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Recent progress in high-speed sequencing technology has
revealed that tumors harbor novel mutations in a variety
of genes including those for molecules involved in epi-
genetics and splicing, some of which were not categor-
ized to previously thought malignancy-related genes.
However, despite thorough identification of mutations
in solid tumors and hematological malignancies, how
these mutations induce cell transformation still remains
elusive. In addition, each tumor usually contains multiple
mutations or sometimes consists of multiple clones,
which makes functional analysis difficult. Fifteen years
ago, it was proposed that combination of two types of
mutations induce acute leukemia; Class I mutations
induce cell growth or inhibit apoptosis while class II
mutations block differentiation, co-operating in inducing
acute leukemia. This notion has been proven using a
variety of mouse models, however most of recently
found mutations are not typical class I/II mutations.
Although some novel mutations have been found to func-
tionally work as class I or II mutation in leukemogen-
esis, the classical class I/II theory seems to be too simple
to explain the whole story. We here overview the mo-
lecular basis of hematological malignancies based on
clinical and experimental results, and propose a new
working hypothesis for leukemogenesis.

Keywords: Epigenetics/Hematological malignancy/
MDS/MPN/AML.

The first gene aberration identified in hematological
malignancies is translocation between chromosome 9
and 22, t(9;22) which was found in most patients with
chronic myelogeneous leukemia CML. A decade later,
the first fusion kinase BCR-ABL was identified from the
translocation site (1). In 1990s, BCR-ABL expression
was shown to induce CML-like diseases both in the
transgenic mouse (2) and in the bone marrow transplant
(BMT) model (3, 4), where bone marrow cells trans-
duced with BCR-ABL are transplanted to irradiated
mice. These results indicated that BCR-ABL is a sole
cause of CML pathogenesis. However, most of other
chromosomal translocations identified in acute leuke-
mia did not efficiently induce acute leukemia by them-
selves despite the fact that some of the translocations
such as AML1-ETO or PML-RARa are identified in
specific types of acute leukemia AML-M2 or M3, re-
spectively. These results suggested that multiple muta-
tions are required for leukemogenesis. In this article, we
first introduce the ‘classical’ two-step leukemogenesis
model (5) and the experimental results that support
two-step leukemogenesis model, and then propose a
new working hypothesis for leukemogenesis based on
the recent experimental results and clinical information.

Two-Step Leukemogenesis Model

About 15 years ago, Dr. Gilliland and his colleagues
proposed a 2-step leukemogenesis model (5). They cate-
gorized gene mutations into two groups, class I and
class II mutations. The following works indicated that
combination of class I and class II mutations would
induced acute leukemia. Activating mutations of kin-
ases, receptor kinases and oncogenes and inactivating
mutations of tumor suppressors are categorized as class
I mutations, and induce cell growth or inhibit apop-
tosis. On the other hand, class II mutations affect tran-
scription factors, and disrupt normal differentiation
process. In addition to inactivating or loss-of-function
mutations of transcription factors, MLL-fusions could
be also categorized to class II mutations (Fig. 1).
Combination of class I and class II mutations are sup-
posed to induce acute leukemia (Table I and Fig. 1). In
principle, the hematopoietic stem or progenitor cells,
whose differentiation was blocked by class II mutations,
proliferate with class I mutations. Thus, class I and II
mutations collaborate in inducing acute leukemia. This
hypothesis was proposed based on their experimental
result that the bone marrow cells of PML-RAR�
(class II mutation) transgenic mice transduced with
FLT3-ITD (class I mutation) efficiently induced acute
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myeloid leukemia (AML) resembling APL (7) while the
PML-RAR� transgene alone induced AML only in
30% of the mice with much longer latencies (8).
Experimental results from multiple groups later sup-
ported this two-step leukemogenesis model (9�12).
For example, we demonstrated that combination of
MLL-Sept6 (class II) and either FLT3-ITD or an acti-
vating Ras mutant G12V (class I) efficiently induced
acute myeloid leukemia in the transplanted mice
(9, 11). Not every combination of class I and class II
mutations may induce leukemia and there are some fre-
quent combinations such as MLL-fusions and Ras mu-
tations, or Runx1-ETO and c-KIT mutations.

