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ABSTRACT
RUNX1/AML1 point mutations have been identified in myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML) patients. A

heterozygous germline mutation of the RUNX1 gene causes a familial platelet disorder with a predisposition to AML. RUNX1mutations have

also been detected with high frequency in minimally differentiated AML M0 subtypes and myelodysplastic/myeloproliferative neoplasms.

Here we propose a new disease category of myelodysplastic neoplasms (MDN) consisting of MDS refractory anemia with excess blasts and

AML with myelodysplasia-related changes, including therapy-related cases. RUNX1 mutations have been detected in about 20% of patients

with ‘‘MDN’’. Among the MDN cases, histories of radiation exposure, therapy-related myeloid neoplasms after successful treatment for acute

promyelocytic leukemia, and leukemic transformation of myeloproliferative neoplasms have been reported to have a strong association

with RUNX1 mutations. The mutations occur in a normal, a receptive, or a disease-committed hematopoietic stem cell. It is suspected

that the ‘‘MDN’’ phenotypes are defined by the RUNX1 mutations in addition to some other abnormalities. J. Cell. Biochem. 112: 425–432,

2011. � 2010 Wiley-Liss, Inc.
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R UNX1/AML1 point mutations have been identified in

myelodysplastic syndrome (MDS) and acute myeloid leuke-

mia (AML) since the first report in 1999 [Osato et al., 1999]. Most of

the mutants lose trans-activation potential leading to a loss of

normal function, indicating that RUNX1 dysfunction is one of the

major pathogenic mechanisms of MDS and AML [Harada et al.,

2003, 2004]. Some types of RUNX1 mutants show a dominant-

negative effect on the trans-activation activity, suggesting that

they may have some oncogenic potential in addition to the loss of

normal function. Biological analysis using a mouse bone marrow

transplantation model and human CD34þ cells transduced with

RUNX1 mutants has confirmed the oncogenic ability of RUNX1

mutants [Watanabe-Okochi et al., 2008; Harada and Harada, 2009].

These data suggest that RUNX1 mutants are factors that initiate

MDS-genesis by inhibiting differentiation of hematopoietic stem

cells (HSC). One type of RUNX1 mutants requires that cells acquire

the ability to proliferate, while another type may induce prolife-

ration directly. Thus, RUNX1 mutants play a central role in the

pathogenesis of MDS and AML.

To what disease category do RUNX1 mutations contribute?

In this prospect, we focus on RUNX1 mutations in patients with

‘‘secondary’’ (i.e., radiation-induced, therapy-related, and blastic

crisis from chronic phase [CP]) MDS and AML, in which we can

assume the onset of the mutations, and we attempt to describe the

relationship between RUNX1 mutations and secondary MDS and

AML.

MYELOID NEOPLASMS CAUSED BY RUNX1/AML1
POINT MUTATIONS

RUNX1/AML1 point mutations have been reported in various

myeloid neoplasms (Fig. 1). A heterozygous germline mutation of

the RUNX1 gene is known to cause familial platelet disorder with a

predisposition to AML (FPD/AML) [Song et al., 1999; Osato, 2004],

an autosomal dominant disorder characterized by congenital

qualitative and quantitative platelet defects and the propensity to

develop MDS or AML at a high incidence (20–50%). The affected
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individuals may develop leukemia at various times throughout their

life span, suggesting that the acquisition of additional mutations is

needed to cause leukemia during this long latency period.

It has been demonstrated that RUNX1 mutations occur at low

frequency in de novo AML without myelodysplastic features,

but they have been detected in 15–35% of cases of minimally

differentiated AMLM0 subtypes [Osato, 2004]. Moreover, half of the

RUNX1-mutated AML M0 cases lost the wild-type RUNX1, and de

novo AML with RUNX1 mutation is associated with acquired but

not congenital trisomy 21 [Preudhomme et al., 2000]. A significant

association between RUNX1 mutations and activating FLT3

mutations [Matsuno et al., 2003] and trisomy 13 with increasing

FLT3 expression levels [Dicker et al., 2007] was detected.

Furthermore, RUNX1-mutated AML M0 is a distinct entity, with

expression of both myeloid and B-lymphoid genes [Silva et al.,

2009]. Recently, RUNX1 mutations were identified in 13.2% of

de novo non-M3 AML cases [Tang et al., 2009], however, no

information was given about their myelodysplasia.

