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Background
To understand how myelodysplastic syndrome cells evolve from normal stem cells and gain
competitive advantages over normal hematopoiesis, we established a murine xenograft model
harboring bone marrow cells from patients with myelodysplastic syndromes or acute myeloid
leukemia with myelodysplasia-related changes.  

Design and Methods
Bone marrow CD34+ cells obtained from patients were injected, with or without human mes-
enchymal stem cells, into the bone marrow of non-obese diabetic/severe combined immuno-
deficient/IL2Rγnull hosts. Engraftment and differentiation of cells derived from the patients were
investigated by flow cytometry and immunohistochemical analysis.

Results
Co-injection of patients’ cells and human mesenchymal stem cells led to successful engraftment
of patient-derived cells that maintained the immunophenotypes and genomic abnormalities of
the original patients.  Myelodysplastic syndrome-originated clones differentiated into mature
neutrophils, megakaryocytes, and erythroblasts. Two of the samples derived from patients
with acute myeloid leukemia with myelodysplasia-related changes were able to sustain neo-
plastic growth into the next generation while these cells had limited differentiation ability in
the murine host. The hematopoiesis of mice engrafted with patients’ cells was significantly
suppressed even when human cells accounted for less than 1% of total marrow mononuclear
cells. Histological studies revealed invasion of the endosteal surface by patient-derived CD34+

cells and disruption of extracellular matrix architecture, which probably caused inhibition of
murine hematopoiesis.  

Conclusions
We established murine models of human myelodysplastic syndromes using cells obtained from
patients: the presence of neoplastic cells was associated with the suppression of normal host
hematopoiesis. The efficiency of engraftment was related to the presence of an abnormality in
chromosome 7. 
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Introduction 

Myelodysplastic syndromes (MDS) are a heterogeneous
group of clonal hematopoietic disorders originating from
primitive hematopoietic cells and some of the least stud-
ied hematopoietic malignancies due largely to difficulties
in creating an in vivo model suitable for studying the biol-
ogy of MDS since these syndromes cause variable degrees
of morphological dysplasia in non-lymphoid lineages and
accompanying hematopoietic failure.1,2 The prognosis of
MDS patients is generally poor with an approximately
25% risk of the disease evolving into acute myeloid
leukemia (AML).3 A wide variety of cytogenetic abnormal-
ities is recognized in nearly half of MDS patients.4,5

Although a multi-step process of disease development has
been proposed,6-9 the current understanding of the molec-
ular pathogenesis of this disease is limited and, conse-
quently, the precise mechanisms of how MDS cells evolve
from normal hematopoietic cells remain unclear.  

Mouse models of human diseases have been proven to
be useful tools for elucidating the biology of various dis-
eases and for evaluating the efficacy of evolving therapy.10

The successful establishment of murine xenograft models
for human AML has yielded empirical evidence for the
existence of so-called ‘cancer stem cells’, a minor subpop-
ulation of cells responsible for maintenance of neoplastic
proliferation.11-13 In addition, recent studies demonstrated
that chemotherapy-resistant leukemic stem cells reside in
the endosteal region of bone marrow.14,15 These findings
helped to clarify how acute leukemia cells are maintained
and propagated in vivo; however, little is known about the
behavior of MDS cells in the bone marrow microenviron-
ment partly because of the difficulties in obtaining a suit-
able in vivo model for this disease. The reason for the selec-
tive outgrowth of MDS clones and the concurrent
decrease in normal hematopoietic stem cells in patients
does, therefore, remain elusive. 

To establish a murine model of human MDS, which
would undoubtedly be of benefit in the study of the
pathology and biology of MDS, we transplanted bone
marrow CD34+ cells from patients with MDS and acute
myeloid leukemia with myelodysplasia-related changes
(AML-MRC) and human mesenchymal stem cells (MSC)
as auxiliary cells in murine bone marrow using an estab-
lished intramedullary co-transplantation method.  

Design and Methods

Patients and preparation of human cells
The experimental protocol of this study was approved by the

Institutional Review Board of Tokai University, School of
Medicine, and all human samples were handled accordingly. Bone
marrow samples were obtained from six patients with MDS, eight
patients with AML-MRC, and four healthy individuals after
obtaining written informed consent. The clinical characteristics
and immunophenotypes of the patients are summarized in Online
Supplementary Tables S1 and S2, respectively. CD34+ cells were
selected using the CD34 Progenitor Cell Isolation Kit (Miltenyi
Biotec, Sunnyvale, CA, USA) according to the manufacturer’s
instructions as described previously.16 The purity of the selected
bone marrow CD34+ cells was always more than 95%. Human
MSC were purchased from Lonza Walkersville Inc. (Walkersville,
MD, USA) and cultured according to the directions supplied by
the company. In some experiments, MSC were established from

the CD34- fraction of patients’ cells. The ability of the cells to dif-
ferentiate into adipocytes, chondrocytes and osteoblasts was
assessed and confirmed in vitro as described previously17 before the
cells were used for this study (data not shown).

