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Key Points

• BMI1 overexpression is one
of the second hit partner
genes of RUNX1 mutations
that contribute to the
development of MDSs.

RUNX1/AML1 mutations have been identified in myelodysplastic syndromes (MDSs). In

a mouse bone marrow transplantation model, a RUNX1 mutant, D171N, was shown to

collaborate with Evi1 in the development of MDSs; however, this is rare in humans. Using

enforced expression in human CD341 cells, we showed that the D171Nmutant, the most

frequent target of mutation in the RUNX1 gene, had an increased self-renewal capacity,

blocked differentiation, dysplasia in all 3 lineages, and tendency for immaturity, but no

proliferation ability. BMI1 overexpression was observed in CD341 cells from themajority

of MDS patients with RUNX1 mutations, but not in D171N-transduced human CD341

cells. Cotransduction of D171N and BMI1 demonstrated that BMI1 overexpression conferred proliferation ability to D171N-

transduced cells in both human CD341 cells and a mouse bone marrow transplantation model. Stepwise transduction of D171N

followed by BMI1 in human CD341 cells resulted in long-term proliferation with a retained CD341 cell fraction, which is quite similar

to the phenotype in patients with higher-risk MDSs. Our results indicate that BMI1 overexpression is one of the second hit partner

genes of RUNX1 mutations that contribute to the development of MDSs. (Blood. 2013;121(17):3434-3446)

Introduction

The RUNX1/AML1 gene has been investigated in the pathogenesis of
hematopoietic diseases, and point mutations of RUNX1 have been
frequently detected in patients with various types of myeloid neo-
plasms. A heterozygous germ line mutation of the RUNX1 gene is
known to cause familial platelet disorder with a predisposition to
acute myeloid leukemia (FPD/AML),1,2 which is regarded as familial
myelodysplastic syndromes (MDSs).3 RUNX1 mutations have been
detected with high frequency in MDSs, MDSs following AML,4

minimally differentiated AML M0 subtypes,2,5-7 de novo AML
without recurrent or complex karyotype,8,9 and myelodysplastic/
myeloproliferative neoplasms.10,11 Furthermore, RUNX1 mutations
are detected with high frequency in therapy-related or radiation-
associated MDSs and AML,4,12-15 and leukemic transformation from
myeloproliferative neoplasms.16-19

It is intriguing how RUNX1 mutations contribute to the de-
velopment of divergent hematologic neoplasms. Functionally, most
of the RUNX1mutants equally show a loss of normal RUNX1 trans-
activation potential.4,12,20,21 The amino acid residues in the runt
homology domain (RHD) of the RUNX1 protein that directly interact
with DNA have been found to be frequent targets of amino acid
replacement.20,21 Mutations on other amino acids close to these
DNA-contact residues are also suspected to inhibit DNA binding by

an obstructive side-chain or a structural change. Therefore, amino-
replacement and in-frame insertion/deletion types of mutations
confer loss of DNA-binding ability and trans-activation potential.
RUNX1 mutations have been shown to play a pivotal role in the
pathogenesis of MDS/AML in mouse bone marrow transplantation
(BMT) systems.22 Mice transduced with the D171N mutant, which
harbors a mutation in the RHD of the RUNX1 gene, exhibited
hyperproliferative AML with multilineage dysplasia in collaboration
with Evi1 overexpression. This impressive result indicates that
RUNX1 mutations may be a cause of MDSs with a leukemogenic
potential. However, mouse phenotypes do not always correspond
to the clinical features of patients with the mutations. This may be
partly due to differential gene circumstances, such as retrovirus
integration sites or collaborating gene alterations, between mouse and
human.23,24 As opposed to EVI1, overexpression of the polycomb
group gene BMI1 is more common inMDS patients and is associated
with MDS progression.25,26 Biological analysis using human
hematopoietic cells is considered to be necessary to clarify the
molecular mechanisms of the RUNX1 mutations in the pathogenesis
of MDSs. Enforced gene expression in human CD341 cells has
been used to investigate the role of leukemogenic oncogenes in
leukemogenesis.27-35
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In this study, using enforced gene expression in human CD341

cells, we demonstrated that the D171N mutant, the most frequent tar-
get of mutation in RUNX1 gene, has an increased self-renewal capac-
ity, blocked differentiation, dysplasia in all 3 lineages, and tendency for
immaturity, but no proliferation ability. Moreover, we revealed that
BMI1 overexpression collaborates with RUNX1mutations and confers
proliferation ability to D171N-mutated cells, which was confirmed in
both human and mouse hematopoietic stem/progenitor cells. Our
results indicate that BMI1 overexpression is one of the second hit
partner genes of RUNX1 mutations in the development of MDSs.

Materials and methods

Patients

PatientswithMDSswere divided into 2 groups using the International Prognostic
Scoring System: lower-risk MDSs include low- or intermediate-1-risk MDSs,
and higher-risk MDSs include intermediate-2- or high-risk MDSs. Mutation
analysis of RUNX1 was performed as described previously.4 The study was
approved by the institutional review board at HiroshimaUniversity. Patients gave
written informed consent for the study, according to the Declaration of Helsinki.

Quantitative reverse-transcription polymerase chain

reaction (qRT-PCR)

CD341 cells were purified from patients using the CD34 MicroBead Kit and
autoMACS system (Milteny Biotec, Bergisch Gladbach, Germany). Total
RNA was harvested from the CD341 cells using the RNeasy Micro Kit
(Qiagen, Hilden, Germany). The expression levels of EVI1, BMI1, INK4A,
ARF, and GAPDH were quantified by the Applied Biosystems 7500 Real-
Time PCR system using TaqMan Gene Expression Assays (Hs00602795_m1
for EVI1, Hs00180411_m1 for BMI1, Hs00923894_m1 for INK4A,
Hs99999189_m1 for ARF, and Hs99999905_m1 for GAPDH) and TaqMan
Universal PCR Master Mix (Applied Biosystems). qRT-PCR in mouse cells
was performed as described previously22 with the following forward/reverse
primer pairs: p16 (aatctccgcgaggaaagc/gtctgcagcggactccat), p19 (gggttttcttg
gtgaagttcg/ttgcccatcatcatcacct), Evi1 (atcggaagatcttagatgagttttg/cttcctacatctggt
tgactgg), and Gapdh (gcattgtggaagggctcatg/ttgctgttgaagtcgcaggag).

