 samples of chronic
myelomonocytic leukemia (including 12 CD34-positive) and 32 CD34-positive samples of myelodysplastic syn-
dromes by using Affymetrix microarrays, and studied the status of 18 genes by Sanger sequencing and array-com-
parative genomic hybridization in 53 samples. Analysis of 12 mRNAS from chronic myelomonocytic leukemia
established a gene expression signature of 122 probe sets differentially expressed between proliferative and dysplas-
tic cases of chronic myelomonocytic leukemia. As compared to proliferative cases, dysplastic cases over-expressed
genes involved in red blood cell biology. When applied to 32 myelodysplastic syndromes, this gene expression sig-
nature was able to discriminate refractory anemias with ring sideroblasts from refractory anemias with excess of
blasts. By comparing mRNAS from these two forms of myelodysplastic syndromes we derived a second gene
expression signature. This signature separated the myelodysplastic and myeloproliferative forms of chronic
myelomonocytic leukemias. These results were validated using two independent gene expression data sets. We
found that myelodysplastic chronic myelomonocytic leukemias are characterized by mutations in transcription/epi-
genetic regulators (ASXL1, RUNX1, TET2) and splicing genes (SRSF2) and the absence of mutations in signaling
genes. Myelodysplastic chronic myelomonocytic leukemias and refractory anemias with ring sideroblasts share a
common expression program suggesting they are part of a continuum, which is not totally explained by their similar
but not, however, identical mutation spectrum.
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(aCGH) and sequencing of candidate genes.7,8 According to the
French-American-British (FAB)6 and WHO3 classifications, the
CMML series was made up of 31 MP and 22 MD cases (Online
Supplementary Table S1) and the MDS panel 8 refractory anemia
(RA) with ring sideroblasts (RARS), 13 RA with excess of blasts
type 1 (RAEB1) and 11 RAEB type 2 (RAEB2). CMML and MDS
cases selected for gene expression profiling were collected at the
time of diagnosis or in therapeutic abstention; none had been
treated. All patients signed an informed consent for research and
the study was approved by our institutional review board
("Comité d'Orientation Scientifique" of the Institut Paoli-
Calmettes).

CD34 enrichment
Samples were enriched in CD34-positive (CD34+) cells for 12

CMML and 32 MDS cases. Leukocytes were obtained after bone
marrow red cell lysis and washing with PBS, and labeled with
magnetic bead-conjugated anti-CD34 monoclonal antibody
(AC34 MicroBead; Miltenyi Biotec, Auburn, CA, USA). CD34+

hematopoietic stem cell populations were then purified through a
miniMACS magnetic cell separation column (Miltenyi Biotec).

RNA/DNA extraction
RNAs and DNAs were extracted from whole BM CMML sam-

ples. After BM aspiration, a red cell lysis was carried out, followed
by rinses with PBS. Leukocytes were processed immediately or
cryopreserved at –80°C at the sample bank of the Institute and
processed later. DNA and RNA were extracted using Nucleobond
RNA/DNA kit from Macherey-Nagel (Düren, Germany) as recom-
mended by the supplier. RNA from CD34+ cells were similarly
extracted using Nucleobond RNA/DNA kit from Macherey-Nagel.

Sequencing of 18 candidate genes
Mutations in ASXL1 (exon 12), CBL (exons 8, 9), DNMT3A

(exons 15-23), EZH2 (all exons), FLT3 (exons 14, 15, 20), IDH1/2
(exons 4), JAK2 (exon 14), NF1 (exons 1-50), N/KRAS (exons 1, 2),
PTPN11 (exons 3, 11) ), RUNX1 (exons 1-8), SF3B1 (exons 12-16),
SUZ12 (exons 14-16), SRSF2 (exon 2), TET2 (exons 3-11),
U2AF35/U2AF1 (exons 2, 6), and ZRSR2 (exons 1-11) were ana-
lyzed using BM DNA as previously described.7-11

Gene expression profiling
Gene expression profiles of 39 CMML (out of the 53) and 32

MDS (all from CD34+ cells) mRNAs were established. Among the
39 CMML cases, 37 were studied as BM (10 of these were also
studied as CD34+) and 2 as CD34+ RNAs. In other words, 10
CMML samples were studied as both CD34+ and whole BM
RNAs, and 2 as CD34+ only (12 CD34+ in total). 

RNA quality and purity were assessed with Agilent Bioanalyzer
2100 (Agilent Technologies, Palo Alto, CA, USA). Preparation of
cRNA, hybridizations onto Affymetrix U133 Plus 2.0 human
oligonucleotide microarrays, washes and detection were carried
out as recommended by the supplier and as previously described.12

Data were analyzed by the Robust Multichip Average (RMA)
method in R using Bioconductor and associated package, as previ-
ously described.12 Before analysis, a first filtering process removed
from the data set the probe sets with low and poorly measured
expression as defined by an expression value inferior to 100 units,
thus retaining 19,730 probe sets in the 12 CMML CD34+ data set
and 23,515 probe sets in the 32 MDS CD34+ data set.

Before hierarchical clustering, a second filter, based on the inten-
sity of standard deviation (SD >0.5), was applied and retained
9179 probe sets in the 37 CMML from the whole BM data set,
12,660 probe sets in the 12 CMML CD34+ data set, and 11,623
probe sets in the 32 MDS CD34+ data set. Filtered data were then

log2-transformed and submitted to the Cluster program using data
median-centered on genes, Pearson’s correlation as similarity met-
rics and centroid linkage clustering. Results were shown using the
TreeView program.