RUNX1 mutations were also reported in 37% of chronic

myelomonocytic leukemia (CMML) [Kuo et al., 2009] and 14% of

myelodysplastic/myeloproliferative neoplasms (MDS/MPN) [Ernst

et al., 2010]. MDS/MPN, including CMML, atypical chronic myeloid

leukemia (aCML) and MDS/MPN unclassifiable, are clonal myeloid

neoplasms characterized by the simultaneous presence of both

myelodysplastic and myeloproliferative features at the time of

their initial presentation [Orazi and Germing, 2008]. The molecular

pathogenesis of MDS/MPN is only partially understood in the

‘‘myeloproliferative’’ side, but RUNX1 mutations may explain the

molecular mechanism of the ‘‘myelodysplastic’’ side of MDS/MPN.

However, the discrimination criteria between MDS/MPN and MDS

refractory anemia with excess blasts (RAEB) is unclear.

On the other hand, the frequency of RUNX1 point mutations in

MDS was initially reported to be low [Osato et al., 1999; Song et al.,

1999; Imai et al., 2000; Preudhomme et al., 2000], mainly because

the MDS patients in those reports comprised many cases with a low

blast percentage (<5%). However, subsequent analyses of RUNX1

gene mutations have indicated that they occur in about 10–20%

of patients classified as MDS-RAEB and AML following MDS, and

their frequency is substantially higher among radiation-associated

(including atomic-bomb survivors) and therapy-related cases

[Harada et al., 2003, 2004; Christiansen et al., 2004; Zharlyganova

et al., 2008].

THE CONCEPT OF ‘‘MYELODYSPLASTIC
NEOPLASMS’’

MDS is distinguished from AML by the blast threshold, defined as

20% blasts in the blood or bone marrow, according to the World

Health Organization (WHO) classification system that takes

advantage of morphological, genetic, immunophenotypic, biologi-

cal, and clinical features to define specific disease entities [Swerdlow

et al., 2008]. Unlike the classification for AML, which is based on

cytogenetic and genetic abnormalities, the classification for MDS

still relies on morphological findings alone, due to unsatisfactory

insights into the molecular pathogenesis. Only one category of 5q�
syndrome in MDS is well defined, and its molecular mechanisms and

appropriate therapies have been investigated in recent years

[Boultwood et al., 2010], however, other types of MDS are not

established as definite disease categories based on molecular

mechanisms. It is necessary to clarify the molecular mechanisms of

MDS in order to establish a new classification scheme that would

include a characteristic constellation of clinical, genetic, and

pathologic findings, similar to AML.

In Japan, most people have a medical examination including

blood cell counts every year, as required by their employers, and it is

easy for everybody to undergo a blood test because of the full-cover

obligatory health insurance system of Japan. Thus, many patients

with hematological diseases are diagnosed before they develop

apparent subjective symptoms. Patients whose disorders are

Fig. 1. RUNX1 mutations in MDN.
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diagnosed early usually have fewer blast cells, compared with

symptomatic patients, and therefore they are frequently diagnosed

as MDS. Because most patients with RUNX1-mutated MDS progress

to AML, it is suspected that we may analyze a patient in the MDS

phase and others may analyze the AML phase of the same myeloid

neoplasm.

Among the disease categories of AML according to the WHO

classification, a category of ‘‘AML with myelodysplasia-related

changes (AML/MLC)’’ calls our attention to the biological and

clinical importance of MDS-related AML, which is associated

with multilineage dysplasia, poor-risk cytogenetic findings, age-

dependent increased incidence, and a poor response to therapy

[Nimer, 2008]. In contrast to de novo AML without significant

myelodysplastic features, MDS-related AML is generally considered

similar to MDS-RAEB, which develops as a result of accumulated

genetic abnormalities in HSC [Nolte and Hofmann, 2008]. It is

suspected that MDS-related AML and MDS-RAEB probably, at least

in part, develop via identical molecular mechanisms. Furthermore, a

category of ‘‘therapy-related myeloid neoplasms (t-MN)’’ is also

classified independently. However, gene abnormalities found in

therapy-related MDS and AML are also found in sporadic MDS and

AML. The frequency of some abnormalities that are sensitive to

chemicals is higher in therapy-related cases than in sporadic cases.

It seems that the difference between therapy-related cases and

spontaneous cases is only that therapy-related cases progress a few

steps ahead of spontaneous cases during the stepwise mechanism of

myeloid neoplasms. Thus, we think that it is not necessary to

consider the molecular mechanisms of these two categories

separately, and the molecular mechanism of the therapy-related

cases can be applicable to spontaneous cases.

On the basis of these genetic findings, we propose a disease

category of ‘‘MDN’’ consisting of MDS-RAEB and AML/MLC,

including therapy-related cases. RUNX1 mutations have been

detected in about 20% of patients with ‘‘MDN’’ in our analysis.