Class I Mutations Induce Myeloproliferative
Neoplasm

As stated earlier, a fusion kinase BCR-ABL generated
by aberrant translocation of chromosomes could
induce a CML-like disease in transgenic mice as well
as in a BMT model (Fig. 1). In myeloproliferative neo-
plasm (MPN), a tyrosine kinase JAK2 is frequently
activated by the mutation in the pseudokinase
domain (95% for PV, 40�60% for both MF and ET)
(13�16). Activating mutations of the thrombopoietin

receptor (MPL) (17) and frame-shift mutations of
CALR (18, 19) have also been identified. These muta-
tions are mutually exclusive and all activate the JAK-
STAT pathway, in particular STAT5, indicating that
CALR mutation is also a class I mutation. Both JAK2
and MPL mutations have been reported to induce
MPN in mouse models. Other class I mutations includ-
ing RAS mutations, FLT3-ITD and FIP1L1-PDGFR�
also induce MPN-like disease in mouse models (7, 9,
20, 21) although these mutations have not been so far
identified in patients with MPN. These results suggest
the heterogeneity of class I mutations as we discuss
later.

Class II Mutations Induce Myelodysplastic
Syndromes (MDS)

The first mutation identified in MDS was the activat-
ing mutation of RAS which seems to be associated
with leukemic transformation of MDS to AML. It is
known that MDS is frequently associated with a var-
iety of chromosomal abnormalities, including 5q-, 7q-,
20q- and inv(3)(q21;26). Until recently only few muta-
tions had been identified in MDS patients including
RUNX1 (22, 23) and C/EBP� (24) which belong to
the class II mutation. Recent progress in high-speed
sequencing technologies revealed many novel muta-
tions in patients with MDS including TET2, ASXL1
and EZH2 (25, 26), most of which do not belong to the
classical class II mutations.

There are several mouse MDS models. NUP98-
HOXD13, which is caused by t(2;11) and found in
MDS and AML patients, induced a typical MDS in
transgenic mice (27), some of which undergo leukemic
transformation. It was also reported that combination
of NUP98-HOXD13 and FLT3-ITD induced AML in
the transplanted mice (28), suggesting that NUP98-
HOXD13 plays class II mutation-like roles in inducing
MDS and AML. We previously reported that mouse
bone marrow cells transduced with RUNX1/AML1
mutants induced an MDS-like disease with occasional
leukemic transformation (29). In this model, it was
found that overexpression of EVI1 collaborates with
a RUNX1 mutant D171N in inducing leukemic trans-
formation of MDS. In fact, some MDS patient who
underwent leukemic transformation with high expres-
sion of EVI1 harbored D171G mutation of RUNX1
(30). Expression profiles of patients with MDS and
MDS/AML with and without Runx1 mutations iden-
tified that Bmi1 is highly expressed in a significant frac-
tion of MDS/AML patients harboring Runx1
mutations but not in those without Runx1 mutations.
In fact, in the BMT model, Bmi1 collaborated with
Runx1-D171N in inducing AML with relatively short
latencies (30). Over expression of EVI1 or BMI1 inhib-
ited expression of PTEN or p16/p19, respectively, thus
inducing cell cycle progression. These results suggest
that overexpression of Evi1 and Bmi1 plays class
I-like roles in collaborating with Runx1 mutants to
induce leukemic transformation of MDS.

The mutations of another transcription factor C/EBPa,
which is required for granulocytic differentiation, are
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Fig. 1 Molecular basis of hematological malignancies; modified ver-

sion of classical class I and class II theory. Combination of class I and
II mutations induces leukemogenesis. Class I mutations including
Bcr-Abl or JAK2 induce MPN including CML. With additional
class II mutations, MPN undergoes leukemic change including blast
crisis of CML (CML-BC). On the other hand, a class II mutation
Runx 1 mutation induces MDS, which progresses to MDS/AML
with additional class I mutations. Modified from Kitamura et al. (6).