Antibodies
The following monoclonal antibodies were used for flow

cytometry: anti-CD7 (4H9), -CD11b (D12), -CD13 (L138), -CD14
(MfP9), -CD19 (SJ25C1), -CD36 (CB38(NL07)), -CD38 (HB7), -
CD56 (MY31), -CD61 (VI-PL2), -CD64 (10.1), and -HLA-DR
(L243, all from BD Biosciences, San Jose, CA, USA); anti-CD33
(WM53), -CD34 (581), -CD41b (P2), -CD45 (J.33), and CD117
(95C3, all from Coulter/Immunotech, Marseille, France); and MPO
(MPO-7, DACO, Denmark).

The following antibodies were used for tissue immunostaining:
anti-CD15 (80H5, 1:150, Coulter/Immunotech); anti-CD31 (1:100,
TECNE Corporation, Minneapolis, MN, USA); anti-CD34 (My10,
1:20), -CD45 (2D1, 1:200), and -CD38 (HIT2, 1:100, all from BD
Biosciences); anti-glycophorin A (JC159, 1:400) and -CD61(Y2/51,
1:1000, both from DACO); anti-fibronectin (1:400, Sigma, St
Louis, MO, USA); and anti-PCNA (1:200, abcam, Cambridge, UK).   

Experimental animals, lentiviral gene transduction, 
and cell transplantation

Non-obese diabetic/severe combined immunodeficient/IL2Rγnull

(NOG) mice were maintained in sterile microisolator cages in the
animal facility of Tokai University School of Medicine. The mice
were irradiated with 250 cGy from an X-ray irradiator (HW-300,
Hitex, Osaka, Japan) 24 h prior to intramedullary transplantation
of cells. All procedures were approved by the Animal Care
Committee of Tokai University. The MSC were transduced with
the GFP gene as described previously.17

Analysis of human cells
The mice were killed humanely 8 to 16 weeks after transplan-

tation, and the entire bone marrow contents of the injected tibiae
were collected in phosphate-buffered saline containing 0.5%
bovine serum albumin and 0.5 M EDTA. The total number of
bone marrow mononuclear cells was counted for each bone of
individual experimental animals. The number of non-human bone
marrow cells was obtained by calculation. Aliquots of cells were
used to examine the percentages of cells expressing human cell
surface antigens. A four-color flow cytometric analysis was con-
ducted using FACSCaliber. Quadrants were set to include at least
97% of the isotype-negative cells. The proportion of each lineage
was calculated from 10,000 events acquired using the CELLQuest
software package. The remaining cells were saved for secondary
transplantation, cytospin preparation for morphological examina-
tion, chromosomal analysis and fluorescence in situ analysis (FISH).
Chromosomal analysis was conducted using a conventional
method in the clinical laboratory of the University Hospital, while
the FISH analysis was performed at SRL Inc. (Tokyo, Japan). The
preparation of the bone marrow for histological studies, immuno-
fluorescent staining and enzyme immunohistochemistry were
performed as described previously.18 Images of stained slides were
captured using an LSM510 META confocal microscope with a
63X/1.2 numeric aperture c-Apochromat objective lens (Carl
Zeiss, Jena, Germany) and an Olympus Ax80 microscope with a
20X/0.70 numeric aperture UplanApo lens equipped with a DP71
digital camera (Olympus, Japan). Images were transferred to
Adobe Photoshop CS4 (Adobe Systems, San Jose, CA, USA)

Histological analysis of bone
For serial transplantation experiments, the percentage of cells in

the endosteal region (within 5 cells’ distance) was obtained by
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counting the cells in the entire field of bone specimens under the
light field microscope. More than five slides were examined for
each transplant.

Statistics
Data are presented as the mean ± standard deviation. The two-

sided P value was determined by testing the null hypothesis that
the two population medians are equal. P values less than 0.05
were considered to be statistically significant.

