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To evaluate the contribution of bone marrow (BM) cells 
to treat neurological disorders, we examined the effec-
tiveness of BM cells expressing the homeobox B4 (HoxB4) 
gene to cure mice with metachromatic leukodystrophy 
(MLD) through transplantation. Increased number of 
donor cells was observed in brains of the MLD mice 
transplanted with HoxB4-transduced BM cells (B4MLD) 
in contrast to those transplanted with control green fluo-
rescent protein (GFP)-transduced BM cells (MIGMLD). 
Immunohistochemical staining showed that most of 
the GFP+ cells were Iba1+ microglia. In addition, O4+ 
oligodendrocytes were identified only in the B4MLD 
brains but not in the MIGMLD brain. Alcian blue staining 
showed that accumulation of sulfatide was dramatically 
reduced in brain tissue from B4MLD mice, and there was 
a corresponding improvement in the animals’ ability to 
walk a balance beam 8 months after transplantation. 
Thus transplantation of BM cells overexpressing HoxB4 
appears to effectively prevent the progression of MLD 
in this mouse model. These findings support the idea 
that hematopoietic stem cells (HSCs) transduced with a 
HoxB4 expression vector could be the useful carriers of 
therapeutic proteins into the brain for regeneration of 
oligodendrocytes to treat such demyelinating disorders 
as MLD, Krabbe disease, and multiple sclerosis.
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IntroductIon
Metachromatic leukodystrophy (MLD) is an autosomal reces-
sive inherited lysosomal storage disorder caused by a deficiency in 
the lysosomal enzyme arylsulfatase A (ASA), which catalyzes the 
de gradation of galactosyl-3-sulfate ceramide (sulfatide), a major 
myelin sphingolipid.1 This disease is characterized pathologically by 
degeneration of myelin in both the central and peripheral nervous 
systems, and clinically by progressive motor and mental deteriora-
tion that is ultimately lethal. Currently there is no efficient therapy. 
The major obstacle is the blood–brain barrier, which limits the deliv-
ery of systemically administered therapeutic molecules to the brain.

Bone marrow transplantation (BMT) has been used to treat 
selected inborn errors of metabolism, including lysosomal  storage 
disorder.2 The primary rationale for using BMT to treat lyso-
somal storage disorder is that the donor cells provide correcting 
enzymes both inside and outside the blood compartment, because 
lysosomal enzymes are secreted and taken up by the mannose-
6- phoshate receptor-mediated pathway.3,4 In addition, it was 
reported that following BMT donor-derived cells from the myelo-
monocytic lineage can migrate into the central nervous system 
(CNS) and then differentiate to form perivascular and parenchy-
mal (resting) microglia,5,6 therefore hematopoietic cells may be 
used as vehicles to carry genes into the CNS. The clinical  benefit of 
cord blood transplantation has been recently reported in Krabbe 
disease, another lysosomal storage disorder, if performed in 
 asymptomatic newborns.7 However, the efficacy of allogenic BMT 
in MLD patients is very limited.8,9 In the infantile form of MLD, 
which is the most frequent and severe type, BMT is completely 
ineffective against the rapid progression of cerebral demyelination 
and neuromotor dysfunction. Thus a new strategy for treating 
CNS disorders such as MLD is urgently needed.

Homeobox (Hox) transcription factors have emerged as impor-
tant regulators of hematopoiesis. Hox genes encode a large family of 
transcription factors that contain a highly conserved DNA-binding 
motif, and specific expression patterns of multiple Hox genes have 
been detected in normal and leukemic hematopoiesis.10 One par-
ticular factor, HoxB4, has been implicated in the regulation of 
 hematopoietic stem cell (HSC) regeneration,11 and retrovirally engi-
neered overexpression in murine BM cells dramatically increases 
the stem cell pool in vitro and in vivo, resulting in faster and more 
complete recovery of stem cells in transplantation studies.12–16 Here, 
we describe an improved strategy for using transplantation of BM 
cells overexpressing HoxB4 to treat the CNS involvement of MLD.