Table I. Frequent combination of class I and class II mutations in

acute myeloid leukemia: Not all combinations of class I and class II

mutations would induce leukemia

Class I Class II Disease

FLT3-ITD Runx1 mutations AML
PML-RARa AML:M3

FLT3-TKD MLL-fusions pediatric ALL
Ras mutations MLL-fusions pediatric ALL
c-Kit mutations Runx1-ETO AML:M2(M1,4)
N-Ras mutations Runx1 mutations MDS/AML
P53 mutations MLL amplification tMDS/AML
FLT3 mutants NPM1 mutations AML
C/EBPa(N-term?) C/EBPa(C-term) AML (mostly M1 or M2)

Some frequent combinations are shown.
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unique. There are two types ofC/EBP�mutations; one in
the N-terminal domain which disrupt the full-length form
of C/EBP� leaving a naturally occurring dominant-
negative form lacking the N-terminal transcriptional acti-
vating domain, and the other in the C-terminal DNA
binding domain. It is known that the two types of
C/EBP� mutations are frequently found in the same pa-
tients (31), and that they collaborate with each other in
inducing AML in mouse models (32, 33). This may be
related to dual functions of C/EBP� as a transcription
factor for differentiation and a tumor suppressor. We
have shown that the C-terminal mutant strongly inhibited
the granulocytic differentiation of 32D cells and collab-
orate with a typical class I mutation FLT3-ITD in indu-
cing AML in the mouse BMT model, suggesting that the
C-terminal mutant of C/EBP� plays class II roles.
However, there is no evidence showing that the
C-terminalC/EBP�mutant induces anMDS-like disease.
Instead, this mutation induced AML by itself with a long
latency in a mouse BMT model (34).

Novel Mutations; Class I-Like or Class
II-Like?

Recent progress of high-speed sequence technologies
has identified many novel mutations in a variety of
genes encoding for epigenetic factors, signaling mol-
ecules, molecules of splicing machinery, and molecules
of the cohesion complex in patients with malignant
diseases including hematological malignancies
(26, 35�37). It is difficult to categorize all these muta-
tions to class I/II mutations, however some of the mu-
tations are equivalent to either class I or class II
mutations. We will not encompass such mutations
here, but will present some examples.

Mutations of ASXL1 are frequently found in a var-
iety of hematological malignancies, and are always
associated with poor prognosis. In particular, the fre-
quencies of the ASXL1 mutation are high in CMML
(45%) and MDS (15�25%) (25, 26, 38, 39). Gene dis-
ruption of asxl1 induced an MDS-like disease in mice,
suggesting loss-of-function feature of the ASXL1 mu-
tation (40, 41). However, most of the mutations local-
ize to the 5’ end of the last exon, causing frameshift
and early termination of the transcript (38, 39), which
will probably escape nonsense-mediate decay (NMD)
of the transcript and result in the production of a
C-terminal truncated protein. In addition, the muta-
tions are always heterogyzous. These results strongly
indicate that a truncated ASXL1 protein with a dom-
inant-negative function or a gain-of-function is indeed
expressed from the mutated ASXL1 allele. In relation
to this, expression of the truncated form induced an
MDS-like disease in the transplanted mice (42). Since
gene disruption induce a similar disease, truncation
mutants probably play dominant-negative roles. We
have recently identified the C-terminal truncated
ASXL1 protein in several leukemic cell lines (manu-
script in preparation).

Concerning the functions of ASXL1 mutants, in
32D cells or HL60 cells, either expression of truncated
form of ASXL1 (ASXL1-MT) or knockdown of

ASXL1 (ASXL1-KD) inhibits the granulocytic differ-
entiation of these cells induced by G-CSF. The molecu-
lar mechanisms underlying this phenomenon are as
follows; ASXL1-MT suppressed the EZH2/PRC2
function, leading to derepression of oncogenes
HOXA9/10 and miR125a via decreased levels of
H3K27me3. Then, miR125a repressed the expression
of CLEC5A, required for granulocytic differentiation
of 32D cells, and inhibited G-CSF-induced differenti-
ation of 32D cells. Importantly, forced expression of
CLEC5A at least partially rescued the reduced differ-
entiation of 32D cells caused by ASXL1-MT. Thus,
ASXL1-MT plays class II mutation-like roles in the
development of MDS by inhibiting cell differentiation.
This notion is further enhanced by the clinical data and
experimental results. In clinicals, typical class I muta-
tions, RAS and JAK2 active forms frequently coexist
with ASXL1 mutations in the advanced MDS. In
addition, the presence of SETBP1 mutations is closely
associated with ASXL1 mutations. Mutations of
SETBP1 stabilize the SETBP1 protein, leading to
stabilization of an oncoprotein SET followed by inacti-
vation of PP2A and activation of AKT, suggesting the
class I-like feature of this mutation. In fact, the com-
bination of either RAS or SETBP1 mutation with
ASXL1-MT quickly induced AML in the mouse
BMT model (43).