RUNX1 MUTATIONS IN RADIATION-EXPOSED
PATIENTS WITH MDN

Hematological diseases among the atomic-bomb survivors in

Hiroshima and Nagasaki have been well analyzed [Preston et al.,

1994]. Acute and chronic leukemias among atomic-bomb survivors

appeared after a minimum latency period of 2–3 years, reached a

maximum after 6–7 years, decreased slowly with time and then

returned to the background level after 30 years [Kato and Shimizu,

1995]. However, MDS incidence increased after long minimum

latency periods of 10 or more years, then continued to increase with

time, and is still high, even now, more than 60 years after exposure,

having similar kinetics to cancers.

The RUNX1 gene was reported as a target of gene alteration by

ionizing radiation and anticancer drugs in experimental systems

[Stanulla et al., 1997; Deininger et al., 1998]. Moreover, human

leukemias associated with RUNX1 gene translocations after antic-

ancer therapy or low-dose radiation have been reported [Roulston

et al., 1998; Hromas et al., 2000]. These data prompted us to test the

frequency of point mutations in the RUNX1 gene in patients with

hematological malignancies, including atomic-bomb survivors in

Hiroshima. We found that the RUNX1 gene was frequently mutated

in MDN patients among atomic-bomb survivors and radiation

therapy-related MDN patients [Pedersen-Bjergaard et al., 2002;

Harada et al., 2003, 2004]. These studies indicate that exposure to

radiation may have an effect on the development of MDN through

mutations of the RUNX1 gene.

We also analyzed gene mutations in MDS patients among nuclear

victims around the world. The former Soviet Union’s first nuclear

bomb test was conducted at the Semipalatinsk Nuclear Test Site

(SNTS) in the Republic of Kazakhstan, on August 29, 1949. During

the following 40 years, there were 456 nuclear explosions including

atmospheric and surface events between 1949 and 1962 [Mikhailov,

1996]. As a result, it is suspected that several hundreds of thousands

of residents near the SNTS in Kazakhstan were exposed to radiation

due to extensive radioactive contamination from the test site.

Considerable efforts have been made to assess the radiation doses

and the effect of ionizing radiation on populations residing around

the SNTS [Gordeev et al., 2002; Stepanenko et al., 2006], and it is

well known that solid cancers and leukemias occur more frequently

among residents near the SNTS than in the general population

[Abylkassimova et al., 2000; Bauer et al., 2005].

The number of patients with MDN in this area is increasing.

Morphology of the bone marrow cells from patients with leukemia

in the radiation-affected area is quite strange with strong

myelodysplasia. The frequency of RUNX1 mutations in radiation-

exposed patients with MDN among the residents near the SNTS was

significantly higher compared with unexposed patients. Further-

more, a significant association between RUNX1 mutations in MDN

patients and individual radiation doses was detected [Zharlyganova

et al., 2008]. These results suggested that radiation might contribute

to the development of MDS/AML through RUNX1mutations among

the residents near the SNTS. Considering these results, RUNX1 point

mutations might be a specific biomarker that differentiates radio-

induced MDN from spontaneous MDN.

In general, the apparent difference in the pattern of onset between

leukemia and MDS may be explained by different molecular

mechanisms. Chromosomal translocations caused by double-strand

DNA breaks resulting from high-dose radiation are likely to

contribute to the development of leukemia after a short latency time,

whereas point mutations of genes, especially RUNX1, induced by

low-dose radiation may contribute to the development of MDS

decades later. The reason why atomic-bomb survivors have

increased risks of various cancers even 60 years after a single

radiation exposure is because radiation-induced mutations required

for the initiation of carcinogenesis were presumably recorded in

long-lived stem cells in various organs with self-renewal capacity

[Langlois et al., 1987; Kyoizumi et al., 1996]. Cytogenetic and

molecular findings provide evidence that a model of stepwise

genetic progression may explain the development and evolution of

MDN [Rosenfeld and List, 2000]. In this model, a primary genetic

event incites the initial DNA damage and subsequently increases its

susceptibility to further damage. Secondary genetic events promote

acquisition of the cytogenetic or molecular-genetic abnormalities

common to MDN and precipitate additional abnormalities. Thus,

one HSC that acquired a RUNX1 gene mutation due to radiation
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exposure took decades to be transformed by the accumulation of

additional gene alterations, which then led to the development of

MDN (Fig. 2).

RUNX1 MUTATIONS IN THERAPY-RELATED
MYELOID NEOPLASMS AFTER SUCCESSFUL
TREATMENTS FOR ACUTE PROMYELOCYTIC
LEUKEMIA

Acute promyelocytic leukemia (APL) is a distinct subtype of AML

characterized by a t(15;17) translocation leading to a PML-RARA

fusion gene. APL is a highly curable disease with excellent complete

remission (CR) and long-term survival rates. All-trans retinoic acid

combined with anthracycline-based chemotherapy yields a CR rate

of approximately 90% for newly diagnosed APLs. The relapse rate is

approximately 20%, and with the development of new molecular

target therapies such as arsenic trioxide, a cure can now be expected

even for relapsed patients. However, the development of t-MN is

being reported with an increasing frequency of 0.97–6.5% in

patients successfully treated for APL [Latagliata et al., 2002; Lobe

et al., 2003] andmay bemore popular than AML other than APL. The

t-MN secondary to APL is usually difficult to treat, and it is one of

the prognosis-limiting factors for the curable APL disease.