Supervised analyses identified and ranked genes that discrimi-
nate two groups of samples. A discriminating score (DS) was cal-
culated for each of the 19,730 probe sets for the 12 CMML and of
the 23,515 probe sets for the 32 MDS.13 A ‘leave-one-out’ (LOO)
cross-validation procedure was applied to estimate the accuracy of
prediction of the signature and the validity of the supervised
analysis. Functional processes and pathways were identified using
Ingenuity software (Ingenuity Systems, Redwood City, CA, USA).

To test the performance of our signature on independent panels,
we analyzed publicly-available external data sets14,15 collected
from NCBI/Genbank GEO database (series entry GES4619 and
entry GES15061). Gene set enrichment analysis (GSEA) was car-
ried out as reported.16 Fisher’s exact test was used when appropri-
ate. All statistical tests were two-sided at the 5% level of signifi-
cance. All statistical analyses were carried out in R (2.8.0) and its
associated packages.

Results 

Gene expression analysis separates MD- from 
MP-CMML cases

We first determined the gene expression profiles of 37
BM CMML samples. Unsupervised analysis identified two
clusters (S1 and S2) including 17 and 20 cases, respectively
(Online Supplementary Figure S1). S1 and S2 cases did not
correlate with clinical or hematologic data and were not
separated according to MD/MP features. We next deter-
mined the gene expression profiles of 12 available RNAs
from CD34+ CMML samples (5 MD and 7 MP).
Hierarchical clustering separated the 12 samples into two
clusters (Online Supplementary Figure S2). The two clusters
differed (Fisher’s exact test, P=0.04) in terms of leukocyto-
sis and overlapped the MP/MD definition: the left cluster
contained 4 of 5 MD-CMML cases whereas the right clus-
ter comprised 6 of 7 MP-CMML cases (black boxes). This
showed that the MD/MP distinction has a molecular basis
at the transcriptional level on a whole-genome scale.

MD-CMML over-expresses genes involved in red blood
cell biology as compared to MP-CMML

To understand this MD/MP difference, we compared
the gene expression profiles from the 5 MD-CMML sam-
ples to those of the 7 MP-CMML samples in a supervised
analysis. A total of 122 probe sets (corresponding to 96
unique genes and 6 ESTs; Online Supplementary Table S2)
were differentially expressed between the two forms. The
accuracy of prediction and validity of our procedure was
cross validated by LOO with overall accuracy of 92%
(Fisher’s exact test, P=0.015) with high sensitivity and
specificity (86% and 100%; only one MP-CMML was
misplaced) and with a theoretical number of false positive
of 30.

Among the 122 probe sets, 61 were up-regulated and 61
were down-regulated in the MP samples (the top 20 up-
regulated genes are listed in the Online Supplementary Table
S3). Inspection of the list (hereafter called MD/MP CMML
gene expression signature or CMML GES) showed that
up-regulated genes in MD-CMML belonged to pathways
and cell processes found in red blood cells: they encoded

Molecular similarity between MD-CMML and RARS
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enzymes involved in heme synthesis (ALAS2, HMBS,
FECH), glycophorins (GYPA, GYPB), globins (HBA1, HBB,
HBM), and proteins associated with blood groups (RHD,
RHCE) and erythrocyte differentiation (TRIM10).
Ingenuity analysis of this GES confirmed that the most rel-
evant over-expressed genes in MD-CMML cases were
involved in erythropoiesis (data not shown). Down-regulat-
ed genes in MD-CMML included ZCCHC11/TUT4, PHC1
and BMI1.

We applied this CMML GES to our 12 CD34+ CMML
RNAs. As expected, the MD and MP samples were sepa-
rated (Fisher’s exact test, P=1x10-3) (Figure 1A). We applied
this GES to the 37 BM CMML RNAs (including 10 of the
10 CD34+ samples and 27 additional samples). Two clus-
ters were observed: in the left cluster, 16 of the 19 samples
were MP-CMML, whereas in the right cluster, 13 of the 18
samples were MD-CMML (Figure 1B), supporting the
validity of our MD/MP CMML GES (Fisher’s exact test;

V. Gelsi-Boyer et al.

578 haematologica | 2013; 98(4)

Figure 1. Classification of CMML (A, B) and MDS samples (D, E) using a CMML gene expression signature. (A) Hierarchical clustering of 12
CD34+ CMML RNAs with the 122-gene MD/MP CMML gene expression signature (GES). Each row of the data matrix represents a gene and
each column represents a sample. Expression levels are depicted according to the color scale shown at the bottom. Red and green indicate
expression levels respectively above and below the median. The magnitude of deviation from the median is represented by the color satu-
ration. Below the horizontal sample dendrogram, are some histoclinical and molecular features of the samples (PLT: platelets), including the
MD or MP phenotype (white for MP and black for MD). The GES (vertical dendrogram) classifies the samples into two clusters (black vertical
line) associated with the MD/MP definition. The correlation of the two clusters with the histoclinical data is indicated using the P value of
Fisher’s exact test to the right of the stripes (significant P-values are in blue). (B) Similar to (A), but applied to 37 bone marrow CMML sam-
ples. The genes are not clustered and are ordered as in (A). (C) Hierarchical clustering of 32 CD34+ MDS samples using the 122-gene MD/MP
CMML gene expression signature (GES). Legend as in (A). RARS and RAEB are indicated by colored boxes under the dendrogram. The GES
significantly distinguishes the RARS from the RAEB samples. (D) As in (C), but applied to the 32 mRNAs from CD34-positive MDS samples
and 12 mRNAs from CD34-positive CMML samples. The genes are not clustered and are ordered as in (A). The CMML GES separates the
RARS and MD-CMML samples from the MP-CMML and RAEB samples. MD/MP forms are indicated by black and white boxes as indicated. 
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P=6x10-4). Using GSEA, we confronted the gene expres-
sion profiles of our 37 BM CMML mRNAs to the 122 gene
signature. We found a significant enrichment in the red
cell genes of this signature in the MD-CMML samples
(Enrichment Score=0.76; Normalized Enrichment
Score=2.08; FDR q-value<0.01).