On the other hand, tet2 knockout expanded the
hematopoietic stem cells and progenitors, resulting in
the development of MPN or CMML (44, 45).
Although the underlying mechanisms remain elusive,
the phenotype induced by tet2 knockout suggests that
loss-of-function mutation of TET2 is a class I-like
mutation. However, whether TET2 mutations identi-
fied in hematological malignancies are loss-of-function
type mutations is not clear. Thus, whether tet2 knock-
out can recapitulate the human disease is also unclear.
Mutations of IDH1/2 have similar effects with TET2
mutations because the mutant IDH1 and 2 convert
a-KG to 2-HG while wild type IDH1 and 2 convert
isocitrate to a-KG, and 2-HG inhibit TET2 (Fig. 2)
(46, 47). In fact, the TET2 mutation and IDH1/2
mutation are mutually exclusive. Despite these facts,
curiously, IDH1/2 mutations behave differently in
mouse models when compared with the tet2 knockout.
IDH1-R132H, the most frequent mutant, collaborated
with HOXA9 in a mouse BMT model in accelerating
development of an MPN-like disease although it did
not induce any disease by itself (48). Similarly, another
mutant IDH2-R140Q did not induce disease by itself,
but collaborated with HOXA9/MEIS1 or FLT3-ITD
in inducing leukemia (49). These results suggest that
IDH1/2 mutations work class II-like roles unlike TET2
mutations. This discrepancy could be explained by
the fact that 2-HG inhibition of TET2 activity is not
enough, thus making IDH1/2 mutation weaker than
tet2 knockout. Alternatively, 2-HG inhibition of
other enzymes such as dioxygenases and histone
methyltransferases (47) may affect the disease
phenotypes.

A DNA methyltransferase mutant DNMT3A-
R882H, lacking its enzymatic activity, binds and
inhibits the intact DNMT3A in a dominant-negative
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fashion. In mouse models, this mutant induced
expression of several genes including mpl via aberrant
methylation of genes, and induced CMML with
thrombocytosis in a mouse BMT model (50). In
addition, DNMT3A binds cyclin-dependent kinase 1
(CDK1), resulting in its increased expression levels
and enhanced cell cycle progression (51). These results
suggest a class I-like feature of this mutation.
However, like other epigenetic mutations including
MLL-fusions, the DNMT3A mutation would affect a
large set of genes, and may play class II-like roles as
well depending on the cellular context.

In summary, except some mutations such as the
SETBP1, it would not be appropriate to categorize
newly identified mutations to the classical class I and
II mutations.

How Many Mutations Are Required for the
Development of Myeloid Malignancies?

Deep sequencing technologies have revealed a variety
of mutations in cancers and leukemias. It has been
reported that leukemic cells harbor fewer mutations
(13 mutations on average per genome) than cancer
cells (52). Patients with MDS harbor even fewer muta-
tions; the number of the mutations increases with the
advancement of MDS, from 1.5 for patients with re-
fractory anemia (RA) to 4 for those with refractory
anemia with excess blast (RAEB) (26). As we reported,
mouse bone marrow cells transduced with RUNX1
mutants or ASXL1 mutants induced similar MDS-
like disease in the transplanted mouse. However, pa-
tients with MDS frequently harbored both RUNX1
and ASXL1 mutations, suggesting the co-operability
of these two mutations in MDS pathogenesis. It is pos-
sible that overexpression models could be more potent
to induce diseases. In fact, although we did not observe
significant collaborative effects between Runx1 and
ASXL1 mutations in the BMT model (53), the
ASXL1-mutant knock-in and a Runx1 transgene
seem to collaborate in inducing MDS in a preliminary
experiment (unpublished results). This indicates that
forced overexpression would result in exaggeration of
the phenotypes. In relation to this, it has been recently
reported that knock-in of bcr-abl in the proper site of
the genome enhanced bone marrow engraftment but

never induced the CML-like disease by itself, indicat-
ing that even BCR-ABL requires some other event(s)
for leukemogenesis (54).