We clarified the different clinical features and hematological

findings between t-MN and relapsed APL cases and found that

RUNX1 gene alterations were associated with t-MN [Imagawa et al.,

2010]. Among 108 patients during their first CR from APL, 10

patients (9.3%) relapsed and 11 patients (10.2%) developed t-MN

after a median follow-up of 8.6 years. It seems that inclusion of

VP16 in chemotherapy and the accumulation of chemotherapeutic

agents in the maintenance phase may increase the risk of t-MN

[Lobe et al., 2003; Asou et al., 2007]. All of the relapse patients had

the PML-RARA gene, whereas none of the patients with t-MN had

PML-RARA. Instead, translocations involving 21q22 of RUNX1

(RUNX1-MTG16) or 11q23 of MLL (MLL-FOXO3 and MLL-CBP),

four RUNX1 mutations and one CEBPA mutation were detected.

These abnormalities were not detected at the primary APL diagnosis

or in the relapsed patients with APL.

It is assumed that RUNX1 or other abnormalities may be induced

in CD34þ cells during chemotherapy resulting in t-MN after

successful treatment of APL. PML-RARA-negative t-MN may

develop from a ‘‘receptive’’ HSC or from a normal HSC, which

is a myeloid committed progenitor, by the accumulation of

chemotherapy-induced gene abnormalities, including RUNX1

mutations (Fig. 3).

RUNX1 MUTATIONS IN LEUKEMIC
TRANSFORMATION OF MYELOPROLIFERATIVE
NEOPLASMS

The mechanisms that produce MDN from MPN are more

complicated, as they involve JAK2V617Fmutations. MPN including

polycythemia vera, essential thrombocythemia, and primary

myelofibrosis, are clonal HSC disorders characterized by prolifera-

tion of one or more myeloid cell lineages, and they are associated

with the JAK2V617F mutation [James et al., 2005; Kralovics et al.,

2005], whose detection is used in the differential diagnosis of MPN

[Jones et al., 2005]. Some patients with MPN exhibit leukemic

transformation (LT) after several years of disease, and treatment with

alkylating agents, hydroxycarbamide, or their combination may

increase the risk of LT [Kiladjian et al., 2006]. Recently, gene

alterations involved in LT from patients in the CP of MPN

have been identified [Ding et al., 2009; Beer et al., 2010]. Among

these gene alterations, including translocations and mutations, a

high frequency of RUNX1 mutations was detected in patients at the

LT, whereas no mutation was detected in patients at CP.

Fig. 2. Molecular mechanisms of radiation-associated MDN.
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Fig. 4. Molecular mechanisms of LT of myeloproliferative neoplasms (A) blastic crisis-like pathway (B) t-MN pathway.

Fig. 3. Molecular mechanisms of t-MN after successful treatment for APL.
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In contrast to the fact that the BCR-ABL fusion gene is retained in

all cases of chronic myeloid leukemia (CML) in blast crisis (BC), half

of the patients with JAK2V617F-positive MPN were reported to

transform to JAK2V617F-negative AML, suggesting that leukemia

developed from a JAK2V617F-negative (pre-JAK2) HSC [Campbell

et al., 2006; Levine and Gilliland, 2008] or normal HSC [Beer et al.,

2010]. However, other JAK2V617F-positive patients did not lose

their JAK2V617F mutation during CP to LT, indicating that their

leukemia probably arose in JAK2V617F-positive HSCs [Ding et al.,

2009; Beer et al., 2010]. This hypothesis about origins of LT cells was

supported by the recent report of chromosomal abnormalities

analyzed by high-resolution single nucleotide polymorphism array

[Thoennissen et al., 2010]. Patients with JAK2V617F-positive AML

showed the same chromosomal alterations, with some additional

changes, as those in CP, suggesting that the origin of the LT cells was

JAK2V617F-positive HSCs. Patients with JAK2V617F-negative

AML from JAK2V617F-positive MPN revealed quite different

patterns from their CP, indicating their different origin, but a few

common genetic abnormalities were detected between CP and LT,

supporting the origin of the pre-JAK2 HSCs.

RUNX1 mutations were detected at LT in both JAK2V617F-

positive and -negative MPN patients, raising the possibility that the

HSCs may have been transformed into leukemic blasts as a result of

RUNX1mutations. Furthermore, most of the patients had undergone

chemotherapy, suggesting that the LT in patients with MPN may be

caused in part by gene abnormalities acquired due to chemotherapy.