results
High levels of donor cells were detected  
in the brains of B4Mld mice
We initially examined levels of engraftment following BMT. To detect 
the percentage of engraftment and donor cells in the brain easily, 
we used C57BL/6 green fluorescent protein (GFP) mice as a donor. 
Peripheral blood was collected from primary recipients 3, 8, 25, and 
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32 weeks post-BMT, and the percentages of donor GFP+ cells pres-
ent were plotted as a function of time (Figure 1a). We found that the 
percentage of donor cells in peripheral blood  samples from MLD 
mice transplanted with HoxB4-transduced BM cells (B4MLD) were 
significantly higher than in those from MLD mice transplanted with 
control GFP-transduced BM cells (MIGMLD). Excluding erythro-
cytes, >90% of blood cells from B4MLD mice were GFP+ 25 and 

32 weeks after transplantation. To determine whether donor GFP+ 
cells can be detected in the brain, we sacrificed transplanted mice 
8 months after transplantation, and counted the GFP+ cells using 
fluorescence microscopy (Olympus, Tokyo, Japan) and Lumina 
Vision Software (Mitani, Tokyo, Japan). We found that substantially 
greater numbers of GFP+ donor cells were present in the brains of 
B4MLD mice than MIGMLD mice (2.52 ± 0.40 versus 0.15 ± 0.06%, 
P < 0.03) (Figures 1b and 5b). To analyze the expression of HoxB4 
in brain, we extracted RNA from brain of MIGMLD or B4MLD and 
performed reverse transcription-PCR. Expression of HoxB4 was 
detected only on B4MLD but not MIGMLD (Figure 1c).

transdifferentiation into oligodendrocytes 
was detected in B4Mld mice
To determine which cell types were transdifferentiated in the 
brain, we immunostained brain sections using anti-Iba1 for detec-
tion of microglia, anti-NeuN for neurons, and anti-O4 for oligo-
dendrocytes. As shown in Figure 2, the majority of GFP+ cells 
were Iba1+ glial cells, and there was no difference in the percent-
ages of Iba1+ cells between the MIGMLD and B4MLD mice (27.8 
versus 28.7%) (Table 1). In addition, although the efficiency of the 
transdifferentiation of O4+ cells was not high (1.3%), we were able 
to detect O4+ cells in the B4MLD mice, but not MIGMLD mice 
(Figure 2 and Table 1).

GFP Specific antibodies Mergea GFP Specific antibodies Mergeb

Figure 2 BM cells overexpressing HoxB4 transdifferentiate into oligodendrocytes. Immunostaining brain sections from (a) MIGMLD and 
(b) B4MLD mice with anti-Iba1, anti-NeuN, and anti-O4 revealed that the majority of GFP+ cells were Iba1+ glial cells. O4+ oligodendrocytes were 
also detected in B4MLD mice but not in MIGMLD mice. (Bar = 100 µm). BM, bone marrow; B4MLD, HoxB4-transduced BM cells transplanted MLD 
mice; GFP, green fluorescent protein; MIGMLD, GFP-transduced BM cells transplanted MLD mice.

table 1 differentiation of HoxB4-expressing Hscs in the brain

cell type
Macrophage/ 

microglia neuron oligodendrocyte

number 
of cells GFP+ GFP+Iba1+ GFP+ GFP+neun+ GFP+ GFP+o4+

MIGMLD 466 130 (27.8%) 395 0 (0%) 312 0 (0%)

B4MLD 785 226 (28.7%) 845 0 (0%) 636 8 (1.3%)