Results

Engraftment of myelodysplastic syndrome-originated
human hematopoietic cells in murine bone marrow

We previously reported that intramedullary injection of
cord blood hematopoietic stem cells along with human
MSC improved engraftment of human cells in the murine
microenvironment.18 We, therefore, transplanted bone
marrow CD34+ cells, which included hematopoietic stem
cells and primitive progenitors, obtained from six patients
with MDS, eight patients with AML-MRC and four
healthy individuals, into the bone marrow of NOG mice
with or without human MSC. Flow cytometric analysis
detected the presence of human CD45+ cells, at varying
frequencies, in the bone marrow of 8/8, 12/23, and 4/4
recipient mice injected with bone marrow CD34+ cells
from the MDS patients, the AML-MRC patients, and the

healthy individuals, respectively (Table 1). As expected,
transplantation of MSC alone did not result in hematopoi-
etic engraftment (data not shown). Further lineage analysis
revealed a CD33+ myeloid dominant differentiation, 60%
or more, in three of six MDS cases (3/8 mice engrafted)
and three of eight AML-MRC cases (9/12 mice engrafted),
suggesting the engraftment of MDS-originated cells (Table
1; patients 2, 5, 6, 11, 13, and 14, and Figure 1A). Human
cells recovered from transplanted animals were positive
for cell surface markers found on the original patients’ cells
(Online Supplementary Table S2), such as CD13 (74.90%)
and CD56 (32.08%) for patient 11, CD7 (72.13%) and
CD41b (60.12%) for patient 13, and CD13 (81.92%,
37.86% of which co-expressed CD34) and CD117
(31.41%) for patient 14.  

To confirm that this was indeed engraftment of MDS-
originated cells, we performed cytogenetic and morpho-
logical analyses on human cells recovered from the mice
engrafted with patients’ bone marrow cells. FISH analysis
confirmed cytogenetic abnormalities of original bone mar-
row in the human cells isolated from mice engrafted with
cells from patients 6, 11, and 13 (Figure 1B and Online
Supplementary Table S3) in 100% of the cells analyzed. In
addition, patient-specific chromosomal abnormalities
(monosomy 7 for patient 13 and isochromosome 17 for
patient 14) were detected in 100% of cells analyzed
(Figure 1C). Morphological observations of cytospin sam-
ples and bone marrow histology of mice engrafted with
bone marrow cells from patients 2 and 11 showed dyspla-

A xenograft model of human MDS
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Table 1.  Engraftment of bone marrow CD34+ cells obtained from MDS and AML-MRC patients.
Patient N. of injected Auxiliary # of mice N. of cells Percentage of Percentages of Percentages of lineage cells
N. cells, x104* cells engrafted/ recovered, x106 human cells CD34+ cells in in human  cells†

injected /tibia human cells† CD33+ CD19+

1 23.7 allo 1/1 6.8 67.65 10.45 10.8 82.3
2 33.9 allo 1/1 4.0 88.92 39.71 67.37 21.17
3 32.4 allo 1/1 3.0 3.93 9.26 4.4 85.72
4 28.2 allo 1/1 2.18 0.48 9.94 0 95.47
5 40 auto 1/1 3.4 1.95 83.59 96.02 0

dermal fibroblasts 1/1 2.7 0.83 27.71 51.81 49.13
- 1/1 4.8 0.36 50.0 57.14 23.81

6 14 allo 1/1 1.6 0.15 8.43 88.0 0
7 236 allo 1/1 5.5 3.18 5.77 2.57 91.32
8 39 allo 0/1 4.8 0 NT NT NT
9 100 allo 1/1 6.3 0.14 10.67 7.25 79.81
10 500 allo 1/1 12.0 12.42 9.58 3.15 83.99
11 100 auto 1/1 4.8 0.32 20.59 95.52 3.96

allo 1/1 0.67 3.28 8.03 86.22 0.71
138 auto 2/2 3.4, 5.2 7.72, 1.14 28.19, 12.3 80.76,91.54 0.0, 8.0

CD34- fraction 0/2 5.8, 6.2 0 NT NT NT
- 1/1 4.8 0.49 13.46 60.0 29.09

12 250-1000 allo, auto 0/6 4.4-9.8 0 NT NT NT
1000 - 0/2 6.9, 7.8 0 NT NT NT

13 500 allo 1/1 2.7 10.27 35.71 94.78 1.01
14 400 allo 1/1 0.45 89.29 36.10 80.69 0.73

auto 2/2 0.63, 0.42 71.06, 83.4 35.74, 28.61 73.68, 90.20 0.24, 0.22
Normal 5, 10, 7.8, 10 allo, auto 4/4 7.0, 3.8, 5.7, 14.7 32.7,2.9,45.5,12.8 8.7,16.2,6.7,8.5 5.9,18.6,7.7,15.1 76.9,71.4,72.9,67.1
individuals

Auto indicates autologous MSC; allo, allogeneic MSC; -, not applicable; NT, not tested.   *Indicated numbers of bone marrow CD34+ cells were transplanted with or without 5~15¥105

auxiliary cells. †Shown here are percentages of cell surface marker expressing cells in the human CD45+ gate.