However, a few patients with JAK2V617F-positive MPN who were

not treated with chemotherapeutic reagents also transformed to

JAK2V617F-positive leukemia with RUNX1 mutation. Thus, there

may be another LT pathway that acquires a RUNX1 mutation in

the natural course of MPN. This mechanism is similar to the BC

of CML (CML-BC). RUNX1 rearrangements such as t(3;21) are

frequently seen in CML-BC, and a RUNX1 mutation in CML-BC was

also reported [Osato et al., 1999].

To clarify the leukemogenic effect of RUNX1mutants, the RUNX1

D171N mutant was transduced into CD34þ cells from patients in the

CP of MPN [Ding et al., 2009]. The effect of this mutant on cell

differentiation/proliferation was assessed by colony-forming cells

re-plating assays. The D171N-transduced cells formed fewer

erythroid colonies and more myeloid colonies, retained more

CD34þ cells, proliferated more strongly than the control, and formed

colonies after a third plating. Furthermore, long-term culture-

initiating cells, a small minority of more primitive progenitors/stem

cells among the CD34þ cells, that have capability of self-renewal

and clonogenic capacity after prolonged in vitro culture, increased

significantly in the cells transduced with D171N. Thus, the RUNX1

mutant transduced into CD34þ cells from MPN patients promoted

proliferation of primitive progenitors, i.e., leukemic stem cells. These

results indicate that RUNX1 mutations may have a leukemogenic

potential in a JAK2V617-positive HSC, in a pre-JAK2 HSC, or in a

normal HSC, and they may promote LT in MPN (Fig. 4).

CONCLUSION

Our recent study showed that RUNX1 mutations define the

molecular mechanisms of MDN. Once a RUNX1 mutation occurs

in a normal HSC, spontaneous additional gene abnormalities, which

may be induced by the RUNX1mutation in part, are accumulated in

the cell during a long latency period, MDN may then develop.

Meanwhile, if a RUNX1 mutation occurs in a ‘‘receptive’’ HSC that

has already accumulated other gene abnormalities, the cell develops

MDN over a short period. Thus, the RUNX1mutation is considered to

be one of the disease-deciding factors of MDN, and we strongly

propose that RUNX1 mutations could be one of the genetic

classification categories of MDS and AML.

ACKNOWLEDGMENTS

This work was supported by Grants-in-Aid for Scientific Research
from the Ministry of Education, Culture, Sports, Science and
Technology of Japan.

REFERENCES

Abylkassimova Z, Gusev B, Grosche B, Bauer S, Kreuzer M, Trott K. 2000.
Nested case–control study of leukemia among a cohort of persons exposed to
ionizing radiation from nuclear weapon tests in kazakhstan (1949–1963).
Ann Epidemiol 10:479.

Asou N, Kishimoto Y, Kiyoi H, Okada M, Kawai Y, Tsuzuki M, Horikawa K,
MatsudaM, Shinagawa K, Kobayashi T, Ohtake S, NishimuraM, Takahashi M,
Yagasaki F, Takeshita A, Kimura Y, Iwanaga M, Naoe T, Ohno R. 2007.
A randomized study with or without intensified maintenance chemotherapy
in patients with acute promyelocytic leukemia who have become negative for
PML-RARalpha transcript after consolidation therapy: The Japan Adult
Leukemia Study Group (JALSG) APL97 study. Blood 110:59–566.

Bauer S, Gusev BI, Pivina LM, Apsalikov KN, Grosche B. 2005. Radiation
exposure due to local fallout from Soviet atmospheric nuclear weapons
testing in Kazakhstan: Solid cancer mortality in the Semipalatinsk historical
cohort, 1960–1999. Radiat Res 164:409–419.

Beer PA, Delhommeau F, LeCouedic JP, Dawson MA, Chen E, Bareford D,
Kusec R, McMullin MF, Harrison CN, Vannucchi AM, Vainchenker W, Green
AR. 2010. Two routes to leukemic transformation after a JAK2 mutation-
positive myeloproliferative neoplasm. Blood 115:2891–2900.

Boultwood J, Pellagatti A, McKenzie AN, Wainscoat JS. 2010. Advances in
the 5q-syndrome. Blood Aug 23 [Epub ahead of print].

Campbell PJ, Baxter EJ, Beer PA, Scott LM, Bench AJ, Huntly BJ, Erber WN,
Kusec R, Larsen TS, Giraudier S, Le Bousse-Kerdiles MC, Griesshammer M,
Reilly JT, Cheung BY, Harrison CN, Green AR. 2006. Mutation of JAK2 in the
myeloproliferative disorders: Timing, clonality studies, cytogenetic associa-
tions, and role in leukemic transformation. Blood 108:3548–3555.