It is obvious that multiple events are necessary for
development of hematological malignancies. In fact,
many mutations have been identified from each patient
with hematological malignancy. However, it is not
clear how many of those are required for disease de-
velopment. In mouse leukemia models, mouse leuke-
mia virus could induce leukemia in a couple of weeks
probably by itself. On the other hand, combination of
class I and class II mutations usually induces leukemia
with longer latencies, several months, suggesting that
additional mutations or events are required for leu-
kemogenesis. Some combination quickly induces
AML. For example, combination of a C-terminal mu-
tation of C/EBP� and FLT3-ITD are able to induce
leukemia just in two weeks in the BMT model (33),
suggesting that this combination does not require add-
itional mutation in the induction of leukemia.

Modified Working Hypothesis for
Leukemogenesis

As stated above, although the ‘class I/II hypothesis’ is
with the truth in a significant portion, it is too simple
to explain the whole picture. To complement this, two
amended hypotheses have been proposed.

Rocquain et al. (55) proposed 4 class mutations; the
first class includes RUNX1 and TET2 mutations which
may cause clonal dominance of hematopoietic stem
cells. The second class includes ASXL1 and NPM1
mutations which, they insisted, promote a pathway
to primary or secondary AML. The third class is
equivalent with the former class I mutations including
mutations of genes involved in signaling pathways and
proliferation. The last class they proposed includes
TET2, IDH1, IDH2 and WT1 mutations that are ex-
clusive with each other. It has recently demonstrated
that WT1 binds TET2 and plays important roles in
hydroxymethylation of genome DNA (56), thus sup-
porting to form this group of gene mutations.
However, WT1 is a sequence-specific transcription
factor, and it is not clear whether WT1 mutations
have equal effects on DNA hydroxymethylation with
the effects of IDH1/2 and TET2 mutations that would
work for the whole genome. In addition, many muta-
tions including C/EBP� and EZH2 are not included in
either group.

Thiede (57) proposed the third class of mutations of
epigenetic factors in addition to the class I and II mu-
tations and he also proposed class IV mutations for
adhesion molecules and class V mutations for DNA
repair/RNA splicing molecules in the comment for
the paper dealing with the DNMT3A mutations (58).
However, this classification is based on the categoriza-
tion of the molecules harboring mutations and there-
fore will not be useful in investigating functional
aspects of leukemogenesis.

Cancer Genome Altas Research Network categor-
ized mutations derived from 200 adult cases with
acute myeloid leukemia into 9 groups based on the

isocitrate

α-KG

２-HG

Wildtype IDH1/2

Mutant IDH1/2

TET2, histone demethylase

inhibit

require

Fig. 2 An example of gain-of-function mutation. Most of the gene
mutations identified in patients with hematological malignancies.
IDH1/2 gains a new function to convert a-KG to 2-HG, leading to
inhibition of TET2 as well as some histone demethylase. Quoted
from Kitamura et al. (6).
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functions of the mutated genes, including transcrip-
tion factor-fusions, NPM1, tumor suppressors,
DNA methylation-related genes, chromatin modi-
fiers, myeloid transcription factors, cohesion-related
genes and genes involved in splicing (52).
Correlation between the combinations of these
mutations and disease phenotypes may lead to new
leukemogenesis models.

A Novel Working Hypothesis for
Leukemogenesis

The disease in itself is caused by abnormal gene expres-
sion, and the disease phenotypes are determined by
changes in gene expression patterns. The changes in
gene expression patterns are brought by a variety of
gene mutations. One particular mutation may induce
changes in the expression levels of a set of genes, lead-
ing to some phenotypic changes of the cells. In the
comprehensive understanding of multi-step leukemo-
genesis, we probably need to focus on the cellular
phenotypes induced by each gene mutation rather
than the categories of the molecules that are mutated.
We categorize the cellular phenotypes to (i) induction
of proliferation, (ii) survival or block of differentiation,
(iii) block of differentiation and (iv) immortalization
(Fig. 3). Among them, induction of proliferation is
caused by ‘strong’ class I mutations while survival or
block of apoptosis may be caused by ‘weak’ class I
mutations. On the other hand, ‘weak’ class II muta-
tions may disturb normal differentiation and ‘strong’