sia typically associated with MDS, such as bi-nucleated
myelocytes and megakaryocytes with separated nuclei
(Figures 1D and 2A, and data not shown). In samples pre-
pared with cells recovered from mice engrafted with bone
marrow cells from patient 2, myelocytes with variable
degrees of normal differentiation were easily seen, but
there were also sporadic cells with dysplasia which were
not seen in samples from animals engrafted with normal
human bone marrow cells. Large blastic cells were promi-
nent in cytospin samples of bone marrow cells prepared
from mice engrafted with cells from patients 13 and 14
(Figure 1D and data not shown). Considering these findings
collectively, mice injected with bone marrow cells from
patients 2, 5, 6, 11, 13, and 14 were engrafted with MDS-
originated cells. Five of these patients harbored one or
more genetic abnormalities, most of which were abnor-
malities in chromosome 7 (Online Supplementary Table S1).
In contrast, human cell engraftment of mice transplanted
with cells obtained from normal individuals and patients
1, 3, 4, 7, 9, and 10 consisted mainly of B-lineage cells, typ-
ical of normal human cell differentiation in the NOG mice
environment.19-21 Analyses of cytospin samples prepared
from human cells recovered from the bone marrow of

these mice confirmed a B-cell dominant differentiation
(Figure 1D). In addition, no clonal markers specific to
patients’ phenotype were detected by FISH analysis
(Online Supplementary Table S3, patients 9 and 10). The
human engraftment in mice injected with cells from these
patients was, therefore, considered to come from a minor
population of normal hematopoietic stem cells co-existing
in the patients’ bone marrow CD34+ cells.

Co-transplantation of bone marrow CD34+ cells along
with human MSC facilitated the engraftment of MDS-orig-
inated cells (Table 1; patients 5 and 11). In mice transplant-
ed with bone marrow CD34+ cells and MSC, more than
80% of human cells expressed CD33 while less than 4%
expressed CD19 (5/5), in contrast to the mice transplanted
with bone marrow CD34+ cells alone (23.81% and 29.09%
CD19+ cells) or in combination with dermal fibroblasts
(49.13% CD19+ cells) in which B-cell proliferation was
more notable (3/3), thus suggesting that normal human
cells were also engrafted. The co-injection of the CD34-

fraction of bone marrow cells did not yield any human cell
engraftment (2/2). These results indicate the unique prop-
erty of MSC of facilitating the engraftment of MDS-origi-
nated cells.
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Figure 1. Engraftment of human MDS-originat-
ed hematopoietic cells in the bone marrow
(BM) of NOG mice. (A) Representative flow
cytometric profiles of BM cells recovered from
mice engrafted with patients’ BM cells.  The
majority of human CD45-expressing cells were
positive for a myeloid marker CD33 in patients
5, 11, and 14, while some CD19+ cells were
present in BM cells recovered from the mouse
engrafted with cells from patient 2.  For patient
14, approximately one quarter of CD33+ cells
co-expressed CD34. The percentages of cells in
the respective regions are shown. (B) FISH
detection of a partial deletion of chromosome
7 and monosomy 7. Human cells recovered
from the mice engrafted with BM cells from
patient 6 and patient 11 were subjected to
FISH analysis using D7Z1 (green signal for cen-
tromere of chromosome 7) plus D7S486 (red
signal for 7q31 region) probes for patient 6
and D7Z1 (yellow signal) probe for patient 11.
In a lower panel, a murine granulocyte with a
ring-shaped nucleus which did not hybridize
with the human probe is located adjacent to
the human cell hybridized with D721.  All cells
analyzed (10 cells for patient 6 and 100 cells
for patient 11) demonstrated the same out-
come. (C) Chromosomal analysis of cells recov-
ered from the mice transplanted with MDS-
originated cells obtained from the BM of
patient 13 and patient 14 demonstrated the
maintenance of the original abnormal kary-
otype, namely isochromosome 17 and mono-
somy 7 (arrows), respectively.  Eight cells were
analyzed for patient 13 and 20 cells for patient
14. (D) Wright-Giemsa-stained cytospin prepa-
rations made of CD45-sorted human cells.  In
the cytospin samples for patient 2, various
stages of myeloid lineage cells and an
eosinophil are shown.  An insert shows a mye-
locyte with pseudo-Pelger anomaly. For patient
11, an arrow indicates a bi-nucleated myelo-
cyte. Inserts show differentiated neutrophils.
The majority of cells found in a cytospin prepa-
ration of BM cells obtained from the mice
engrafted with cells from patient 14 demon-
strated fine chromatin formation and conspic-
uous nucleoli. Cytospin samples of a normal
cell-engrafted mouse (patient 1) were com-
posed of lymphocytes.
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Histological analysis of the bone marrow compartment
of mice engrafted with myelodysplastic
syndrome-originated cells