Abbreviations: B4MLD, HoxB4-transduced BM cells transplanted MLD mice; GFP, 
GFP, green fluorescent protein; HSC, hematopoietic stem cell; MIGMLD, GFP-
transduced BM cells transplanted MLD mice.
Number of cells/10 slices for MIGMLD, 3 slices for B4MLD.
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Figure 1 FAcs analysis of transplanted cells and detection of 
BM-derived cells in the brain. (a) PB samples from primary recipients 
were analyzed 3, 8, 25, and 32 weeks post-BMT, and the percentages of 
donor GFP+ cells are plotted against time. The percentage of GFP+ donor 
cells was significantly higher in HoxB4-transduced cells. (b) BM-derived 
cells were detected in the brain 8 months after transplantation. Greater 
numbers of GFP+ donor cells were detected in the brains of mice trans-
planted with HoxB4-transduced cells. (Bar = 100 µm) (c) expression of 
HoxB4 in the brain of B4MLD mice. RNAs were extracted from fixed 
brain of transplanted mice (MIGMLD or B4MLD) and analyzed by 
RT-PCR using primers specific for the human HoxB4 or β-actin. BM, bone 
marrow; B4MLD, HoxB4-transduced BM cells transplanted MLD mice; 
BMT, bone marrow transplantation; FACS, fluorescence-activated cell 
sorting; GFP, green fluorescent protein; MIGMLD, GFP-transduced BM 
cells transplanted MLD mice.
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therapeutic effects of BMt on Mld
To analyze the therapeutic effects of BMT, we stained tissue sam-
ples with alcian blue to detect the presence of sulfatides, which 
specifically accumulates in various tissues in MLD. We found that 
sulfatide is detectable especially in corpus callosum, hippocampal 
fimbria, and internal capsule from 10-month-old nontreated and 
MIGMLD mice. By contrast, no significant sulfatide accumulation 
was detected in the B4MLD mice (Figure 3a). Furthermore, in 
the behavior test, B4MLD mice showed a corresponding improve-
ment in their ability to traverse narrow balance beams, as com-
pared to nontreated mice (latency: 11.7 ± 0.8 versus 16.2 ± 2.2 
seconds, P < 0.05; slips: 2.6 ± 0.4 versus 6.2 ± 0.4 times, P < 0.001) 
(Figure 3b,c).

expression of HoxB4 but not high level 
of engraftment is essential for increased  
number of donor cells in the brain
To determine whether the increased number of donor cells in 
the brain is dependent on the level of engraftment, we exam-
ined nontransduced (without in vitro culture) BM-transplanted 
MLD (NTMLD) mice to assess the importance of a high level 

of engraftment. Although >90% engraftment was obtained in 
NTMLD mice, which is about the same as in B4MLD mice 
(Figure 4a), there was no significant increase in the number of 
GFP+ cells (Figure 4b), as compared to nontreated or MIGMLD 
mice. Thus improved engraftment efficiency is not sufficient 
for increased number of BM-derived cells in brain. Moreover, 
alcian blue staining showed that there was no therapeutic effect 
of engraftment in NTMLD mice (Figure 4c). Figure 4d showed 
quantitative analysis of sulfatide contents by biochemical assay. 
Decrease of the amount of stored sulfatide was detected in 
B4MLD but not in NTMLD (21.6 ± 2.0 versus 34.1 ± 8.3 µg/mg 
protein, P < 0.05). Summarized in Figure 5 are the percentages 
of engraftment, GFP+, and alcian blue+ cells in the brain. Note 
that HoxB4-mediated expansion of repopulating cells appears to 
be essential for their increased number of GFP+ cells in the brain 
and therapeutic effect against MLD, and that these donor cells 
could serve as effective carriers of therapeutic proteins for secre-
tion in the brain.