Christiansen DH, Andersen MK, Pedersen-Bjergaard J. 2004. Mutations of
AML1 are common in therapy-related myelodysplasia following therapy
with alkylating agents and are significantly associated with deletion or loss
of chromosome arm 7q and with subsequent leukemic transformation. Blood
104:1474–1481.

Deininger MW, Bose S, Gora-Tybor J, Yan XH, Goldman JM, Melo JV.
1998. Selective induction of leukemia-associated fusion genes by high-dose
ionizing radiation. Cancer Res 58:421–425.

Dicker F, Haferlach C, Kern W, Haferlach T, Schnittger S. 2007. Trisomy 13 is
strongly associated with AML1/RUNX1 mutations and increased FLT3
expression in acute myeloid leukemia. Blood 110:1308–1316.

Ding Y, Harada Y, Imagawa J, Kimura A, Harada H. 2009. AML1/RUNX1
point mutation possibly promotes leukemic transformation in myeloproli-
ferative neoplasms. Blood 114:5201–5205.

Ernst T, Chase A, Zoi K,Waghorn K, Hidalgo-Curtis C, Score J, Jones A, Grand
F, Reiter A, Hochhaus A, Cross NC. 2010. Transcription factor mutations in

430 MOLECULAR MECHANISMS OF MDN WITH RUNX1 MUTATIONS JOURNAL OF CELLULAR BIOCHEMISTRY



myelodysplastic/myeloproliferative neoplasms. Haematologica 95:1473–
1480.

Gordeev K, Vasilenko I, Lebedev A, Bouville A, Luckyanov N, Simon SL,
Stepanov Y, Shinkarev S, Anspaugh L. 2002. Fallout from nuclear tests:
Dosimetry in Kazakhstan. Radiat Environ Biophys 41:61–67.

Harada Y, Harada H. 2009. Molecular pathways mediating MDS/AML with
focus on AML1/RUNX1 point mutations. J Cell Phys 220:16–20.

Harada H, Harada Y, Tanaka H, Kimura A, Inaba T. 2003. Implications of
somatic mutations in the AML1 gene in radiation-associated and therapy-
related myelodysplastic syndrome/acute myeloid leukemia. Blood 101:673–
680.

Harada H, Harada Y, Niimi H, Kyo T, Kimura A, Inaba T. 2004. High incidence
of somatic mutations in the AML1/RUNX1 gene in myelodysplastic syn-
drome and low blast percentage myeloid leukemia with myelodysplasia.
Blood 103:2316–2324.

Hromas R, Shopnick R, Jumean HG, Bowers C, Varella-Garcia M, Richkind K.
2000. A novel syndrome of radiation-associated acute myeloid leukemia
involving AML1 gene translocations. Blood 95:4011–4013.

Imagawa J, Harada Y, Shimomura T, Tanaka H, Okikawa Y, Hyodo H, Kimura
A, Harada H. 2010. Clinical and genetic features of therapy-related myeloid
neoplasms after chemotherapy for acute promyelocytic leukemia. Blood Sep
15 [Epub ahead of print].

Imai Y, Kurokawa M, Izutsu K, Hangaishi A, Takeuchi K, Maki K, Ogawa S,
Chiba S, Mitani K, Hirai H. 2000. Mutations of the AML1 gene in myelo-
dysplastic syndrome and their functional implications in leukemogenesis.
Blood 96:3154–3160.

James C, Ugo V, Le Couedic JP, Staerk J, Delhommeau F, Lacout C, Garcon L,
Raslova H, Berger R, Bennaceur-Griscelli A, Villeval JL, Constantinescu SN,
Casadevall N, Vainchenker W. 2005. A unique clonal JAK2 mutation leading
to constitutive signalling causes polycythaemia vera. Nature 434:1144–
1148.

Jones AV, Kreil S, Zoi K, Waghorn K, Curtis C, Zhang L, Score J, Seear R,
Chase AJ, Grand FH, White H, Zoi C, Loukopoulos D, Terpos E, Vervessou EC,
Schultheis B, EmigM, Ernst T, Lengfelder E, Hehlmann R, Hochhaus A, Oscier
D, Silver RT, Reiter A, Cross NC. 2005. Widespread occurrence of the JAK2
V617F mutation in chronic myeloproliferative disorders. Blood 106:2162–
2168.

Kato H, Shimizu Y. 1995. Cancer mortality rates in atomic bomb survivors.
In: Shigematsu I, Ito C, Akiyama M, Sasaki H, editors. Effects of A-bomb
radiation on the human body. Tokyo: Bunkodo Co., Ltd. pp 26–39.