Retroviral vectors and infection

RUNX1 (wild-type [WT] and D171N mutant) cDNA with FLAG tag was
subcloned into the pMXs-internal ribosomal entry site (IRES)-enhanced
green fluorescent protein (EGFP) (pMXs.IG). BMI1 was subcloned into the
pMXs-IRES-DsRed-Express (pMXs.IR), in which the IRES-DsRed-Express
fragment from the pIRES2-DsRed-Express (Clontech, Mountain View, CA)
was inserted into the pMXs. FLAG-tagged D171N was also subcloned into
pMYs-IRES-puro (pMYs.IP) and pMYs-IRES-EGFP (pMYs.IG), and
BMI1 into pMYs-IRES-blasticidin (pMYs.IB) and pMYs-IRES-nerve
growth factor receptor (NGFR) (pMYs.IN). Plat-GP and Plat-E packaging
cells were transfected with retroviral constructs using FuGENE6 (Roche,
Mannheim, Germany) as described previously.16,22

Retrovirus transduction of human CD341 primary cells

Cord blood cells (CBs) were collected with written informed consent. CD341

cells were purified from CBs by the CD34 MicroBead Kit using autoMACS.
They were precultured for 3 to 4 days in Stemline II Hematopoietic Stem Cell
Expansion medium (Sigma-Aldrich, St Louis, MO) supplemented with 100 ng/
mL each of Fms-related tyrosine kinase (FLT-3) ligand, stem cell factor (SCF),
and thrombopoietin (TPO) (PeproTech, London, UK) (expansion medium). The
cells were resuspended in new expansion medium and placed in plates coated
with RetroNectin (Takara, Otsu, Japan) preloaded with virus. At 3 to 4 days after
transduction, green fluorescent protein (GFP1) and/or DsRed1 cells were sorted
by FACS Aria (Becton Dickinson [BD], Franklin Lakes, NJ).

Cells were cultured continuously in Iscove modified Dulbecco medium
containing 20% fetal bovine serum and 100 ng/mL each of FLT-3 ligand,

SCF, and TPO. For long-term growth, Iscovemodified Dulbecco mediumwas
supplemented with 20% fetal bovine serum; 100 ng/mL each of FLT-3 ligand,
SCF, and TPO; and 20 ng/mL each of interleukin (IL) 6 and IL-3 (Peprotech).

Colony-forming cell (CFC) replating assay

Ten thousand sorted cells were resuspended in MethoCult H40341 medium
(StemCell Technologies, Vancouver, BC, Canada) containing SCF, granulocyte
colony-stimulating factor (G-CSF), granulocyte macrophage (GM)–CSF, IL-3,
and erythropoietin. After 14 days in culture, colonies were counted. Cells were
then suspended in methylcellulose medium, and 104 cells were plated again for
CFC replating assay. The remaining cells were used for cell number counting
and cytospin centrifuge for morphologic and flow cytometry analyses.

Long-term culture-initiating cell (LTC-IC) assay

For bulk culture assay, 10 000 sorted cells were suspended in Myelocult
H5100 medium (StemCell Technologies) with 1 mM hydrocortisone
(StemCell Technologies). The cells were divided into 2 dishes precoated
with MS5 stromal cells and cultured for 5 weeks. LTC-IC cultures were
harvested, and clonogenic progenitors were assayed in Methocult GF1H4435
medium (StemCell Technologies) containing SCF, GM-CSF, IL-3, IL-6,
G-CSF, and erythropoietin. After 20 days, LTC-IC–derived CFCs were
counted. For limiting dilution assay, 100 to 800 sorted cells per well were
plated on MS5 stromal cells in 96-well plates and cultured. Wells were scored
as growth or no growth of colonies. LTC-IC frequency was calculated with L-
Calc software (StemCell Technologies).

Retroviral transduction of 32Dcl3 cells and differentiation assay

The murine myeloid progenitor 32Dcl3 cells were infected with retrovirus
as previously described.36

Mouse BMT

Mouse BMT was performed as described previously.22 Bone marrow (BM)
mononuclear cells were isolated fromC57BL/6 (Ly-5.1) donor mice, and after
stimulation with SCF, FLT-3 ligand, IL-6, and TPO (R&D Systems), the cells
were transduced with retrovirus constructs. Then, 3 3 105 to 5 3 105 of the
nonsorted cells were injected into sublethally g-irradiated Ly-5.2 recipient
mice. These studies were approved by the Animal Care Committee of the
Institute of Medical Science at the University of Tokyo.

Flow cytometry

Human cells were stained with the indicated phycoerythrin (PE) or
allophycocyanin–conjugated antibodies (BD). For the cell cycle analysis,
the cells were stained with allophycocyanin BrdU Flow Kit (BD) or Hoechst
33342 (BD). Flow cytometry analysis was performed on a FACSCalibur (BD)
or FACS Aria, and data were analyzed using CELLQuest. Mouse cells were
stained with the indicated PE-conjugated antibodies (eBioscience) and
analyzed using FACSCalibur equipped with FlowJo Version 7.2.4 software
(TreeStar). Annexin V staining was carried out with the PE Annexin V
Apoptosis Detection Kit I (BD).

Immunoblot analysis

Immunoblot analysis was performed as reported previously.12 The primary
antibodies used in this study were anti–FLAG M2 (Sigma-Aldrich), anti-
Bmi1 (Upstate, Lake Placid, NY; or #05-637, Millipore), anti–b-actin (Santa
Cruz), and anti–a-tubulin (Sigma-Aldrich) monoclonal antibodies.

Statistical analysis

For comparison of 2 independent samples, normally distributed variables were
compared by the Student t test, and nonnormally distributed variables by the
Mann-Whitney U test. For multiple pairwise comparisons, the data were
analyzed by 1-way analysis of variance followed by Dunnett’s multiple
comparison test, or differences between individual groups were estimated
using the Steel-Dwass test. Survival curves were estimated by the Kaplan-
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Meier analysis and compared using the log-rank test. P, .05 was considered
statistically significant.

Results

RUNX1 D171 amino acid is the most frequent target

of mutations

We analyzed RUNX1 mutations in various myeloid neoplasms,
mostly MDSs and MDS-related AML including therapy-related
cases.We found that 107 patients had RUNX1mutations, which were
shown to be distributed throughout the full length of the RUNX1
protein (supplemental Table 1; see the BloodWeb site). Replacement
of the D171 amino acid (D171N and D171G) was the most frequent
target of mutation in the RUNX1 gene, which was detected in 8
(7.5%) patients. The D171 residue resides in the RHD and is one of
the critical amino acid residues that directly contact DNA; however,
small changes in the RHD do not influence the ability to bind core
binding factor b.20,21 Moreover, the carboxyl-terminal (C-terminal)
region including the transactivation/repression domains is preserved

in the mutations (supplemental Figure 1A), contrary to that in
truncation-type mutations. Replacement or small in-frame insertions/
deletions at or around critical amino acid residues involved in DNA
binding were also detected, and 41.6% of the RUNX1 mutations (45
of 107) had impaired DNA-binding but intact C-terminal
transactivation/repression domains. The D171N mutant was local-
ized to the nucleus (supplemental Figure 1B) and showed a loss of
normal RUNX1 trans-activation potential for the macrophage-CSF
receptor (supplemental Figure 1C). Furthermore, the mutant
displayed a dominant-negative type of trans-activation suppres-
sion (supplemental Figure 1D), suggesting that the mutant may
have some oncogenic potential in addition to the loss of normal
RUNX1 function.