CMML gene expression signature classifies MDS 
samples 

Overexpression of genes involved in red cell biology has
been observed in previous gene expression analyses of
RARS samples.14,17 When applied to our 32 CD34+ MDS
samples, the CMML GES perfectly separated RARS from
RAEB samples (Fisher’s exact test, P=1x10-4, Figure 1C).
When the CMML GES was applied to the pool of 12
CMML and 32 MDS CD34+ samples the MD-CMMLs
clustered with the RARS samples and the MP-CMMLs
with the RAEB samples (Figure 1D) (Fisher’s exact test,
P=1.8x10-7). These results showed that MD-CMML and
RARS share gene similar expression programs.

MDS gene expression signature classifies CMML 
samples

Then we derived an MDS GES by comparing the gene
expression profiles of our 8 RARS to those of our 24 RAEB
samples. A total of 428 probe sets (295 unique genes and
25 ESTs; Online Supplementary Table S4) were differentially
expressed between RARS and RAEB (hereafter called
MDS GES). The accuracy of prediction and validity of our
procedure was cross-validated by LOO with overall accu-
racy of 78% (Fisher’s exact test, P=6x10-4) with high sensi-
tivity and specificity (72% and 100%, respectively) and
with a theoretical number of false positive of 5.

A total of 304 probe sets were up-regulated and 124
were down-regulated in the RARS cases (the top 20 up-
regulated genes are listed in Online Supplementary Table
S3). Up-regulated genes in RARS belonged to the pathway
and cell processes found in red blood cells (Online
Supplementary Figure S3): they encoded proteins involved
in heme synthesis (ALAS2, ALAD, HMBS, UROD, CPOX,
PPOX, FECH), iron-sulfur cluster biogenesis (SLC25A37,
GLRX5), mitochondrial biology (TRAK2), antioxidant
defense (HAGH), glycophorins (GYPA, GYPB, GYPE), glo-
bins (HBA1, HBA2, HBB, HBD, HBG1, HBM, HBQ1), pro-
teins associated with blood groups (RHCE, RHD, DARC,
KEL), red cell structure (ANK1, EPB42, EPB49, ERMAP,
SPTA1, SLC4A1), differentiation (TRIM10) and regulation
(GATA1, KLF1, TAL1, EPOR). Ingenuity analysis of this
GES confirmed that the most relevant over-expressed
genes in RARS were involved in erythropoiesis (data not
shown). When applied to our 32 CD34+ MDS RNAs, the
MDS GES perfectly separated the RARS from the RAEB
samples (Figure 2A), as expected. More surprisingly, when
applied to the 12 CD34+ (Figure 2B) or BM CMML mRNAs
(Fisher’s exact test, P=8.4.10-4; data not shown) it perfectly
separated the MD-CMML from the MP-CMML samples.

Thus, MD-CMML and RARS share expression of genes
involved in erythropoiesis and red blood cell biology, with
a total of 38 probe sets corresponding to 25 unique genes
common to the MD/MP CMML and MDS GESs (Online
Supplementary Table S3).

External validation on two independent data sets 
To validate these unexpected results, we applied our

two GESs (CMML GES and MDS GES) to two external
published data sets (a CMML and an MDS data set)14,15 and
a GES obtained from one of these external data sets to our
CMML and MDS samples.

First, we studied the external data sets with our two
GESs. The first data set corresponded to the expression
profiles of 25 CMML BM samples profiled using
Affymetrix microarrays.15 Unfortunately, information on
MD/MP forms was not associated with the data. Our
CMML GES separated these external CMML cases into
two groups, one of which over-expressed red blood cell
genes (Online Supplementary Figure S4A, stripe 1). All but
one of the 25 CMML samples was similarly sorted with
our MDS GES (Online Supplementary Figure S4B, stripe 2).
We studied a second external data set, consisting in the
expression profiles of 66 CD34+ MDS samples studied by
Affymetrix microarrays.14 Our MDS GES separated the
RARS from the other MDS classes (Figure 3A), as did our
CMML GES (Figure 3B).

Second, we derived a third GES (hereafter called MDS-
ext GES) by comparing RARS and RAEB samples from the
MDS external data set.14 This MDS-ext GES contained 738

Molecular similarity between MD-CMML and RARS
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Figure 2. Classification of MDS samples using an MDS gene expres-
sion signature. (A) Hierarchical clustering of 32 CD34+ MDS sam-
ples using the 428-gene MDS gene expression signature. Legend as
in Figure 1A. MDS classes are indicated by colored boxes in the
stripe under the dendrogram. The GES significantly distinguishes
the RARS from the RAEB samples. (B) As in (A), but applied to the
12 CD34-positive CMML samples. The genes are not clustered and
are ordered as in (A). The GES significantly distinguishes the MD
from the M¨-CMML samples. MD/MP forms are indicated by white
and black boxes in the stripe under the dendrogram. 
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probe sets (597 unique genes and 28 ESTs). The genes
found over-expressed in RARS are involved in red blood
cell biology. This GES was able to separate our RARS from
RAEB samples (Online Supplementary Figure S4C) and our
MD-CMML from MP-CMML CD34-positive samples
(Figure 3C). When applied to the CMML external data
set,15 it separated the 25 samples (stripe 3) in the same way
as did our CMML and MDS GESs (Online Supplementary
Figure S4D).