Increased number of GFP+ cells is a result 
of increased local proliferation rather than  
enhanced migration
To analyze the mechanism of the increased number of GFP+ cells 
in the brain, we examined GFP+ cells in the brain at early stage 
after transplantation. We did not find any GFP+ cells in the brain 
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Figure 3 correction of sulfatide storage in the cns and balance 
beam test of B4Mld mice. (a) Sections of corpus callosum, hippocam-
pal fimbria, and internal capsule were stained with alcian blue. Cells accu-
mulating sulfatides were detected in nontreated and MIGMLD mice. By 
contrast, no significant sulfatide accumulation was detected in B4MLD 
mice. (Bar = 200 µm) (b,c) balance and motor coordination on the bal-
ance beam. Nontreated (n = 15), MIGMLD (n = 9), and B4MLD (n = 13) 
mice were trained to walk across round beams having a cross-sectional 
diameter of 20 mm or less to reach an enclosed safety platform. (b) The 
time needed (latency) to cross and (c) the number of slips were recorded 
in each trial. All animals were given three trials on the beams. *P < 0.05, 
**P < 0.001 compared to nontreated. B4MLD, HoxB4-transduced BM 
cells transplanted MLD mice; CNS, central nervous system; MIGMLD, 
GFP-transduced BM cells transplanted MLD mice.
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Figure 4 the percentage of engraftment did not correlate with 
increased number of GFP+ cells in the brain. (a) Percentages of 
engraftment, (b) GFP+ cells in the brain (Bar = 100 µm), and (c) alcian 
blue staining in NTMLD mice (Bar = 200 µm). (d) Quantitative analysis of 
sulfatide contents by biochemical assay. *P < 0.05 compared to NTMLD. 
B4MLD, HoxB4-transduced BM cells transplanted MLD mice; GFP, green 
fluorescent protein; MIGMLD, GFP-transduced BM cells transplanted 
MLD mice; NTMLD, nontransduced BM-transplanted MLD.
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in B4MLD, MIGMLD, or NTMLD mice three days after trans-
plantation (data not shown). GFP+ donor cells were detected in 
the brain 7 days after transplantation (Figure 6a). There was no 
significant difference in the number of GFP+ cells in B4MLD, as 
compared to MIGMLD or NTMLD mice (Figure 6b). Almost 
same results were obtained when we examined GFP+ cells in the 
brain 10 days after transplantation (data not shown). From these 
results, we speculate that increased number of GFP+ cells 8 months 
after transplantation is a result of increased local proliferation or 
skewed differentiation rather than enhanced migration.

dIscussIon
Matzner and colleagues previously showed that gene therapy with 
BM cells harboring a retroviral vector encoding human ASA pro-
duces no significant improvement of biochemical or pathological 

findings in MLD mice.17,18 The limited success of this approach 
suggests that unexpectedly high levels of ASA are required to cor-
rect of the metabolic defect underlying MLD. This requirement 
could be met only through high-frequency HSC transduction and 
robust therapeutic gene expression in their progeny. One strategy 
for achieving high levels of ASA in the CNS is to transduce BM 
cells using a lentiviral vector encoding ASA. With this approach, 
the development of CNS disease manifestations has been pre-
vented, although sulfatide levels in brain were not measured.19,20 
Another strategy to get high levels of ASA into the CNS is to 
increase the number of cells in the brain. We found that HoxB4-
transduced cells were detected in the brain much more efficiently 
than untransduced cells and could simultaneously reduce the 
amount of stored sulfatides and improve performance in a behav-
ior test measuring clinical motor skills. This suggests that trans-
plantation of HoxB4-expressing BM cells could be a potentially 
useful treatment for some neurological disorders.

Our immunohistochemical analysis of transdifferentiated 
cells in the brain revealed that the majority of GFP+ cells were 
Iba1+ glial cells. This finding is consistent with an earlier report 
showing that transplanted BM cells transdifferentiated into glial 
cells, but not into neurons or oligodendrocytes.5 To our surprise, 
however, we detected some O4+ cells in B4MLD mice, which is 
consistent with the findings of Nicolay et al., who reported that 
expression of HoxB4 may be involved in the transdifferentiation 
of oligodendrocytes.21 Notably, regeneration of oligodendrocytes 
is thought to be potentially useful for the treatment of demyelinat-
ing disorders such as MLD, Krabbe disease, and multiple sclerosis. 
Because oligodendrocytes are a major target in MLD, our finding 
that overexpression of HoxB4 leads to production of oligodendro-
cytes could represent an important advantage for the treatment 
of MLD.