EVI1 overexpression collaborates with RUNX1 mutation in

human MDSs

Because collaboration between RUNX1 mutations and Evi1 over-
expression has been shown in a mouse BMT model,22 we first
checked EVI1 expression levels in selected CD341 cells from MDS
patients. Most of the examined patients showed very low EVI1
expression (Figure 1A). However, 1 patient whose initial diagnosis
was MDS with D171G mutation displayed an extremely high
expression level of EVI1. The clinical course of the patient was
unique in that a steep increase in blast cells was followed by a
relatively short MDS period (Figure 1B), which was similar to that in
the mouse BMT model.22 Thus, expression of EVI1 is generally not
high in MDS patients. Then, we set out to elucidate the collaborating
genes with RUNX1 mutations in other patients.

Overexpression of D171N promotes inhibition of differentiation

and increase in self-renewal capacity in human CD341 cells

To clarify the biological functions of the RUNX1 mutants and to
identify their collaborating genes in hematopoietic stem/progenitor
cells, we transduced a RUNX1 mutant into human CD341 cells to
avoid the effect of Evi1 overexpression. The D171N mutant, which
was produced by a 1-bp replacement in exon 5, was transduced into
CD341 cells from human CBs (Figure 2A). The efficiency of
transduction was;30% to 60% (Figure 2B), and RUNX1 expression
was confirmed by Western blotting (Figure 2C).

To examine the effect of RUNX1 expression on cell differenti-
ation, we performed CFC assay by plating sorted cells in meth-
ylcellulose medium. The number of burst-forming unit–erythroid
(BFU-E) colonies was significantly decreased in both WT- and
D171N-transduced cells, whereas the number of colony-forming unit
GM (CFU-GM) colonies was not significantly different (Figure 2D).
On the other hand, the individual BFU-E colonies in the WT plates
and individual CFU-GM colonies in the D171N plates were larger in
size (Figure 2E), in addition to the presence of significantly more
growing cells as compared with the control (Figure 2F). Glycophorin
A (GPA1) erythroid cells were dominant in the WT group, whereas
most of the D171N-transduced cells expressed myeloid lineage
markers (Figure 2G). To determine whether D171N has a self-
renewal advantage, we performed replating CFC assay. The plates of
the D171N mutant contained approximately half the total number of
colonies as the pMXs.IG plates in the first assay, whereas total cell
numbers were comparable between the D171N and pMXs.IG plates
(Figure 2H). Unlike pMXs.IG and WT, D171N showed replating
capacity for 3 replatings. To confirm the presence of progenitors with
long-term self-renewal capabilities, LTC-IC assay was conducted.
Cells transduced with D171N showed a drastic increase in the
number of colonies (Figure 2I).

Figure 1. EVI1 overexpression collaborates with RUNX1 mutations in human

MDSs. (A) EVI1 expression levels by qRT-PCR in CD341 cells of clinical samples.

Relative EVI1 expression was calculated as the ratio of EVI1 to GAPDH expression.

RNA from normal BM CD341 cells served as a control, and the RNA level was defined

as 1. Data are expressed as mean6 standard deviation (SD). L-MDS, lower-risk MDS;

H-MDS, higher-risk MDS; MT, mutation. (B) White blood cell (WBC) count and

clinical course of a patient with high EVI1 expression. A 78-year-old male showed

pancytopenia and blast cells in peripheral blood. BM examination showed hypocellular

marrow with multilineage dysplasia and 16.5% of blast cells. Cytogenetic analysis

showed 45,XY,add(3)(q13.2),-7. He was diagnosed with refractory anemia with excess

blasts (RAEB-2) and received chemotherapy. However, his condition progressed to BM

failure after chemotherapy and repeated severe infection. The blast population continued

to increase gradually. Eight months after diagnosis, his WBC count started to increase,

and he died with uncontrollable blast expansion 11.5 months after diagnosis.
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Figure 2. Overexpression of D171N promotes inhibition of differentiation and increase in self-renewal capacity. (A) Pictogram of pMXs.IG retroviral constructs of the

FLAG-tagged RUNX1WTand the D171Nmutant (D171N). The difference in cDNA sequence of the mutant from theWT is indicated by an arrowhead. LTR, long terminal repeat. (B)

HumanCD341CB cells were transducedwith the indicated vector. A typical flow cytometry profile of cells retrovirally transducedwith pMXs.IG,WT, or D171N shows the transduction

efficiency. The GFP1 cells shown within the gate were collected. (C) Anti-FLAG immunoblotting of sorted GFP1 cells confirmed the expression of FLAG-tagged RUNX1 proteins.

Anti–b-actin antibody was used as control. (D-H) Ten thousand cells were plated in methylcellulose culture dishes. GEMM, colony-forming unit–granulocyte, erythroid, macrophage,

megalocyte. Data are expressed asmean6SD of 6 independent experiments and compared with control (pMXs.IG). *P, .05; **P, .01. (D) Colony numbers were counted after 14

days. (E) Photomicrographs (340) of representative colonies found in the plates with an IX71 microscope and a DP12 camera (Olympus). (F) The cell number per colony was

calculated by total GPA1 cells/total BFU-E colonies and total CD131 cells/total CFU-GM colonies. (G) GFP1 cells were analyzed by flow cytometry for the indicated surfacemarkers.

(H) Colony number and cell proliferation fold in CFC replating assay. (I) LTC-IC assay in bulk was carried out in duplicate, and the average number of LTC-IC per 10 000 original input

cells and SD of 4 independent experiments are indicated. **P , .01.

BLOOD, 25 APRIL 2013 x VOLUME 121, NUMBER 17 RUNX1 MUTANT AND BMI1 COLLABORATE TO PROMOTE MDSs 3437

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/121/17/3434/1365210/3434.pdf by guest on 18 M

ay 2024



Figure 3. D171N-transduced cells lack long-term proliferation ability. Human CD341 CB cells were transduced with the indicated vectors and cultured in complete

cytokine medium (without IL-3 and IL-6). To examine proliferation ability of each transduced cell type, the cells were sorted for GFP expression and cultured in complete

cytokine medium. Four independent experiments were performed, and the error bars represent the SD. (A) Proliferation curve of GFP1 RUNX1-transduced or control (empty

vector-transduced) cells, nonsorted. (B) Growth patterns of the GFP-sorted transduced cells displayed as proliferation fold originating from 10˚ just after sorting. (C)

Representative quantitative cell cycle analysis allowed the discrimination of cell subsets that were undergoing G0/G1 (a), S (b), or G2 1 M (c) phases of the cell cycle, or

apoptosis (d). (D) Percentage of CD341 cells was determined by flow cytometry. (E) Representative CD34/CD38 expression pattern in long-term culture. (F) Images of