Thus, GESs obtained from comparison from either
CMML or MDS were similarly able to distinguish CMML
and MDS classes, showing that MD-CMML and RARS
share common molecular features. The CMML GES, MDS
GES and MDS-ext GES had 26 probe sets in common (cor-
responding to 16 genes and 1 EST)(Figure 3D), all overex-
pressed in MD-CMML and RARS and involved in red cell

biology (Online Supplementary Table S3). This small core
GES separated MD-CMML from MP-CMML (Figure 3E)
and RARS from RAEB (Online Supplementary Figure S5) as
efficiently as the three larger GESs.

Analysis of mutated genes in CMML and MDS 
These results showed a molecular similarity between

MD-CMML and RARS. Could this similarity be the result
of gene mutations common and specific to the two dis-
eases? We7,8,18 and others19-36 have previously studied sever-
al leukemogenic genes in CMML and RARS. However,
several of those (e.g. ASXL1, RUNX1, TET2) are neither
specific of MD-CMML nor of RARS and, therefore, can
account neither for the similarity between the two dis-
eases nor for the differences from the other myeloid
malignancies. 
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Figure 3. Independent validation of the gene expression signatures. (A) Hierarchical clustering of 66 Pellagatti’s CD34+ MDS external sam-
ples14 using our 428-gene MDS GES. Legend similar to Figure 1A. MDS classes are indicated by colored boxes in the stripe under the den-
drogram. The GES significantly separates the RARS from the other MDS classes. (B) Similar to (A), but using our 122-gene MD/MP CMML.
The GES significantly separates the RARS from the other MDS classes. (C) Hierarchical clustering of our 12 CD34-positive CMML samples
using the MDS-ext GES. MD/MP forms are indicated by black and white boxes in the stripe under the dendrogram. The GES significantly
separates the MD-CMML samples from the MP-CMML samples. (D) Venn diagram showing the overlap between the three GES: 26 genes
overlap the three GES. (E) Hierarchical clustering of the 12 mRNAs from CD34+ CMML samples using these 26 overlapping genes. This 26-
gene GES separates the MD-CMML from the MP-CMML samples.
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We studied the sequence of 18 genes involved in the reg-
ulation of transcription (ASXL1, DNMT3A, EZH2, IDH1,
IDH2, RUNX1, SUZ12, TET2), splicing (SF3B1, SRSF2,
U2AF1, ZRSR2) and signaling (CBL, FLT3, JAK2, KRAS,
NRAS, PTPN11) in our series of 53 CMMLs. Results are
shown in Figure 4, Online Supplementary Table S5 (see also
Online Supplementary Figure S1). The samples had been
studied by aCGH7,18 and deletions of these genes were
taken into account when appropriate. In CMML, splicing
mutations have been recently described,31 but how muta-
tions in 4 splicing genes combine with alterations in the
other 14 genes has not yet been reported.  Only seven
samples (3 MD and 4 MP) did not show any mutation in
the genes studied (13%). Among transcription/epigenetic
regulators, ASXL1, RUNX1 and TET2 were the most fre-
quently mutated genes. 

Mutations in these genes were found in both MP and
MD cases. DNMT3A mutations were only found in MD-
CMML and EZH2 mutations in MP-CMML; however, the
number of these events was low, confirming findings of
previous studies.27-30 MD-CMML showed only one CBL
mutation and one NF1 deletion, whereas MP-CMML
showed 14 mutations in signaling genes and one NF1 dele-
tion. Thus, mutations in these selected signaling genes
account for a first difference between MD-CMML and
MP-CMML. 

Except in one case, mutations in splicing genes were
mutually exclusive, as previously described31 and recently
reviewed.37 We found one mutation in SF3B1, 3 in U2AF1,
2 in ZRSF2 and 24 in SRSF2. In total, 15 of 22 (68%) MD
and 15 of 31 (45%) MP cases were mutated in the splicing
genes studied. They were not differentially distributed
between the two forms (P=0.17): the 22 MD cases
showed no SF3B1 and 13 SRSF2 mutations (59%) where-
as the 31 MP cases showed one SF3B1 and 11 SRSF2
mutations (38.7%). In addition, U2AF1 and ZRSR2 were
mutated in one and one MD-CMML cases and in 2 and
one MP-CMML cases, respectively. 

To evaluate the possible relationships between gene
mutations and gene expression we looked at the expres-
sion of the mutated genes (Online Supplementary Figure
S2B). As expected, since they were not found in the GES,
there was no difference in expression of the 18 genes
between MD and MP-CMML. Gene mutations in our
series of MDS cases have been described in previous stud-
ies7,8,11 and will not be detailed here again except for the
sake of comparison with CMML. We found 6 mutations
in SF3B1 and 3 in SRSF2 in our series of 32 MDSs (Online
Supplementary Table S6). They were differentially distrib-
uted between RARS and RAEB cases: the 8 RARS showed
5 SF3B1 and one SRSF2 mutations whereas the 24 RAEB
cases showed one SF3B1 and 2 SRSF2 mutations. Three
RAEB cases were also mutated in U2AF1 and ZRSR2.