class II mutations such as MLL fusions are supposed
to immortalize the hematopoietic cells. For example,
MLL-AF9 is highly oncogenic and induces AML by
itself in BMT models within several months. It has
been reported that MLL-AF9 is able to induce many
oncogenic genes including HOXA9, MEIS 1 and
PLZF. Thus, in the mouse model, MLL-AF9 is able
to induce not only the immortalization and block of
differentiation but also proliferation. Nonetheless, in
human AML, MLL-fusions are frequently associated
with activating mutations of Ras that inhibits apop-
tosis, suggesting that its anti-apoptotic effect is
required for full transformation of AML.

We here propose that combination of mutation-
induced cellular phenotypes determines the disease
phenotypes (cMIP-DD). Cell immortalization and
block of differentiation would induce MDS while
combination of immortalization and proliferation
would induce MPN. Combination of the four cellular
phenotypes, including proliferation, block of apop-
tosis, block of differentiation and immortalization,
should induce acute leukemia. Each mutation eventu-
ally induces changes in gene expression patterns
depending on the cell context, leading to the induc-
tion of cellular phenotypes. For example, FLT3-ITD
or N-RAS-G12V induces proliferation or blocks
apoptosis, respectively, through changes in gene ex-
pression patterns. Thus, we think that molecular
bases of leukemogenesis could be explained by cellu-
lar phenotypes induced by gene mutations rather that
the categories of the mutations.

Class III IV V ? Splicesome

Epigene�c 
factors

Signal 
transduc�on

Cohesin comple

Classical 
class I Classical 

class II

growth survival Block of 
differentiation Immortalization

Disregulated expression of various genes

MDS

MPN

AML

Fig. 3 A new working hypothesis on the molecular bases of hematological malignancies: Combination of mutations-induced cellular phenotypes

determines the disease (cMIP-DD). In addition to the classical class I and II mutations, mutations have been found in a variety of genes involved
in epigenetics, splicing, signal transduction and cohesin complex. Each gene mutation leads to disregulated gene expression. The disregulated
gene expression induces cellular phenotypes including proliferation, survival, block of differentiation, and immortalization. The combination of
the phenotypes determines the disease. Modified from Kitamura et al. (6).
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Concluding Remarks

In the classical 2-step leukemogenesis model, the class I
or class II mutation is supposed to correspond to
growth promotion/apoptosis block or differentiation
block/immortalization, respectively, we here propose
that the disease phenotypes are determined by the
combinations of cellular phenotypes including prolif-
eration, block of apoptosis, block of differentiation
and immortalization. These cellular phenotypes are
induced by the aberrant gene expression caused by
gene mutations or deletions. We call this theory as
cMIP-DD standing for combination of the mutation-
induced cellular phenotypes determines the disease. It
would be possible to categorize this aberrant gene ex-
pression profile by gene set enrichment analysis
(GSEA) or pathway analyses.

There are two important aspects that we did not
discuss in this review. First, it is important which
stage of the cell gains mutation, hemopoietic stem
cells or some progenitor cells. BCR-ABL, a causative
mutation of CML, can transform KSL including hem-
atopoietic stem cells but not committed progenitors
CMP and GMP. It is possible that KSL needs less
mutation to develop hematologic malignancy because
it has a self-renewal ability in itself and may not need
an immortalization process in leukemogenesis. On the
other hand, it is believed that most AML arise from
committed progenitors CMP or GMP. Second, it is
now recognized that multiple clones harboring differ-
ent sets of gene mutations co-exist in one patient. This
complexity also makes it difficult to interpret func-
tional aspects of combination of mutations.

In conclusion, clarification of molecular mechanisms
responsible for each cellular phenotype induced by
each gene mutation is required for comprehensive
understanding of etiologies of hematological malig-
nancies, and will be useful in developing therapies for
hematological malignancies, which will be informative
for the research of other cancers.
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