Wright-Giemsa–stained cytospins on days 3 and 35 obtained with a BX51 microscope and a DP12 camera (Olympus); original magnification 31000. (G) Morphologic

abnormalities observed in Wright-Giemsa–stained cytospins of the D171N cells on day 35 in culture, myeloid, erythroid, and megakaryocytic cells with dysplasia are indicated

by blue, pink, and green arrows, respectively, as captured with a BX51 microscope and a DP12 camera (Olympus); original magnification 31000.
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D171N-transduced cells lack long-term proliferation ability in

human CD341 cells

To determine proliferative and survival advantages of RUNX1-
mutated cells, transduced nonsorted human CD341 cells were
cultured in liquid medium (Figure 3A). The percentage of GFP-
expressing cells in theWT, D171N, and pMXs.IG-transduced control
cultures gradually decreased over time in culture. For further eval-
uation of the proliferation ability of the transduced cells, we sorted
GFP1 cells and performed long-term culture. The WT-transduced
cells hardly proliferated, whereas the D171N-transduced cells pro-
liferated slightly, exhibiting lower proliferation ability than pMXs.IG
cells (Figure 3B). These results indicate that the D171N cells have no
proliferation ability. To determine whether these differences were due
to increased apoptosis or cell cycle inhibition, we confirmed by cell
cycle analysis. On day 53 when the D171N cells stopped proliferating,
most of the cells accumulated in the G1 phase (Figure 3C). The
percentage of CD341 cells among the D171N cell population increased
slightly but gradually decreased with a maximum at approximately day
35 (Figure 3D). At this point, although the percentage of CD341/
CD381 cells within the D171N cell population did not increase in
comparisonwith the pMXs.IG group, the percentage of CD341/CD38–

cells increased to a maximum at ;4% (Figure 3E). On day 35, a vast
majority of the pMXs.IG cells and all the WT cells terminally
differentiated into mature myeloid cells and monocytes, whereas the
D171N cells contained a large number of immature cells (Figure 3F).
The cells transduced with the D171N mutant displayed morphologic
abnormalities in all 3 hematopoietic lineages (Figure 3G). These
findings indicate that RUNX1 mutations probably give rise to the
multilineage dysplasia of hematopoietic cells with increase in the

number of blasts, which is the main characteristic ofMDSs. However,
the D171N-transduced cells did not expand in liquid media.
Furthermore, the D171N mutant abrogated engraftment potential of
human stem/progenitor cells in NOD/Shi-scid, IL2Rgcnull (NOG)
mice37 (supplemental Table 2). Thus, it is suspected that the mutant
requires additional gene alterations for the development of MDSs.

BMI1 is overexpressed in CD341 cells from MDS patients with

RUNX1 mutations, whereas it is repressed in D171N-transduced

human CD341 cells

We focused on BMI1 as a candidate of the additional partner gene
alterations because this gene is known to be overexpressed in some
MDS patients. BMI1 expression levels were analyzed in selected
CD341 cells from MDS patients (Figure 4A). Patients with RUNX1
mutations displayed a significantly higher expression level of BMI1
compared with normal control and lower-risk MDS patients, and 14
of 20 (70%) of the RUNX1-mutated patients showed BMI1 over-
expression that exceeded the range of normal control, as opposed
to only 1 with EVI1 overexpression. Next, we examined BMI1 ex-
pression levels in the D171N-transduced CD341 cells over a time
course. Unexpectedly, the cells with D171Nmutation showed a lower
expression level of BMI1, especially during a long culture period
(Figure 4B). These results indicate that the high BMI1 expression in
patients with RUNX1 mutations is not induced by direct effects of the
mutations, but rather, the RUNX1-mutated cells may require the
acquisition of BMI1 overexpression for the development of MDSs. To
confirm the effects of additional BMI1 overexpression on D171N-
transduced cells, we antecedently analyzed BMI1-transduced CD341

cells.

Figure 4. BMI1 expression pattern in human CD341

cells and enforced BMI1 expression in human

CD341 cells. (A) BMI1 expression levels in CD341

cells of clinical samples. Relative BMI1 expression

was measured by triplicated qRT-PCR and calculated

as the ratio of BMI1 to GAPDH expression. Data are

also expressed as mean 6 SD of each patient group.

**P , .01. (B) BMI1 expression in transduced CD341

cells was confirmed by qRT-PCR. CD341 cells were

repurified from GFP1 sorted cells after 5 and 40 days

of culture in complete cytokine medium. Bar chart

represents the mean 6 SD of 3 independent experi-

ments. RNA from pMXs.IG-transduced cells on day 5

served as a control, and the RNA level was defined

as 1. *P , .05; **P , .01. (C) pMXs.IRES-DsRed-

Express (pMXs.IR) retroviral construct for the expres-

sion of BMI1. (D) Representative flow cytometry profile

of cells retrovirally transduced with pMXs.IR or BMI1

shows the transduction efficiency. The DsRed1 cells

shown within the gate were collected. (E) Expression

of BMI1 was confirmed by Western blotting using anti-

Bmi1 antibody. Anti–b-actin antibody was used as the

control. (F) Human CD341 cells transduced with the

indicated vector and sorted for DsRed expression were

analyzed by CFC replating assay. Ten thousand cells

were plated in methylcellulose culture dishes. Data are

expressed as mean 6 SD of 3 independent experi-

ments. (G) Growth pattern of the transduced cells

cultured in complete cytokine medium displayed as

proliferation fold originating from 100 just after sorting.

The error bars represent the SD from 4 independent

experiments. (H) The expression pattern of surface

markers as shown by a typical flow cytometry profile,

and Wright-Giemsa–stained cytospins of the DsRed1

cells on day 42 culture in complete cytokine medium

as captured with a BX51 microscope and a DP12

camera (Olympus); original magnification 31000.
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Figure 5. The effect of double expression of D171N and BMI1. (A-C) IL-3–dependent 32Dcl3 cells were stably transduced with pMYs.IP/IB, pMYs.IP/BMI1, D171N/pMYs.IB,

or D171N/BMI1. Before the assay for proliferation and apoptosis, the transduced 32Dcl3 cells were subjected to drug selection with 1 mg/mL puromycin and 10 mg/mL

blasticidin. (A) G-CSF–induced differentiation assay in indicated 32Dcl3 transfectants. Surface expression of CD11b after incubation for 6 days in the presence of 1 ng/mL IL-3

(red histograms) or 50 ng/mL G-CSF (blue histograms) was analyzed by flow cytometry. The result of control staining is shown as a filled histogram. Data are representative of

2 independent experiments. The cells cultured with G-CSF for 6 days were assessed by Giemsa staining. Images were obtained with a BX51 microscope and a DP12 camera