Thus, both MD-CMML and RARS display frequent
mutations in genes encoding components of the RNA
splicing machinery. However, MP-CMML cases also show
alterations of this process. RARS and MD-CMML also
show more mutations in DNMT3A.38

Discussion 

We studied CMML by gene expression profiling and by
sequencing analyses of 18 candidate genes. Unsupervised
analysis of mRNAs from CD34-positive cells separated
CMML into two molecular subtypes that overlapped with
the MD and MP forms initially distinguished by the FAB
classification. Supervised analysis established an MD/MP
CMML GES characterized by the overexpression in MD-
CMML of genes involved in red blood cells. The compar-
ison of RARS and RAEB samples allowed the establish-
ment of an MDS GES that was also characterized by the
overexpression in RARS of the same genes and functions,
as observed in previous studies.14 The CMML GES recog-
nized the RARS and also the MDS GES recognized the
MD-CMML samples. Thus, MD-CMML and RARS share

Molecular similarity between MD-CMML and RARS
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Figure 4. Gene mutations in CMML. Profiles of concomitant gene mutations of 18 genes in 53 CMML cases. Mutations in RARS (Online
Supplementary Table S6) are shown for comparison. The number of gene mutations per case is presented below. Missing data are indicated
by gray squares. 
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a similar transcriptional program involving red blood cell
homeostasis These results were validated by using two
external published data sets and a third GES (MDS-ext
GES) suggesting the robustness of the results. In MD-
CMML and RARS, several red blood cell functions were
affected, including heme biosynthesis, iron-sulfur cluster
biogenesis, calcium uptake, antioxidant defense, and tran-
scription regulation, suggesting that MD-CMML and
RARS share a common differentiation pathway character-
ized by an erythrocytic program. 

In MD-CMML and RARS these results could reflect a
mere abundance of erythroid progenitors, an overexpres-
sion of the program to compensate for abnormal red blood
cell maturation, or a true molecular defect with patholog-
ical consequences. This defect in MD-CMML and RARS
may be different or similar. In the latter case at least two
possibilities should be considered. First, genes present in
the signatures and/or involved in the identified functions
could be directly affected by mutations. Many of these
functions take place in the mitochondrion and it is possi-
ble that the defect affects primarily this organelle; the role
of the iron transporter gene ABCB7 had been suspected,
but the gene is not mutated.39 Actually, mutations in mito-
chondrion genes are associated with congenital rather
than acquired anemias. A second hypothesis is perhaps
the most likely. Mutations in splicing factors may indirect-
ly affect red cell processes by leading to abnormal process-
ing of mRNAs, including RNAs involved in red cell biolo-
gy.40 These frequently show alternative splicing41 which
may make them hypersensitive to splicing mutations.
SF3B1 mutations are prominent in MDS with ring siderob-
lasts (RS) (a hallmark of iron overload and dyserythro-
poiesis) such as RARS, and SF3B1 haploinsufficiency or
inhibition leads to the formation of RS.42 In contrast,
SRSF2 mutations are frequent in CMML.31 Splicing defects
in SRSF2 in CMML and in SF3B1 in RARS may affect
genes involved in erythropoiesis such as ABCB7, FTL,
GATA1, or HAMP for example, or a master transcription
factor of hematopoietic cell lineages such as TIF1γ, which
controls erythroid cell fate and acts as a tumor suppressor
in CMML.43-45 However, SRSF2 mutations are also found
in MP-CMML which does not show a red cell program.
MP-CMML is characterized by mutations in signaling
genes, and this could modify the effect of SRSF2.
Overexpression of components of the pathway may also
compensate for the defect (e.g. DICER1, CUGBP2/CELF2,

ZCCHC11/TUT4 and SYNCRIP which are involved in
miRNA and mRNA editing).

Current molecular findings are shedding new light on
myeloid diseases.46 Our study establishes a molecular
bridge between CMML and MDS, suggesting that these
diseases are part of a continuum of pathologies.
Interestingly, we (Online Supplementary Table S5, HD-0376)
and others47 have observed rare cases of passage from
MDS to CMML. This continuum is likely to include RARS
associated with marked thrombocytosis (RARS-T, a dis-
ease characterized by mutations in SF3B1 and JAK2 or
MPL), since RARS and RARS-T are characterized by com-
mon gene expression features48 and the presence of RS. No
such marker has been regularly described in CMML; nor
has it been systematically investigated either. Perhaps this
is due to a stronger defect in RARS than in MD-CMML
because mutations in SF3B1 have a stronger impact on
erythropoiesis than SRSF2.

We did not find a difference in overall survival between
our 37 MD and MP-CMML cases separated by the CMML
GES (P=0.18, Fisher’s exact test). Neither did SRSF2 muta-
tion have any impact on prognosis. If, given the current
possibilities of treatment, the prognosis of MD and MP-
CMML is similar, in the future these diseases may be
treated differently and we will need to be able to identify
the difference between them. Our discovery of a molecu-
lar similarity between MD-CMML and RARS could be
useful by improving the classification of these diseases,
providing pathophysiological clues and suggesting the
possibility of using treatment approaches common to the
two diseases but different from those for MP-CMML.
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Acute myeloid leukemia with myelodysplasia-related changes are
characterized by a specific molecular pattern with high frequency of

ASXL1 mutations

Raynier Devillier,1,2 Véronique Gelsi-Boyer,1,3,4 Mandy Brecqueville,1 Nadine Carbuccia,1 Anne Murati,1,3