Successful engraftment of MDS-originated cells from six
patients prompted us to dissect out the phenotypes of
MDS-originated cells in the murine bone marrow environ-
ment. Although MDS is normally a disease of normal- to
hyper-cellularity, the total number of bone marrow cells
recovered from injected tibiae of the mice engrafted with
MDS-originated cells was significantly lower than that of
the mice engrafted with normal cells (Table 1, MDS-origi-
nated cell engrafted tibiae: 2.48±1.81¥106, n=11, normal
cell engrafted tibiae: 5.59±3.14¥106, n=13, P=0.004). We
then analyzed histological sections of mice engrafted with
bone marrow cells from patients 11, 13, and 14.
Consistent with the above finding, the marrow of the ani-
mals engrafted with MDS-originated cells from patient 11
appeared distinctly hypocellular compared to the marrow
of normal cell-engrafted animals (Figure 2A). Human cells
expressing human CD45, CD15, CD31, CD61, or gly-
cophorin A (GlyA) were scattered throughout the marrow
compartment in the injected tibiae of mice engrafted with
normal cells or cells from patient 11. Neither human
hematopoietic cells nor mesenchymal cells were observed
in the contralateral tibiae of the same mice (Figure 2B and
data not shown), consistent with our previous findings that
intramedullary injected cells, especially when a limited
number of cells were used, had a tendency to stay in the
injected tibia.16,18

The cytology and bone histology of the mice engrafted
with cells from patients 13 and 14 revealed that most of

the marrow compartment was filled with large human
CD45+ leukemic blasts with prominent nucleoli (Figures
1D and 2A, and data not shown), leaving little space for nor-
mal murine hematopoiesis. Consistently, the number of
non-human cells in the tibiae of mice engrafted with
MDS-originated cells was significantly lower than that of
the mice engrafted with normal cells (MDS-originated
cell-engrafted tibia: 1.98±1.8¥106, n=11, normal cell-
engrafted tibia: 4.59±2.7¥106, n=13, P=0.006). Although all
experimental animals were irradiated equally, to exclude a
possibility of heterogeneous response to sublethal irradia-
tion as a cause of this decreased bone marrow cellularity
in tibiae engrafted with MDS-originated cells, the number
of non-human cells was also compared with that in the
contralateral tibia of the same mice. The number of non-
human cells in the injected tibia was significantly lower in
the mice engrafted with MDS-originated cells (injected
tibia: 3.08±1.35¥106, contralateral tibia: 5.12±0.84¥106,
n=4, P=0.02), while there was no difference in non-human
cell cellurality in mice engrafted with normal cells (injected
tibia: 5.4±0.8¥106, contralateral tibia: 5.2±1.2¥106, n=3,
P=0.4). The cell surface phenotypes of cells from patients
13 and 14 in murine bone marrow were primarily CD34+,
CD31+, or CD61+. Unlike the mice engrafted with normal
cells or bone marrow cells from patient 11, the cells
derived from patients 13 and 14 in the bone marrow rarely
expressed CD15 or GlyA, two lineage markers used in this
histological study.  

Interestingly, proliferating primitive CD34+ cells were
prominently clustered along the endosteum, contrasting
with the bone marrow of animals transplanted with nor-

A xenograft model of human MDS
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Figure 2. Histological analysis of human MDS-
originated cells in murine bone marrow (BM).  (A)
Immunohistochemical staining of bone sections
of the mice engrafted with BM cells from normal
individuals and patients 11 and 14.  Human cells
were recognized by specific staining for human
antigens. Cells that reacted with antibodies spe-
cific to human CD45, CD15, CD31, CD61, and gly-
cophorin A (GlyA) were detected throughout the
murine BM compartment in the bone samples of
normal individuals and patient 11. Relatively
small megakaryocytes with separated nuclei (an
arrow) were often observed in the CD31 stained
sections of the mice engrafted with cells from
patient 11. Note, murine megakaryocytes are
negative for human CD61 (an arrowhead), con-
firming the specificity of the antigen-antibody
reaction. In bone samples of patient 14, human
CD45-expressing cells occupied most of the mar-
row compartment. Cells expressing megakary-
ocytic markers, CD31 and CD61, were noticeable.
(B) A human CD45-stained bone section of con-
tra-lateral tibia of the mice intramedullary inject-
ed with MDS-originated bone marrow CD34+ cells
from patient 11 and MSC. Neither obvious
hypocellularity nor human CD45+ cells were
detected. (C) In bone samples of patient 11, MDS-
originated CD34+ cells proliferated along the sur-
face of the endosteum, while individual CD34+