(Olympus); objective lens, UplanFl (Olympus); original magnification31000. (B) Growth curve of the transduced 32Dcl3 cells cultured in the presence of 1 ng/mL of IL-3. Data

are expressed as mean 6 SD of 3 independent experiments. (C) Annexin V positivity in the transduced 32Dcl3 cells cultured without IL-3. Data are expressed as mean 6 SD

of 3 independent experiments. (D-G) Human CD341 cells were precultured for 3 to 4 days in expansion medium and transduced with both GFP-tagged D171N and
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Enforced BMI1 expression shows no leukemogenic ability in

human CD341 cells

To evaluate the biological significance of BMI1 overexpression in
stem/progenitor cells, BMI1 was cloned into a retrovirus vector
(Figure 4C) and transduced into CD341 cells (Figure 4D). BMI1
was endogenously expressed in cells transduced with pMXs.IR,
whereas a strong upregulation of this protein was observed in the
BMI1-transduced cells (Figure 4E). The number of colonies of the
BMI1-transduced CD341 cells was almost equal to that of the
pMXs.IR-transduced cells, whereas the replating efficiency of the
BMI1 cells was slightly increased (Figure 4F). The BMI1-transduced
cells exhibited greater proliferation than the pMXs.IR-transduced
cells (Figure 4G), but the cells proliferated with myeloid terminal
differentiation without dysplasia or increase in CD341 cells
(Figure 4H). Thus, BMI1-overexpressed cells showed a slight
increase in self-renewal capacity and an increase in proliferation
ability. However, BMI1 did not block differentiation at all.
Overexpression of BMI1 may have limited proliferation ability
without differentiation inhibition, suggesting that BMI1 alone does
not have enough potential for MDS genesis.

These results raised the possibility that BMI1 may be over-
expressed by additional molecular abnormalities and may work as
a proliferative activator in the stem/progenitor cells with RUNX1
mutations. Because the D171N mutation itself was not prolifero-
genic, our next investigation was undertaken to determine whether
BMI1 is required for leukemogenesis in the D171N-mutated cells.

BMI1 overexpression confers survival advantage but does not

inhibit G-CSF–induced differentiation of 32D cells

To confirm the collaboration of D171N with BMI1, we first
transduced both the D171N mutant and BMI1 into 32Dcl3 cells.
The 32Dcl3 cells were transduced with pMYs.IP/IB, pMYs.IP/
BMI1, D171N/pMYs.IB, or D171N/BMI1, and the infected cells
were subjected to drug selection by puromycin and blasticidin. G-
CSF treatment induced terminal differentiation of 32Dcl3 cells
transduced with pMYs.IP/IB, as indicated by the appearance of
polymorphonucleated neutrophils and upregulation of CD11b on
the surface, and pMYs.IP/BMI1-transduced cells were also termi-
nally differentiated as well (Figure 5A). However, the differenti-
ation was weakly inhibited by D171N/pMYs.IB, and D171N/
BMI1 showed no additional effect on differentiation compared with
D171N/pMYs.IB (Figure 5A), indicating that BMI1 did not block
differentiation at all. Growth rate was comparable among the
indicated transfectants after 3 days of culture with the presence of
IL-3 (Figure 5B). However, annexin V positivity in the D171N/
BMI1-transduced cells was at the same level as that in pMYs.IG/
IB- or pMYs.IP/BMI1-transduced cells, and it was significantly
lower than that in D171N/pMYs.IB-transduced cells after 36
hours of culture without IL-3 (Figure 5C). These data raised the
possibility that BMI1 may add some survival effects to D171N-
transduced cells.

Double transduction of D171N and BMI1 into human CD341

cells leads to proliferation with differentiation

To investigate whether BMI1 can add a growth advantage to RUNX1-
mutated cells, we performed simultaneous double transduction of the
D171N mutant with BMI1 into human CD341 cells. Human CB
CD341 cells were transduced with pMXs.IG/IR, pMXs.IG/BMI1,
D171N/pMXs.IR, or D171N/BMI1. BMI1was endogenously expressed
in cells transduced with pMXs.IG/IR or D171N/pMXs.IR, whereas
a strong upregulation of this protein was observed in the BMI1-
transduced cells (Figure 5D). In the CFC replating assay, all of the
double-transduced cells formed fewer colonies than single-
transduced cells (Figure 5E, compared with Figures 2H and 4F).
Both colony number and replating ability were altered by the
double transduction of D171N and BMI1 compared with D171N/
pMXs.IR-transduced cells. The presence of stem/progenitor cells
with long-term self-renewal capabilities was confirmed by the
LTC-IC assay. In both limiting dilution and bulk assays, increased
stem/progenitor cell frequencies were observed in D171N/BMI1-
transduced cells (Figure 5F). In addition, a dramatic change was
observed in the liquid culture. Double-transduced cells with pMXs.
IG/IR or D171N/pMXs.IR hardly proliferated in the long-term
culture medium, and their proliferation folds were,100 (Figure 5G).
However, double-transduced cells containing BMI1 exhibited an
altered effect on cell proliferation. In particular, the D171N/BMI1
double-transduced cells spontaneously started to proliferate at
approximately day 20, a phenomenon that was earlier and greater
than the cells with pMXs.IG/BMI1. The D171N/BMI1 cells mark-
edly grew until day 70, resulting in the same proliferation ability
when compared with pMXs.IG/BMI1-transduced cells (Figure 5G).
Thus, the D171N/BMI1-transduced cells had a strong growth advan-
tage compared with the D171N/pMXs.IR-transduced cells. The
BMI1 double-transduced cells showed an increase in S phase;
however, the cells did not harbor an expansion of a population of
CD341 or blast cells, and most of the cells differentiated to various
stages of myeloid cells with dysplasia (Figure 5H). These results
indicate that BMI1 overexpression confers proliferation ability with
differentiation to D171N-mutated cells. To assess the impact of
BMI1 on the proliferation and survival of the progenitor cells, we
analyzed the effect of BMI1 expression on INK4A/ARF (p16/p14)
locus expression in the CD341 cells. INK4A/ARF expression was
downregulated by BMI1 (Figure 5I), which may have contributed to
the proliferation and survival of D171N-transduced cells. Significant
enrichments of BMI1 on Ink4a/Arf (p16/p19) promoter regions were
detected in both BMI1-transduced 32D cells and BMI1/D171N-
transduced 32D cells, but not on the b-actin promoter region
(supplemental Figure 2A). A physical association in vivo between
BMI1 and D171N was observed in 293T cells, which was
comparable to that between BMI1 and WT RUNX1 (supplemental
Figure 2B).