Norbert Vey,1,2,4 Daniel Birnbaum,1 and Marie-Joëlle Mozziconacci1,3*

To determine whether the distinct and heterogeneous WHO category called ‘‘AML with myelodysplasia-
related changes’’ (MRC-AML), presents specific molecular alterations we searched for mutations in genes
known to be mutated in malignant myeloid diseases. In 48 MRC-AML patients analyzed, we found 17 muta-
tions in ASXL1 (35%), eight in RUNX1 (17%), seven in TET2 (15%), 12 in IDH (n 5 2) or IDH2 (n 5 10) (25%),
four in DNMT3A (8%), four in NPM1 (8%), and one in FLT3 (2%). Mutations were more frequent in the inter-
mediate cytogenetic (IC) subgroup of 36 patients than in the unfavorable karyotype subgroup, with an aver-
age ratio mutations/patients of 1.36 [0–3] vs. 0.33 [0–2] (P < 0.001). Then, we compared these 36 patients
with IC MRC-AML with a control panel of 37 no-MRC-AML patients, who had both IC and no dysplasia. IC
MRC-AMLs were associated with higher incidence of ASXL1 mutations (47% vs. 0%, P < 0.001) and lower
incidence of DNMT3A (6% vs. 38%, P 5 0.001), NPM1 (11% vs. 62%, P < 0.001) and FLT3 (3% vs. 49%, P <

0.001) mutations. No difference was found in the incidence of IDH1/2 or TET2 mutations according to the
presence of dysplasia. Complete remission rate after intensive treatment was lower in the MRC-AML group
than in the no-MRC-AML group (48% vs. 78%, P 5 0.023) and in wild type NPM1 patients (50% vs. 84%, P 5

0.009). Our study showed that MRC-AML as defined in the WHO 2008 classification presents a specific
mutation pattern characterized by a high frequency of ASXL1 mutations and a low rate of NPM1, FLT3, and
DNMT3A mutations. Am. J. Hematol. 87:659–662, 2012. VVC 2012 Wiley Periodicals, Inc.

Introduction
The 2008 revised WHO classification1 recognizes a spe-

cific category of acute myeloid leukemia (AML) called AML
with myelodysplasia-related changes (MRC-AML). MRC-
AMLs present myelodysplasia-related phenotype and cyto-
genetic abnormalities and/or exhibit dysplasia in 50% or
more of the cells in two or more myeloid lineages and/or
history of myelodysplastic syndrome (MDS). This category
includes heterogeneous diseases with distinct clinical and
cytogenetic entities. MRC-AMLs are classically considered
as high-risk diseases because they are frequently second-
ary and/or unfavorable cytogenetic cases associated with
older age, unfit for intensive care.2 To our knowledge, no
previous study has ever reported the predictive value of
dysplasia independently of age, cytogenetic, or previously
diagnosed MDS. To date, cytogenetic and molecular altera-
tions but not dysplasia are considered as independent fac-
tors influencing both prognosis and therapeutic choices.3–5

To determine whether this WHO category, currently defined
solely upon morphological and cytogenetic criteria,
presents specific molecular alterations, we searched for
mutations in genes known to be mutated in malignant mye-
loid diseases. We report clinical, biological, and molecular
characteristics of AML according to the presence of criteria
for MRC-AML as described in the WHO classification.

Methods
Selection criteria. Patients with the following criteria were included

(1) Marrow blast >20% at the time of diagnosis except for erythroleuke-

mia according to the FAB classification (AML6); (2) No favorable cyto-

genetic abnormalities, i.e., t(8;21), inv(16)/t(16;16), t(15;17); (3) Total

bone marrow sample available at diagnosis; and (4) Signed informed

consent for somatic genetic analyses.

Cases were separated in two groups according to the presence or

not of dysplastic features at diagnosis. Patients with at least one criteria

for AML with MRC according to the WHO classification constituted the

MRC-AML group: presence of multilineage dysplasia with (secondary

MRC-AML subgroup) or without (primary MRC-AML subgroup) history

of MDS or myelodysplastic/myeloproliferative syndrome (MDS/MPN);

myelodysplasia-related cytogenetic abnormalities (complex karyotype,

-5 or del(5q), -7, 11q23 abnormalities except t(9;11), t(6;9), 3q26

abnormalities and 17p abnormalities). Cases without any of these crite-

ria formed the no-MRC-AML group.

Treatment modality and response. Patients received intensive

induction therapy (anthracycline and cytarabine), non-intensive treat-

ment (azacytidine, low-dose cytarabine), or supportive care only associ-

ated or not with oral chemotherapy such as 6-mercaptopurine and/or

methotrexate and/or hydroxyurea. Induction treatment modalities were

chosen according to patient’s age, performance status, and cytogenetic

abnormalities. After induction therapy, response was defined according

to Cheson criteria:6 Bone marrow blast <5%; no Auer rods; platelet

count > 100 G/L; absolute neutrophil count > 1 G/L and absence of

extramedullary disease defined complete remission (CR). Patients

reached CR with incomplete recovery when they presented with all cri-

teria for CR except for residual neutropenia <1 G/L or thrombopenia

<100 G/L.

Direct gene sequencing. We used direct Sanger gene sequencing

to search for somatic mutations in ASXL1 (Exon 12), RUNX1 (Exons

1–8), TET2 (Exons 3–11), IDH1 (Exon 4) and IDH2 (Exon 4), DNMT3A

(Exons 15–23), FLT3 (internal tandem duplications—ITD—Exons 14

and 15 and point mutation in Exon 20-encoded kinase domain—TKD)

and NPM1 (Exon 12). Methods have been described previously.7
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Statistical analyses. We used a Chi-square test to compare patient

characteristics and mutation frequencies in different groups, and to find

predictive factors associated with CR achievement. Overall survival

(OS) was calculated from date of AML diagnosis to death or last con-

tact using Kaplan Meier8 estimates and Log Rank test.