cells (arrows) attached to the endosteum in nor-
mal cell-engrafted mice. Invasion of CD34+ cells
was prominent in bones engrafted with cells from
patient 14. (D) The cells expressing only CD34
(arrowheads) attached to the endosteum, but the
cells expressing both CD34 and CD38 did not
(arrows). The cells expressing only CD38 (double
arrows) were located distant from the bone. 
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mal CD34+ cells in which individual CD34+ cells attached
to the endosteum (patient 11, Figure 2C). The endosteal
surface of primary recipient mice for patient 14 was cov-
ered with CD34+ cells, indicating an invasion of the puta-
tive hematopoietic stem cell niche by MDS-originated
CD34+ cells (Figure 2C). Consistent with a previous
report,15 many of the MDS-originated CD34+ cells adher-
ing to the endosteal surface lacked CD38 expression. The
immunophenotypes of human cells gradually changed
from CD34+CD38- to CD34+CD38+, and eventually to
CD34-CD38+ as cells were located further away from the
endosteum (Figure 2D).  

Sequential engraftment of myelodysplastic 
syndrome-originated cells

Serial transplants were conducted using bone marrow
cells recovered from mice engrafted with bone marrow
CD34+ cells from patients 11, 13, and 14. MDS-originated
cells from patients 13 and 14, two patients whose cells
demonstrated limited differentiation ability in murine
bone marrow, but not from patient 11, successfully
engrafted in secondary recipient mice (Figure 3A). In addi-
tion, it was possible to maintain the MDS-originated
bone marrow cells from patient 14 for more than 2 years

in vivo through passaging until the 8th recipient. The
immunophenotypes of the engrafted cells were basically
maintained throughout the experiments despite a gradual
decline in the percentages of human cells over the period
of the serial transplants. Interestingly, the frequency of
CD34-expressing cells increased in the later transplant
animals (Online Supplementary Table S4 and Figure 3B),
even though the frequency of CD34+ cells (%) in the
endosteal area (within the distance of 5 cells) declined
(53.79 ± 3.23, 40.56 ± 1.95, 38.85±0.87, and 29.88±6.74,
for the 3rd, 5th, 6th, and 7th transplants, respectively), indi-
cating a widespread distribution of primitive CD34+ cells
and, thus, the selection or overgrowth of blastic cells
against lineage differentiation. As expected, CD34+ cells,
but not CD34- cells, were able to sustain neoplastic cell
growth into the next generation (Online Supplementary
Table S4). Importantly, fluorescent activated cells sorting
(FACS) analysis of human cells recovered from the
engrafted mice demonstrated the maintenance of approx-
imately the same proportion of CD34+CD38- cells, a sub-
population of cells that includes leukemic stem cells,13,15

until the 7th engraftment even though the overall human
cell chimerism declined (Figure 3B).

Human cells were localized in the endosteal region in the
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Figure 3. Serial transplantation of MDS-originat-
ed cells and the bone marrow microenvironment
(A) Flow cytometric profiles of bone marrow (BM)
cells recovered from secondary hosts. Tx indi-
cates transplantation. (B) Flow cytometric pro-
files of BM cells recovered from mice that had
undergone serial transplants with BM cells from
patient 14.  (C) Immunohistochemical staining of
bones obtained from mice serially transplanted
with cells of patient 14 demonstrated a lineage
cell staining pattern similar to that of the pri-
mary recipient mice, while CD45 and CD34-
expressing cells were more confined to the
endosteal region. (D) Immunofluorescent and
immunohisotochemical staining for fibronectin
(FN) of bones of normal cell- and MDS-originated
cell-engrafted mice. Murine and human cells in
normal cell-transplanted mice were tightly
enveloped by fibronectin while the fibronectin
network of MDS-originated cell-engrafted mice
was disrupted. A light field photograph con-
firmed the well-structured fibronectin network in
the BM of normal cell-engrafted mice, but only
fibronectin fibrils were detected in the MDS-orig-
inated cell-engrafted mice. Stained sections of
the mice engrafted with cells from patient 11 are
shown. The same staining patterns were con-
firmed in bone sections of mice engrafted with
cells from patients 13 and 14. (E) MDS-originat-
ed CD34+ cells expressing a proliferating marker,
PCNA, interacted with human MSC marked with
green fluorescent protein.  
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bone marrow of serially transplanted mice, in contrast to
the situation in the primary recipient mice in which human
CD45+ cells were ubiquitously located (Figures 2A and 3C).
Even so, the MDS-originated CD34+ cells occupied the
murine endosteal surface, in striking resemblance to the sit-
uation in the bones of the primary recipients, thus indicat-
ing the persistence of leukemic stem cells, at least until the
6th transplant. Although the FACS analysis indicated the
maintenance of a CD34+CD38- subpopulation that includ-
ed leukemic stem cells until the 7th serial transplant (Figure
3B), the 8th transplant did not result in obvious human cell
engraftment (Online Supplementary Table S4). Consistent
with this, in histological studies of the bone marrow of the
recipient of the 7th transplantation, MDS-originated CD34+