INK4A/ARF expression levels were also lower in MDS
patients with RUNX1 mutations than in those without mutations
in this gene (supplemental Figure 3A). To clarify the role of

Figure 5 (continued) DsRed-tagged BMI1. After 3 to 4 days, GFP1/DsRed1 cells were purified by sorting. The cells were cultured in methylcellulose or long-term culture

medium. (D) Expression of BMI1 and RUNX1-D171N were confirmed by Western blotting using anti-Bmi1 and anti–FLAG M2 antibodies, respectively. Anti–b-actin antibody

was used as control. (E) Double-transduced cells were analyzed by CFC replating assay. Data are expressed as mean 6 SD from 4 independent experiments. (F) LTC-IC

assay in bulk and limiting dilution was carried out. (G) Growth patterns of the transduced cells cultured in long-term culture medium displayed as proliferation fold. The error

bars represent the SD from 4 independent experiments. The growth profiles of all cells with double transduction of GFP (empty or D171N) and DsRed (empty or BMI1) vectors

are shown. (H) Cell cycle analysis and the expression pattern of surface markers as shown by a typical flow cytometry profile, and Wright-Giemsa–stained cytospins of

D171N- and D171N/BMI1-transduced cells on day 42 as captured with a BX51 microscope and a DP12 camera (Olympus); original magnification31000. (I) INK4A/ARF (p16/

p14) expression levels in D171N- and D171N/BMI1-transduced cells on day 42. Relative gene expression was measured by qRT-PCR performed in triplicate and calculated

as the ratio of INK4A/ARF to GAPDH expression.
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Figure 6. The effect of double expression of D171N and BMI1 in a mouse BMT model. (A) Kaplan-Meier analysis of the survival of mice that received transplants of BM

cells transduced with pMYs.IG/BMI1 (n 5 12, green line), D171N/pMYs.IN (n 5 11, red line), or D171N/BMI1 (n 5 12, blue line). P values were calculated using log-rank test.

(B) Expression of RUNX1-D171N and BMI1 in BM cells derived from the BMTmice transduced with pMYs.IG/IN (lane 1), D171N/pMYs.IN (lanes 2, 3), or D171N/BMI1 (lanes 4-8).

Cell lysates were immunoblotted with anti-Bmi1, anti–FLAG M2, or anti-tubulin antibody as control. Data are representative of 3 independent experiments. (C) Macroscopic

findings of euthanized mice transplanted with BM cells transduced with the indicated construct. A representative photograph is shown. Mice with D171N/pMYs.IN or D171N/

BMI1 died of MDS/AML with marked splenomegaly (right 2 panels), although mice with pMYs.IG/IN or pMYs.IG/BMI1 remained healthy without any organomegaly 8 months

after BMT (left 2 panels). (D) Cytospin preparations of BM and spleen cells derived from indicated mice were stained with Giemsa. A representative photograph is shown.

Images were obtained with a BX51 microscope and a DP12 camera (Olympus); objective lens, UplanFl (Olympus); original magnification31000. (E) Flow cytometric analysis

of BM cells derived from each transduced mouse. In pMYs.IG/IN and pMYs.IG/BMI1, apparently healthy mice were euthanized for analysis of BM cells 8 months after BMT.
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micro RNAs (miRNAs) associated with BMI1 and polycomb-
repressive complex (PRC) 1/2 in the patients with RUNX1
mutations, we analyzed miRNA levels in CD341 cells from MDS
patients; however, no remarkable difference was detected
between CD341 cells from patients and normal BM (supple-
mental Figure 3B). Furthermore, we analyzed the effects of BMI1
knockdown by short hairpin RNA in the CD341 cells from MDS/
AML patients with RUNX1 mutations and high BMI1 expres-
sion. BMI1 knockdown resulted in impaired cell proliferation on
MS5 stromal cells (supplemental Figure 3C). These results
indicate that expansion of RUNX1-mutated CD341 cells depends
on BMI1 expression, which coincides with repression of the cell
cycle regulators INK4A/ARF.

Collaboration of the D171N mutant and BMI1 in a mouse

BMT model

Nevertheless, even the D171N/BMI1-transduced human CD341 cells
did not develop MDS/AML in NOG mice (supplemental Table 2).
Therefore, to confirm the collaboration of BMI1 overexpression with
the D171N mutant in vivo, we performed mouse BMT using BM cells
transduced with both D171N and BMI1. We previously reported that
most of the mice that received D171N-transduced BM cells died of
MDS/AML, and collaboration between D171N and Evi1 overex-
pression was confirmed in a BMT model where coexpression of
D171N and Evi1 induced MDS/AML with much shorter latencies.22

To investigate whether high expression of BMI1 can also collaborate
with D171N, Ly-5.1 murine BMmononuclear cells were infected with
retrovirus harboring pMYs.IG/IN, pMYs.IG/BMI1, D171N/pMYs.IN,
or D171N/BMI1. The efficiency of retrovirus infection was 35% to
45% of GFP1/NGFR1 cells (supplemental Figure 4A; supplemental
Table 3), and nonsorted cells were transplanted into sublethally irra-
diated syngeneic Ly-5.2 mice. Each cell population was successfully
engrafted (supplemental Figure 4B), and in time, the proportion of
GFP1/NGFR1 cells gradually increased in the mice that were trans-
planted with D171N/BMI1-transduced cells (supplemental Figure 4C).

Mice that received transplants of pMYs.IG/BMI1-transduced cells
remained healthy over the observation period (n 5 12/12), as well as
those that were transplanted with pMYs.IG/IN-transduced cells (n 5

4/4). Most of the mice that received transplants of D171N/pMYs.IN-
transduced cells developed MDS/AML mainly 6 to 8 months after
transplantation (n 5 6/11, P , .0001, Figure 6A), as observed in the
previous report.22 Of note, mice that received transplants of BM cells
expressing D171N/BMI1 developed MDS/AML with significantly
shorter latencies (mainly 3 to 5 months) compared with the D171N/
pMYs.IN group (n5 12/12, P5 .001, Figure 6A). Expression of the
transduced D171N and BMI1 was confirmed by Western blot
analysis, and endogenous Bmi1 expression could be detected in the
D171N/pMYs.IN cohort (Figure 6B). Morbid mice with D171N/
pMYs.IN or D171N/BMI1 exhibited similar phenotypes, character-
ized by leukocytosis, anemia, and marked splenomegaly, whereas the
mice with pMYs.IG/BMI1 or pMYs.IG/IN, euthanized 8 months after
BMT, showed none of these phenotypes (Table 1 and Figure 6C). In
the leukemic mice with D171N/pMYs.IN or D171N/BMI1, BM and
spleen were occupied by immature myeloid cells including myeloid
blasts (Figure 6D).Moremyeloblasts in BMwere observed inD171N/
BMI1 mice than in D171N/pMYs.IN ones (Table 1). The leukemic
cells displayed similar morphologic abnormalities and surface
markers: GFP1/NGFR1 leukemic cells were CD11blow to high, Gr-1low,
B220low, and c-kitlow to high (Figure 6E; supplemental Figure 4D;
supplemental Table 2), although the expression level of c-kit tended to be
higher in the D171N/BMI1 cohort than that in the D171N/pMYs.IN
group. The normal structure of the spleen was completely destroyed with
massive blast and immature myeloid cell infiltration, and these cells also
invaded into the hepatic portal areas in the liver (Figure 6F).Meanwhile,
GFP1/NGFR1 cells in pMYs.IG/BMI1-induced mice were very few,
indicating that pMYs.IG/BMI1-transduced BM cells did not become
dominant in vivo (Figure 6E). In addition, myeloid cells showed
normal differentiation into segmented cells in the BM, and most of
the nucleated cells in the spleen were found to be small lymphocytes
as observed in the mice with pMYs.IG/IN (Figure 6D). Collectively,
BMI1 overexpression has a strong potential to induce MDS/AML in
concert with D171N in a mouse BMT model, although BMI1
overexpression by itself does not result in maturation block or
leukemogenesis. Furthermore, Ink4a/Arf (p16/p19) expression in
D171N/BMI1-transduced mice was significantly lower than that in
the D171N/pMYs.IN-transduced mice (Figure 6G). However, most
of the D171N/BMI1mice still showed high expression of Evi1, which
was relatively lower than that in the D171N/pMYs.IN group
(Figure 6H). Therefore, Evi1 overexpression is suspected to play
a critical role along with the RUNX1 D171N mutation in the
development of MDS/AML in the mouse system.