Results
Patient characteristics. Eighty-five patients were studied.

Forty-eight and 37 patients formed the MRC-AML and the
no-MRC-AML groups, respectively. Patient characteristics
are summarized in Table I. MRC-AML patients were older
than no-MRC-AML patients (median age of 72 vs. 63, P <
0.001). Twenty-three (48%) patients of the MRC-AML group
presented with a previously diagnosed MDS (n 5 18) or
CMML (n 5 5) and were considered as secondary MRC-
AML cases. The 25 remaining MRC-AML patients pre-
sented with multilineage dysplasia. Twelve (25%) MRC-
AML cases had unfavorable cytogenetic abnormalities while
all the no-MRC-AML cases presented with intermediate risk
karyotype. No-MRC-AML patients were more frequently
treated by intensive induction herapy (91% vs. 55%, P <

0.001). In the MRC-AML patients, no difference was found
in the characteristics of primary and secondary MRC-AML
in terms of age (P 5 0.605), cytogenetic (P 5 0.308), and
intensive induction (P 5 0.06).
Mutation frequencies in 48 MRC-AML patients. We found

17 mutations in ASXL1 (35%), eight in RUNX1 (17%),
seven in TET2 (15%), 12 in IDH1 (n 5 2) or IDH2 (n 5 10)
(25%), four in DNMT3A (8%), four in NPM1 (8%), and one
in FLT3 (2%) (Table II). The profiles of concomitant muta-
tions are shown in Fig. 1. Mutations were more frequent in
the intermediate cytogenetic (IC) subgroup than in the
unfavorable karyotype subgroup, with an average ratio

mutations/patients of 1.36 [0–3] versus 0.33 [0–2] (P <

0.001). Mutated ASXL1 (P 5 0.002) and IDH2 (P 5 0.039)
cases were associated with the IC subgroup. Interestingly,
no significant difference in the mutation rates was found
between primary and secondary MRC-AMLs.
Mutation frequencies in IC AML. We restricted further

analysis to AML with IC because most of the mutated
cases were found in this entity. The 36 patients with IC
MRC-AML were compared with the control panel of 37 no-
MRC-AMLs, who had both IC and no dysplasia. We found
that IC MRC-AML mutation profile was different from IC no-
MRC-AML (Table III; Fig. 2). MRC-AMLs were character-
ized by the presence of ASXL1 mutations (47% vs. 0%, P
< 0.001). There was also a trend toward a higher incidence
of RUNX1 mutations in MRC-AML cases (22% vs. 8%, P
5 0.087). In contrast, in IC no-MRC-AMLs, we found more
frequent mutations of DNMT3A (38% vs. 6%, P 5 0.001),

TABLE I. Patient Characteristics

MRC-AML

(n 5 48)

No-MRC-AML

(n 5 37) P

Gender

Men 33 69% 19 51% 0.08

Age

Median (year) [range] 72 [29–86] 63 [21–83] <0.001

Occurrence of MRC-AML

Primary MRC-AML 25 52%

Secondary MRC-AML 23 48%

MDS 18 38%

CMML 5 10%

Cytogenetic risk group

Intermediate 36 75% 37 100% 0.001

Normal karyotype 18 38% 31 84%

Other 18 38% 6 16%

Unfavorable 12 25% 0 0%

Complex karyotype 8 17%

Monosomal karyotype 3 6%

17p abnormality 1 2%

Induction therapy

Intensive 26 55% 32 91% <0.001

TABLE II. Mutations of ASXL1, RUNX1, TET2, IDH1, IDH2, DNMT3A, NPM1,

and FLT3 in 48 Cases of MRC-AML According to Cytogenetic Risk Group

MRC-AML

(n 5 48)

Intermediate

group (n 5 36)

Unfavorable

group (n 5 12)

PMutated cases % Mutated cases % Mutated cases %

ASXL1 17 35 17 47 0 0 0.002

RUNX1 8 17 8 22 0 0 0.080

TET2 7 15 6 17 1 8 0.431

IDH1 2 4 1 3 1 8 0.441

IDH2 10 21 10 28 0 0 0.039

DNMT3A 4 8 2 6 2 17 0.257

NPM1 4 8 4 11 0 0 0.303

FLT3 1 2 1 3 0 0 0.750

Figure 1. Profiles of concomitant mutations in 48 cases of MRC-AML according

to the cytogenetic risk group. Primary and secondary MRC-AMLs are represented

with grey and black bars respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

TABLE III. Mutations of ASXL1, RUNX1, TET2, IDH1, IDH2, DNMT3A, NPM1,

and FLT3 in 36 Cases of Intermediate Cytogenetic MRC-AML Cases

Compared With 37 Cases of No-MRC-AML

MRC-AML (n 5 36) No-MRC-AML (n 5 37)

PMutated cases % Mutated cases %

ASXL1 17 47 0 0 <0.001

RUNX1 8 22 3 8 0.087

TET2 6 17 5 14 0.480

IDH1 1 3 3 8 0.318

IDH2 10 28 6 16 0.181

DNMT3A 2 6 14 38 0.001

NPM1 4 11 23 62 <0.001

FLT3 1 3 18 49 <0.001
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NPM1 (62% vs. 11%, P < 0.001), and FLT3 (49% vs. 3%,
P < 0.001). ASXL1 mutations were associated with RUNX1
mutations (P 5 0.039) and mutually exclusive with
DNMT3A (P 5 0.011) and NPM1 (P 5 0.001) mutations in
our series. Only one case of MRC-AML carried a FLT3-
ITD; it was associated with an ASXL1 mutation, whereas
the overall trend was a mutual exclusivity of ASXL1 and
FLT3-ITD mutations. NPM1 mutations were associated with
mutated DNMT3A (P 5 0.001) and FLT3-ITD (P 5 0.001)
and wild type RUNX1 (P 5 0.011). No difference was found
between MRC-AMLs and no-MRC-AMLs in the mutation
frequencies of IDH1/2 (31% vs. 24% respectively, P 5