It remains unclear why cells with enforced expression of 
HoxB4 were detected in the CNS more efficiently than control 
cells. Despite a high percentage of donor cells in the peripheral 
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Figure 6 BM-derived donor GFP+ cells detected in the brain 7 days 
after transplantation. (a) Seven days after transplantation, mice were 
sacrificed and analyzed GFP+ cells in the brain. GFP+ donor cells were 
detected in the brains of B4MLD (n = 4), MIGMLD (n = 4), or NTMLD 
(n = 5) mice. (Bar = 100 µm) (b) percentage of GFP+ in the brain. GFP+ 
area in the brain was calculated using Lumina Vision Software (Mitani). 
BM, bone marrow; B4MLD, HoxB4-transduced BM cells transplanted MLD 
mice; GFP, green fluorescent protein; MIGMLD, GFP-transduced BM cells 
transplanted MLD mice; NTMLD, nontransduced BM-transplanted MLD.
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Figure 5 overexpression of HoxB4 is important for increasing the 
numbers of cells in the brain. Eight months after transplantation, mice 
were sacrificed and analyzed. (a) Percentage of engraftment detected by 
flow cytometry. *P < 0.05 compared to MIGMLD, (b) percentage of GFP+ 
in the brain. GFP+ area in the brain was calculated using Lumina Vision 
Software (Mitani). **P < 0.003 compared to MIGMLD and NTMLD, and 
(c) percentage of alcian blue+ in the brain. Alcian blue+ area in the brain 
was calculated by Lumina Vision Software. ***P < 0.01 compared to 
MIGMLD and NTMLD. Overexpression of HoxB4 is important for increas-
ing the numbers of donor cells in the brain and for reduced the amount of 
stored sulfatides. B4MLD, HoxB4-transduced BM cells transplanted MLD 
mice; GFP, green fluorescent protein; MIGMLD, GFP-transduced BM cells 
transplanted MLD mice; NTMLD, nontransduced BM-transplanted MLD.
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blood of NTMLD mice, efficient GFP+ cells in the brain was not 
detected (Figure 4b), suggesting that expression of HoxB4 is 
essential for increased number of BM-derived cells in the brain. 
HoxB4 overexpression increases the self-renewal and regenera-
tion of HSC. Therefore, one explanation is that the number of 
primitive HSCs in B4MLD mice is higher than in NTMLD mice, 
and although similar numbers of cells migrate into the brain, 
only primitive HSCs are able to efficiently regenerate and differ-
entiate after the migration (increased local proliferation), thereby 
explaining the therapeutic effect. Our results (Figure 6) support 
this explanation that increased number of GFP+ cells is a result 
of increased local proliferation or skewed differentiation rather 
than enhanced migration. Alternatively, even though similar lev-
els of chimerism were seen in B4MLD and NTMLD, there could 
be significant differences in distributions of cell types (myeloid or 
lymphoid). As far as we examined, we did not find any significant 
difference of cell types in the BM between B4MLD and NTMLD 
(myeloid: 35.2 ± 1.8 versus 35.6 ± 2.7%, lymphoid: 8.2 ± 2.5 ver-
sus 6.5 ± 0.5%). To elucidate the molecular mechanism increased 
number of HoxB4 expressing cells in the brain, we need more 
detailed experiments such as monitoring the content of Colony-
Forming Unit-Granulocyte, Macrophage, short-term repopulating 
cells of transplant recipients or additional transplantation experi-
ment using BM cells without in vitro expansion after transduction 
rather than after a further 5 days in culture.

Recently, Zhang et al. demonstrated that two of two dogs and 
one of two macaque monkeys developed myeloid leukemia ~2 years 
after transplantation with cells overexpressing HoxB4 transduced 
using a gammaretroviral vector.22 In our experiment, we detected 
no side effects, including leukemogenesis, of retroviral transduc-
tion in B4MLD mice (data not shown). Most likely a number of 
factors contribute to the development of leukemia in transplanted 
animals—e.g., expression level and/or constitutive expression of 
HoxB4, type of expression vector used, and the species of the 
recipient animals. The importance of all of these potential factors 
should be analyzed carefully and vectors can be developed where 
HoxB4 expression is regulated to avoid leukemogenesis.