cells attached to the bone surface had disappeared (Figure
3C). These results are also consistent with our previous
finding that CD34+CD38- fractions are heterogeneous and
stem cells reside at the endosteal surface.22

The microenvironment of mice engrafted 
with myelodysplastic syndrome-originated cells

The proliferation and survival of neoplastic cells are
influenced by the host microenvironment. In this study,
decreased bone marrow cellularity was a distinctive fea-
ture of all the MDS-originated cell engrafted samples ana-
lyzed (Table 1), thus indicating the suppression of murine
hematopoiesis when neoplastic cells were present. To
shed light on how neoplastic cells gained competitive
advantages over normal host cells, the marrow compart-
ments of animals engrafted with MDS-originated cells and
normal bone marrow cells were examined. In the mice
engrafted with normal bone marrow cells, the fibronectin
network was well-structured throughout the marrow cav-
ity (Figure 3D). In contrast, fibronectin network formation
was irregular or disrupted in the mice engrafted with
MDS-originated cells. Clusters of human CD34+ cells were
proliferating around the disrupted fibronectin fibrils in the
central medulla of the bone marrow compartment. These
observations, combined with an earlier histological find-
ing that contralateral tibiae of the mice engrafted with
MDS-originated cells exhibited normal cellularity (Figure
2B), suggest that the disruption of fibronectin network
favors survival and proliferation of MDS-originated cells,
while making it difficult to sustain normal hematopoiesis.
In addition, CD34+ cells with a proliferation marker,
PCNA+, were associated with co-transplanted MSC
(Figure 3E) in MDS-originated cell engrafted bone marrow,
which suggests the involvement of transplanted MSC in
the engraftment, survival and proliferation of MDS-origi-
nated cells in the murine microenvironment.

Discussion

The recent development of mouse models of human
acute leukemia are helping us to understand the pheno-
types and physiology of leukemic stem cells. Although the
engraftment of clonal MDS cells has been reported,23,24 lit-
tle is known about the behavior of MDS stem cells in vivo
because of the difficulties of propagation of MDS cells up
to a level that allows detailed investigation of MDS biolo-
gy. In this study, in order to establish a reliable murine
model for human MDS, bone marrow CD34+ cells from
patients with MDS and AML-MRC were co-injected with
human MSC into the bone marrow of mice, a method

proven to help engraftment and differentiation of human
hematopoietic cells in the murine bone marrow microen-
vironment.16,18,25 Successful engraftment of MDS-originat-
ed cells was observed in three out of six MDS cases (3 out
of 8 mice engrafted with patients’ cells) and three out of
eight AML-MRC cases (9 out of 12 mice engrafted with
patients’ cells). Much to our surprise, the mice engrafted
with MDS-originated cells uniformly exhibited significant
decreases in the number of non-human bone marrow cells
in the injected tibiae in comparison to the number of such
cells in mice engrafted with normal cells, even when the
percentage of human cells was less than 1% of total
mononuclear cells. This is consistent with the fact that
suppression of normal hematopoiesis can occur even
when the tumor burden is relatively low. We found that
most of the endosteal surface was covered with MDS-
originated CD34+ cells, a phenomenon also seen in murine
models of acute leukemia,14,15 which could be the underly-
ing basis for the selective outgrowth of MDS-originated
clones in patients over time.

The MDS-originated cells recovered from the human
cell-engrafted mice maintained many characteristics of the
original patients’ cells, such as the cell surface phenotype
and cytogenetic abnormalities. Unlike the previous two
studies in which clonal abnormalities were detected in a
fraction of cells,23,24 we confirmed the presence of abnor-
malities in all cells examined by either FISH or chromoso-
mal analysis, probably because purified bone marrow
CD34+ cells were used, rather than bone marrow
mononuclear cells or T-cell-depleted blood or bone mar-
row cells. This makes our method more attractive for
studying the behavior of MDS-originated cells in vivo
because the majority, if not all, of the engrafted cells can
be assumed to originate from clonal MDS cells. The
majority of cells capable of engrafting in murine hosts
were derived from patients carrying one or more genetic
abnormalities (5/6; Online Supplementary Table S1). It is
also noteworthy that four of those patients harbored an
abnormality in chromosome 7, monosomy 7 or a partial
deletion of chromosome 7, which is commonly found in
Asian MDS cases and an indicator of aggressive disease
with a poor prognosis.26,27 On the other hand, five of eight
cases that did not engraft or engrafted with normal cells
were genetically normal. Taken together, the engraftment
ability of MDS-originated cells positively correlated with
the cytogenetic abnormalities of the patients.