Stepwise transduction of the D171N mutant and BMI1 leads to

MDS-like long-term proliferation in human CD341 cells

Our results showed that simultaneous transduction of D171N and
BMI1 can induceMDS/AML, whereas FPD/AML patients who have
congenital RUNX1 mutations develop MDS/AML after decades of
latency period. This raises the possibility that additional gene
abnormalities occur afterward in the RUNX1-mutated cells for the
development of MDSs. To clarify the effect of BMI1 in RUNX1-
mutated CD341 cells, we next performed stepwise transduction of
the D171N mutant and BMI1 (Figure 7A).

Figure 6 (continued) The dot plots show staining for NGFR, Gr-1, CD11b, B220, or c-kit as detected with PE vs GFP. (F) Histopathological findings of spleen and liver from

mice that died of MDS/AML in the indicated BMT model, as shown by hematoxylin and eosin staining. Images were obtained with a BX51 microscope and a DP12 camera

(Olympus) with an UplanFL objective lens (Olympus) and are shown at an original magnification3400. (G) Ink4a/Arf (p16/p19) expression levels in BM cells of mice. Relative

p16/p19 expression was measured by qRT-PCR performed in triplicate and calculated as the ratio of p16/p19 to Gapdh expression. (H) Evi1 expression levels in BM cells of

mice. Relative Evi1 expression was measured by qRT-PCR performed in triplicate and calculated as the ratio of Evi1 to Gapdh expression. RNA from pMYs.IG/pMYs.IN mice

served as a control, and the RNA level was defined as 1.

Table 1. Characteristics of AML mice caused by expression of
D171N and BMI1

Characteristics
pMYs.IG/pMYs.IN

(n 5 3)
D171N/pMYs.IN

(n 5 5)
D171N/BMI1
(n 5 10)

WBCs (/mL) 18 550 6 1786 129 100 6 68 089 70 838 6 16 353

Hb (g/dL) 14.8 6 0.4 7.3 6 2.5 7.7 6 2.3

PLTs (3103/mL) 291 6 67 246 6 80 134 6 75

MCV (fL) 46.7 6 0.6 53.6 6 3.9 51.9 6 9.3

BM count (3107 cells) 2.70 6 0.78 7.05 6 1.67 4.83 6 1.14

Myeloblasts in BM (%) 1.8 6 1.0 34.5 6 16.0 59.6 6 8.2

Liver weight (mg) 1668 6 129 2008 6 482 2015 6 527

Spleen weight (mg) 98 6 12 605 6 242 531 6 185

Averages and standard deviations are shown. BM cells were isolated from both

tibias and femurs.

Hb, hemoglobin; MCV, mean corpuscular volume; PLTs, platelets.
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We first transduced D171N into CD341 cells. Sorted GFP1 cells
were cultured for 28 days more, until the percentage of the D171N-
transduced CD341 cells, especially the CD341/CD38– population,
was maximal (Figure 3D-E). Then, we selected for the CD341 cells
again, followed by BMI1 transduction. GFP1/DsRed1 cells were
sorted and cultured in methylcellulose or long-term culture medium. In
the CFC assay, pMXs.IR-transduced cells seemed to have very
low colony-forming ability, whereas the stepwise BMI1-transduced
D171N cells displayed an increase in both colony-forming ability and
replating capacity (Figure 7B). Moreover, the CD341 cell population
remained in the stepwise BMI1-transduced D171N cells (Figure 7C).
Furthermore, long-term proliferation with a retained CD341 cell
fraction was observed in the stepwise BMI1-transduced D171N cells,
and morphologic findings showed myeloid cell dysplasia with
increased blast cells (Figure 7D-E). These findings are quite similar
to those seen in human patients with higher-risk MDSs. Thus, our
results demonstrate that the MDS phenotype could be reproduced in
human hematopoietic cells by stepwise transduction of the D171N
mutant followed by BMI1.

Discussion

RUNX1 mutations have been detected in nearly 20% patients with
higher-risk MDSs. Biochemically, RUNX1 mutants show loss of
normal RUNX1 function, and some mutants have dominant-negative
trans-activation potential similar to leukemogenic chimeras such as
CBFb-MYH11. The biological functions of RUNX1 mutants, which
have already been demonstrated using the mouse BMT model,

include increase in leukemogenic potential.22 In this model, however,
the retrovirus frequently integrated into the chromosome near the
Evi1 locus, resulting in its high expression. We checked EVI1
expression levels in MDS patients; however, most of the examined
patients showed very low EVI1 expression, except for only 1 patient
with a RUNX1mutation, who rapidly progressed fromMDS to AML
with hyperblastcytosis. Because collaboration between RUNX1
mutations and EVI1 overexpression does not appear to be common
in MDS patients, we tried to clarify the biological significance of
RUNX1 mutants in stem/progenitor cells using human CBs without
the effect of Evi1 overexpression.