Kiladjian JJ, Rain JD, Bernard JF, Briere J, Chomienne C, Fenaux P. 2006.
Long-term incidence of hematological evolution in three French prospective
studies of hydroxyurea and pipobroman in polycythemia vera and essential
thrombocythemia. Semin Thromb Hemost 32:417–421.

Kralovics R, Passamonti F, Buser AS, Teo SS, Tiedt R, Passweg JR, Tichelli A,
Cazzola M, Skoda RC. 2005. A gain-of-function mutation of JAK2 in
myeloproliferative disorders. N Eng J Med 352:1779–1790.

KuoMC, Liang DC, Huang CF, Shih YS, Wu JH, Lin TL, Shih LY. 2009. RUNX1
mutations are frequent in chronic myelomonocytic leukemia and mutations
at the C-terminal region might predict acute myeloid leukemia transforma-
tion. Leukemia 23:1426–1431.

Kyoizumi S, Akiyama M, Cologne JB, Tanabe K, Nakamura N, Awa AA, Hirai
Y, Kusunoki Y, Umeki S. 1996. Somatic cell mutations at the glycophorin A
locus in erythrocytes of atomic bomb survivors: Implications for radiation
carcinogenesis. Radiat Res 146:43–52.

Langlois RG, Bigbee WL, Kyoizumi S, Nakamura N, Bean MA, Akiyama M,
Jensen RH. 1987. Evidence for increased somatic cell mutations at the
glycophorin A locus in atomic bomb survivors. Science 236:445–448.

Latagliata R, Petti MC, Fenu S, Mancini M, Spiriti MA, Breccia M, Brunetti
GA, Avvisati G, Lo Coco F, Mandelli F. 2002. Therapy-related myelodys-
plastic syndrome-acute myelogenous leukemia in patients treated for acute
promyelocytic leukemia: An emerging problem. Blood 99:822–824.

Levine RL, Gilliland DG. 2008. Myeloproliferative disorders. Blood 112:
2190–2198.

Lobe I, Rigal-Huguet F, Vekhoff A, Desablens B, Bordessoule D, Mounier C,
Ferrant A, Sanz M, Fey M, Chomienne C, Chevret S, Degos L, Fenaux P. 2003.
Myelodysplastic syndrome after acute promyelocytic leukemia: The Eur-
opean APL group experience. Leukemia 17:1600–1604.

Matsuno N, Osato M, Yamashita N, Yanagida M, Nanri T, Fukushima T,
Motoji T, Kusumoto S, Towatari M, Suzuki R, Naoe T, Nishii K, Shigesada K,
Ohno R, Mitsuya H, Ito Y, Asou N. 2003. Dual mutations in the AML1 and
FLT3 genes are associated with leukemogenesis in acute myeloblastic
leukemia of the M0 subtype. Leukemia 17:2492–2499.

Mikhailov VN. 1996. Nuclear weapons tests and peaceful nuclear explosions
in the USSR 1949–1990 editor^editors. Moscow: Ministry of the Russian
Federation on Atomic Energy and Ministry of Defense of the Russian
Federation.

Nimer SD. 2008. Myelodysplastic syndromes. Blood 111:4841–4851.

Nolte F, Hofmann WK. 2008. Myelodysplastic syndromes: Molecular patho-
genesis and genomic changes. Ann Hematol 87:777–795.

Orazi A, Germing U. 2008. The myelodysplastic/myeloproliferative neo-
plasms: Myeloproliferative diseases with dysplastic features. Leukemia 22:
1308–1319.

Osato M. 2004. Point mutations in the RUNX1/AML1 gene: Another actor in
RUNX leukemia. Oncogene 23:4284–4296.

Osato M, Asou N, Abdalla E, Hoshino K, Yamasaki H, Okubo T, Suzushima H,
Takatsuki K, Kanno T, Shigesada K, Ito Y. 1999. Biallelic and heterozygous
point mutations in the runt domain of the AML1/PEBP2alphaB gene asso-
ciated with myeloblastic leukemias. Blood 93:1817–1824.

Pedersen-Bjergaard J, Andersen MK, Christiansen DH, Nerlov C. 2002.
Genetic pathways in therapy-related myelodysplasia and acute myeloid
leukemia. Blood 99:1909–1912.

Preston DL, Kusumi S, TomonagaM, Izumi S, Ron E, Kuramoto A, Kamada N,
Dohy H, Matsuo T, Matsui T, et al. 1994. Cancer incidence in atomic bomb
survivors. Part III. Leukemia, lymphoma and multiple myeloma, 1950- 1987.
Radiat Res 137:S68–97.