0.369) and TET2 (17% and 14% respectively, P 5 0.480).
Response after induction therapy and survival. Among

the 58 patients treated by intensive induction chemother-
apy, 35 achieved CR (60%), 10 achieved CRi (9%), and 18
failed (31%). Low CR rates were associated with unfavora-
ble karyotype (0% vs. 66%, P 5 0.007). After excluding
unfavorable karyotype patients, CR rate after intensive
treatment remained lower in the MRC-AML group than in
the no-MRC-AML group (48% vs. 78%, P 5 0.023) and in
wild type NPM1 patients (50% vs. 84%, P 5 0.009). We
did not found predictive value of other mutated genes on
CR achievement after induction therapy in IC patients. In
the MRC-AML patients, secondary MRC-AML was associ-
ated with lower CR rate than primary MRC-AML (14% vs.
64%, P 5 0.043).
No difference was found in 2-year OS between MRC-

AML and no-MRC-AML groups after induction therapy (48%
vs. 44% respectively, P 5 0.345). In MRC-AML patients, 2-
year OS was 40% and 11% for the primary and secondary
MRC-AML subgroups, respectively (P 5 0.025) (Fig. 3). No
mutation was found to significantly influence OS.

Discussion
We have compared here clinical, biological, and molecu-

lar features of MRC-AML vs no-MRC-AML. The WHO clas-
sification1 pooled in MRC-AML both secondary and/or
unfavorable karyotype AML and primary AML presenting
with multilineage dysplasia. We wondered whether the

mutation status of genes involved in myeloid malignancies
could help better distinguish MRC-AML from no-MRC-AML
and/or primary and secondary MRC-AML. Our results
showed that mutations of ASXL1, RUNX1, TET2, IDH1,
IDH2, DNMT3A, NPM1, and FLT3 mainly occurred in the
IC group. This suggests different molecular pathways for
monosomal and/or complex karyotype MRC-AMLs. Then
we focused our analyses on IC MRC-AMLs and found dif-
ferent mutation profiles according to the presence of dys-
plasia. We found that MRC-AMLs have a mutation pattern
characterized by a high frequency of ASXL1 mutations,
which reached 47% among patients with IC risk. ASXL1
mutations have been found in only 10% of de novo AML
cases reported in the literature.9 ASXL1 mutations are
more frequently found in older patients and in MDS and/or
CMML.9–12 The median age of 72 years in the MRC-AML
group and the high proportion of secondary MRC-AML
(48%) could explain in part the very high frequency of
ASXL1 mutations in our population. It also seemed that
RUNX1 mutations are more frequently found in MRC-AML
(17% in our series and 22% in IC risk patients) than in no-
MRC-AML (8%). RUNX1 mutation frequency was previ-
ously described in de novo AML and reached 7%.13 More-
over, we found a lower rate of DNMT3A (6%), NPM1
(11%), and FLT3 (3%) mutations in our MRC-AML than in
our no-MRC-AML patients; in the literature DNMT3A,
NPM1 and FLT3 mutations were found in 34%,14,15 60%,16

and 30%17 of IC AML, respectively. Conversely, TET2 and
IDH mutations were similarly distributed in MRC-AML and
no-MRC-AML in our series, as well as in previous
reports.18–20

We showed that MRC-AML as defined in the WHO 2008
classification presents a specific mutation pattern charac-
terized by a high frequency of ASXL1 and RUNX1 muta-
tions and a low rate of NPM1, FLT3, and DNMT3A muta-
tions. Importantly, no difference was found in mutation pro-
file between primary and secondary MRC-AML. This
suggests that leukemogenesis of MRC-AML could have a
specific molecular pathway contributing to the dysplastic
phenotype whatever the presence or not of a previously
diagnosed MDS or MDS/MPN. Alternatively, MRC-AML
may systematically derive from a previous chronic stage
that sometimes goes unnoticed.
It is well documented that MRC-AMLs are associated

with unfavorable cytogenetic and older age, leading to a
poor prognosis.2 In our series, we found that the presence

Figure 2. Profiles of concomitant mutations in 36 cytogenetic risk MRC-AML

patients compared with the 37 cases of no-MRC-AML. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Overall survival of primary versus secondary MRC-AML in 48 MRC-

AML patients.
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of dysplasia was significantly associated with less CR after
induction therapy (48% vs. 78%, P 5 0.023). However,
these results were not translated into an OS benefit. The
low numbers and the bias related to patient selection for in-
tensive induction could explain in part this result. It seems
that secondary MRC-AML reached lower CR rate (14% vs.
64%, P 5 0.043) and had unfavorable outcome compared
with primary MRC-AML (2-year OS: 11% vs. 25%, P 5

0.025).
Beyond the specific morphologic and cytogenetic fea-

tures that define MRC-AML, molecular abnormalities such
as ASXL1 and RUNX1 mutations, although not specific,
could help delineate this recent distinct entity. The high fre-
quency of ASXL1 mutations in MRC-AML suggests epige-
netic deregulation in this kind of myeloid malignancies. This
could open perspectives through molecular characterization
of MRC-AML and adapted treatment strategies with new
drugs such as demethylating agents or HDAC inhibitors.
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