The cells transduced with WT RUNX1 quickly differentiated into
mature myeloid/monocytoid cells without proliferation in both
colony-forming and liquid culture assays. This result suggests that
overexpression of WT RUNX1 in stem/progenitor cells promotes
terminal differentiation without self-renewal, blocks cell proliferation,
and has no oncogenic potential. These data can explain the reduction
in WT RUNX1-transduced cells in a mouse BMT model.22,38 On the
other hand, the D171N mutant, the most common mutation in
RUNX1 that is caused by only a 1-bp replacement in the RHD, has
increased self-renewal capacity, mildly blocked differentiation,
dysplasia in all 3 lineages, and a slight tendency for immaturity,
but no proliferation ability. Although a stem/progenitor cell with the
D171N mutation is suspected to have MDS-genic potential of cell
dysplasia and self-renewal capacity, it induces G1 arrest and cannot
develop MDS due to lack of proliferation ability. Thus, additional
gene alterations that induce proliferation activity seem to be necessary
for development of MDSs. BMI1 overexpression was suspected as
a candidate collaborator because upregulated BMI1 level was
observed in higher-risk MDS patients with RUNX1 mutations, even

Figure 7. Stepwise transduction of the D171N

mutant followed by BMI1 in human CD341 cells.

(A) Human CD341 cells were precultured for 3 to 4

days in expansion medium and transduced with GFP-

tagged D171N-mutant. After 3 or 4 days, GFP1 cells

were sorted and cultured in long-term culture medium

for 28 days. Then, CD341 cells were reselected by the

CD34 MicroBead Kit again and transduced with

DsRed-tagged BMI1. We also transduced the DsRed

vector as a control. Finally, 35 days after the D171N

transduction, GFP1/DsRed1 cells were sorted and

cultured in methylcellulose or long-term culture me-

dium. (B) CFC replating assay in 3 independent

experiments. (C) Representative flow cytometry anal-

yses of the first colonies. (D) Proliferation fold in 3

independent experiments. Day 0 was the day of the

second (DsRed vectors) transduction. (E) Flow cyto-

metric analysis for CD34 expression, and Wright-

Giemsa–stained cytospins on day 39 as captured with

a BX51 microscope and a DP12 camera (Olympus) at

3400 and 31000 original magnifications.
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though the D171N mutant itself does not induce BMI1 expression.
The molecular mechanism of high BMI1 expression in RUNX1-
mutated patients is not due to miRNAs either. A previous study
showed that forced expression of the activated N-RAS mutant
induced overexpression of Bmi1 in mouse c-Kit1 cells, especially in
Runx12/2 cells.39 Thus, the gene mutations that induce activation of
the RAS signaling pathway, which are frequently seen in patients
with RUNX1 mutations,40 may result at least partly in BMI1 over-
expression. Furthermore, many gene mutations have been identified
in MDS patients, including PRC2 complex proteins, and some of
them showed positive associations with RUNX1 mutations.41 Our
next investigation is to clarify the effects of both expression levels and
mutations of PRC2 proteins in patients with RUNX1 mutations.
There is a possibility that these gene expression patterns and
mutations may act to elevate the BMI1 expression level.

BMI1 is well known to be essential for self-renewal of hema-
topoietic stem cells,42-44 in part via repression of genes involved in
senescence,45 and self-renewal of hematopoietic stem cells is en-
hanced by BMI1 expression in both mouse and human.35,46 Our
results showed that overexpression of BMI1 itself in human CD341

cells or a mouse BMT model does not appear to have MDS-genic
potential, as reported previously.35,46 When the CD341 cells were
double-transduced simultaneously with D171N and BMI1, the cells
could proliferate with differentiation and dysplasia. Cotransduction of
D171N and BMI1 into BM cells resulted in faster induction of MDS/
AML in BMT mice. It is suggested that BMI1 overexpression may
act as one of the partner abnormalities collaborating with master gene
mutations for MDS genesis. BMI1 affects INK4A/ARF expression,
which has been sufficiently elucidated, involved in the leukemic
phenotype. A previous report that showed that BMI1 collaborates
with BCR-ABL in leukemic transformation also supports this idea.47

We confirmed that significant enrichments of BMI1 were detected on
Ink4a/Arf promoter regions in both BMI1-transduced cells and BMI1/
D171N-transduced cells, suggesting that BMI1 overexpression may
help cells transform, at least in part, due to suppressing the
expression of the Ink4a/Arf tumor suppressor gene. Although
a physical association in vivo between BMI1 and D171N, as well
as WT RUNX1,48 was observed, it is known that the D171N
mutant has lost DNA-binding ability.12 Therefore, the mechanism
by which BMI1 coexpression with the D171N mutant induces
proliferative effects seems to be independent of the direct physical
association between RUNX1 and BMI1. Additionally, both BMI1-
knockdown human CD341 cells and Bmi1-deficient mouse cells
showed elevated levels of reactive oxygen species accumula-
tion,49,50 resulting in impairment of long-term expansion and
apoptosis. It may be the reason why D171N-transduced human
CD341 cells that showed reduced BMI1 expression could not
proliferate. It may also explain the phenomenon in 32Dcl3 cells in
which BMI1 transduction seemed to rescue D171N-transduced
cells from apoptosis. However, the CD341 cells transduced with
D171N/BMI1 did not develop MDS/AML in NOG mice,
suggesting that other factors such as EVI1 overexpression observed
in a mouse BMT model may still be required for the development
of MDS/AML in NOG mice.

Germ line mutations of RUNX1 have been shown to occur in
FPD/AML.1,2 FPD/AML is regarded as familial MDS,3 and the
molecular mechanisms by which RUNX1 mutations promote the
development of hematopoietic malignancies seem to be identical in
both MDS and FPD/AML patients. Because decades-long asymp-
tomatic latency periods do occur in patients with FPD/AML, it
appears that RUNX1-mutated stem cells cannot promote the

development of MDSs without other cooperative factors. It is
suspected that additional gene abnormalities occur later on in the
RUNX1-mutated cells for the development of MDSs. Therefore, we
performed stepwise transduction of the D171N mutant followed by
BMI1 into CD341 cells, which could reproduce continuous slow
proliferation of a low percentage of blastoid cells, reflecting the
hematologic features in higher-risk MDS patients. This result
indicates that genetic alterations, such as EVI1 or BMI1 over-
expression, which add proliferative advantage to cells, may occur as
“second hits” after the master genetic alteration (ie, RUNX1
mutation) that has MDS-genic potential.

In the present study, we revealed the functional significance of
the RUNX1 D171N mutant in the pathogenesis of MDSs using
human CD341 cells. Thus, amino acid replacement–type muta-
tions in the RHD, which comprise half of the RUNX1 mutations
detected in patients, are suspected to have MDS-genic potential;
however, the cells with this type of mutation lack proliferation
ability. This may explain BM failure status, one of the phenotypes
of MDSs. When the mutated cells gain partner gene abnormality
(ie, EVI1 or BMI1 overexpression), they can acquire proliferation
ability through alteration of the collaborating gene, which may
explain the various clinical features of patients with RUNX1 mu-
tations. On the other hand, the other half of the RUNX1 mutants
may have different biochemical functions that remain unclear; in
particular, mutants that lack the C-terminal functional domain but
have an intact RHD may have other effects.4,22 Our future inves-
tigations include the elucidation and clarification of the molecular
mechanisms by which each type of RUNX1 mutant promotes the
development of MDSs.
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