In the current study, we attempted to explore the impor-
tance of MSC in engraftment of MDS-originated cells by
comparison to non-bone marrow-derived stromal cells and
the non-stromal component of bone marrow cells as auxil-
iary cells of transplantation. The presence of non-bone
marrow-derived stromal cells (dermal fibroblasts) or non-
stromal cells (cells of the CD34- fraction) did not help
engraftment of MDS-originated cells. In contrast, the pres-
ence of MSC consistently improved engraftment of MDS-
originated bone marrow CD34+ cells. The pro-engraftment
effect observed in our study could, therefore, be uniquely
attributed to the presence of bone marrow-derived MSC.
An investigation of how MSC help engraftment of human
hematopoietic cells was beyond the scope of this study,
but our observation of a physical interaction between
MDS-originated CD34+ cells and MSC (Figure 3E) suggests
that MSC create a favorable environment for human MDS-
originated cells to survive in the murine microenviron-
ment, possibly through the physical interaction itself and
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production of human cytokines, as indicated by our previ-
ous study.18 It has been speculated that microenvironmen-
tal changes are involved in the pathogenesis of MDS.28-30

However, since there was no significant difference in the
engraftment of MDS-originated cells between normal (allo-
geneic-) and patient-derived (autologous-) MSC transplant-
ed groups tested in this study, humanization of the
microenvironment appeared more important, at least in
our present study. One interesting finding in the serial
transplantation study was that AML-MRC cells that had
already engrafted in mice no longer required auxiliary cells
or an intramedullary route of administration in subsequent
transplants, perhaps because the cells with an ability to
overcome hurdles to homing and engraftment in a murine
host were selected during the serial transplants. 

Local regulatory signals from the surrounding microen-
vironment to stem/progenitor cells play restrictive roles
not only for normal cell development but also for tumori-
genesis and metastasis.31 It has also been reported that
leukemic cells disrupt the behavior of normal hematopoi-
etic progenitor cells by creating an abnormal microenvi-
ronment.32 The microenvironment consists of heteroge-
neous types of cells and extracellular matrix proteins.
Fibronectin is one of the major components of microenvi-
ronment structure. It was shown that mice lacking the
enzyme needed to produce galactocerebrosides, a class of
glycolipids in the nervous system, had an altered
fibronectin network in the marrow microenvironment,
which resulted in defective intramedullary lymphopoiesis
and a hypocellular bone marrow.33 Several studies found
that interactions between leukemic cells and fibronectin
prevented the apoptosis of leukemic cells from patients
with AML, acute lymphocytic leukemia, and B-cell chron-
ic lymphocytic leukemia, as well as leukemic cell lines in
vitro.34-37 In this study, mice engrafted with MDS-originat-
ed cells had an overall disruption of the fibronectin net-
work in the bone marrow compartment and a striking
decrease in the number of non-human bone marrow cells,
indicating the importance of the three-dimensional struc-

ture of the fibronectin network in normal hematopoiesis.
The reason for this fibronectin disruption and decrease in
bone marrow cellularity are currently undetermined, but
matrix metalloproteinases may play a role in creating a
microenvironment that favors neoplastic cell growth over
normal hematopoietic development. This idea is consis-
tent with the results from previous studies demonstrating
the increased matrix metalloproteinase production in cells
obtained from MDS patients38,39 and degradation of
fibronectin by matrix metalloproteinases in a number of
pathological processes.40-43

In summary, this study describes the establishment of a
xenograft model of human MDS, using cells obtained
from patients with low-risk MDS, high-risk MDS, and
AML-MRC. Our murine xenograft MDS model consisted
of human cell progeny, the majority of which, if not all,
originated from clonal MDS cells and which demonstrated
the defective cytological features of the original patients’
cells. The efficiency of engraftment in the AML-MRC
group was lower than that of de novo AML study.15,44 This
is probably because our AML-MRC group included
patients with low percentages of blasts, formally catego-
rized as having refractory anemia with excess blasts in
transformation according to the French-American-British
criteria. The study shows that the transplantability of neo-
plastic MDS-originated cells is partly determined by
genetic abnormality and clinical aggressiveness of disease,
which reflects the pathogenesis and progression of MDS
towards leukemia.
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