Preudhomme C, Warot-Loze D, Roumier C, Grardel-Duflos N, Garand R, Lai
JL, Dastugue N, Macintyre E, Denis C, Bauters F, Kerckaert JP, Cosson A,
Fenaux P. 2000. High incidence of biallelic point mutations in the Runt
domain of the AML1/PEBP2 alpha B gene in Mo acute myeloid leukemia and
in myeloid malignancies with acquired trisomy 21. Blood 96:2862–2869.

Rosenfeld C, List A. 2000. A hypothesis for the pathogenesis of myelodys-
plastic syndromes: Implications for new therapies. Leukemia 14:2–8.

Roulston D, Espinosa R, III, Nucifora G, Larson RA, Le Beau MM, Rowley JD.
1998. CBFA2(AML1) translocations with novel partner chromosomes
in myeloid leukemias: Association with prior therapy. Blood 92:2879–
2885.

Silva FPG, Swagemakers SMA, Erpelinck-Verschueren C, Wouters BJ, Delwel
R, Vrieling H, van der Spek P, Valk PJM, Giphart-Gassler M. 2009. Gene
expression profiling of minimally differentiated acute myeloid leukemia: M0
is a distinct entity subdivided by RUNX1 mutation status. Blood 114:3001–
3007.

SongWJ, Sullivan MG, Legare RD, Hutchings S, Tan X, Kufrin D, Ratajczak J,
Resende IC, Haworth C, Hock R, Loh M, Felix C, Roy DC, Busque L, Kurnit D,
Willman C, Gewirtz AM, Speck NA, Bushweller JH, Li FP, Gardiner K, Poncz
M, Maris JM, Gilliland DG. 1999. Haploinsufficiency of CBFA2 causes
familial thrombocytopenia with propensity to develop acute myelogenous
leukaemia. Nat Genet 23:166–175.

Stanulla M, Wang J, Chervinsky DS, Aplan PD. 1997. Topoisomerase II
inhibitors induce DNA double-strand breaks at a specific site within the
AML1 locus. Leukemia 11:490–496.

Stepanenko VF, Hoshi M, Bailiff IK, Ivannikov AI, Toyoda S, Yamamoto M,
Simon SL, Matsuo M, Kawano N, Zhumadilov Z, Sasaki MS, Rosenson RI,
Apsalikov KN. 2006. Around semipalatinsk nuclear test site: Progress of dose

JOURNAL OF CELLULAR BIOCHEMISTRY MOLECULAR MECHANISMS OF MDN WITH RUNX1 MUTATIONS 431



estimations relevant to the consequences of nuclear tests (a summary of 3rd
Dosimetry Workshop on the semipalatinsk nuclear test site area, RIRBM,
Hiroshima University, Hiroshima, 9–11 March 2005). J Radiat Res 47:A1–13.

Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H, Thiele J,
Vardiman JW. 2008. WHO classification of tumours of haematopoietic and
lymphoid tissues. 4th edition. Geneva: WHO Press. p 439.

Tang JL, Hou HA, Chen CY, Liu CY, Chou WC, Tseng MH, Huang CF, Lee FY,
Liu MC, Yao M, Huang SY, Ko BS, Hsu SC, Wu SJ, Tsay W, Chen YC, Lin LI,
Tien HF. 2009. AML1/RUNX1 mutations in 470 adult patients with de novo
acute myeloid leukemia: Prognostic implication and interaction with other
gene alterations. Blood 114:5352–5361.

Thoennissen NH, Krug UO, Lee DH, Kawamata N, Iwanski GB, Lasho T, Weiss
T, Nowak D, Koren-Michowitz M, Kato M, Sanada M, Shih LY, Nagler A,

Raynaud SD, Muller-Tidow C, Mesa R, Haferlach T, Gilliland DG, Tefferi A,
Ogawa S, Koeffler HP. 2010. Prevalence and prognostic impact of
allelic imbalances associated with leukemic transformation of Philadelphia
chromosome-negative myeloproliferative neoplasms. Blood 115:2882–
2890.

Watanabe-Okochi N, Kitaura J, Ono R, Harada H, Harada Y, Komeno Y,
Nakajima H, Nosaka T, Inaba T, Kitamura T. 2008. AML1 mutations induced
MDS and MDS/AML in a mouse BMT model. Blood 111:4297–4308.

Zharlyganova D, Harada H, Harada Y, Shinkarev S, Zhumadilov Z, Zhunu-
sova A, Tchaizhunusova NJ, Apsalikov KN, Kemaikin V, Zhumadilov K,
Kawano N, Kimura A, Hoshi M. 2008. High frequency of AML1/RUNX1 point
mutations in radiation-associated myelodysplastic syndrome around Semi-
palatinsk nuclear test site. J Radiat Res (Tokyo) 49:549–555.

432 MOLECULAR MECHANISMS OF MDN WITH RUNX1 MUTATIONS JOURNAL OF CELLULAR BIOCHEMISTRY