In summary, we developed the BMT strategy using HoxB4-
expressing BM cells to treat MLD mice. HoxB4-expressing BM 
cells transplanted into MLD mice were detected efficiently in the 
brain, the amount of stored sulfatide was dramatically reduced, 
and motor skills were significantly improved. Moreover, we found 
that HoxB4-expressing BM cells transdifferentiated into oligoden-
drocytes. These results suggest that HoxB4-expressing BM cells 
can be used as the carriers of therapeutic proteins in the brain and 
regeneration of oligodendrocytes in the treatment of demyelinat-
ing disorders such as MLD, Krabbe disease, and multiple sclerosis.

MAterIAls And MetHods
Mice. ASA knockout mice (MLD mice) were obtained from the labora-
tory of Dr Volkmar Gieselmann.23 These mice have been extensively 
characterized and are widely used as a mouse model for MLD.4,24–27 GFP 
mice originated from C57/BL6.28 All animal experiments were performed 
in accordance with the regulations of the Ethics Committee of Nippon 
Medical School (Tokyo, Japan).

Retroviral vectors. MSCV-HOXB4-IRES-GFP (MIGB4) retroviral 
vector encoding both HoxB4 and GFP and MSCV-IRES-GFP (MIG) 

retroviral control vector encoding only GFP were kindly provided by 
Dr Keith Humphries (Terry Fox Laboratory, Vancouver, British Columbia, 
Canada).16,29

Transduction and transplantation of murine BM cells. Transduction 
and transplantation of murine BM cells were performed as described 
previously.29 In brief, BM cells were extracted from the femurs and tibiae 
of wild-type C57BL/6 GFP mice treated with 5-flurouracil (150 mg/kg; 
Dainihonnseiyaku, Tokyo, Japan) 4 days before harvest and cultured to a 
density of 0.5 × 106 cells/ml for 48 hours in X-Vivo medium (X-Vivo15; 
BioWhittaker, Walkersville, MD) supplemented with 1% bovine serum 
albumin (Stem Cell Technologies, Vancouver, British Columbia, Canada), 
0.1 mmol/l β-mercaptoethanol (Sigma-Aldrich, St Louis, MO), 2 mmol/l 
l-glutamine (Sigma-Aldrich), 100 U/ml penicillin, 100 mg/ml strep-
tomycin (Sigma-Aldrich), 50 ng/ml murine stem cell factor, 10 ng/ml 
murine interleukin-3 and 50 ng/ml human interleukin-6 (R&D Systems, 
Minneapolis, MN). For transduction, the cells were transferred to ret-
ronectin (Takara Shuzo, Otsu, Japan)-coated 24-well plates that had been 
preloaded with 1 ml of supernatant containing MIG or MIGB4 virus and 
incubated for 1 hour at 37 °C. After retroviral transduction, the BM cells 
were cultured for 5 days. On day 5, initial 1.5 × 105 unsorted BM cells 
were transplanted into lethally irradiated (950 cGy) MLD mice. To test the 
effects of high-level engraftment in the absence of retroviral transduction, 
nontransduced (without in vitro culture) BM cells from 5-flurouracil-
treated C57BL/6 GFP mice (2 × 106) were also transplanted into lethally 
irradiated MLD mice.

Flow cytometry. Peripheral blood samples were collected from the 
 retro-orbital sinus of mice, after which the cells were pelleted and washed 
twice with phosphate-buffered saline containing 2% fetal calf serum, 
and the red blood cells were lysed with ammonium chloride (NH4Cl; 
Stem Cell Technologies). The dead cells were removed after straining 
with  7-aminoactinomycin D (Sigma-Aldrich). The remaining cells were 
subjected to flow cytometry using a FACS Calibur (Becton Dickinson, 
San Jose, CA), and results were analyzed using Cell Quest software (Becton 
Dickinson).

Immunohistochemical analysis. Mice were anesthetized and then perfused 
with phosphate-buffered saline followed by 4% paraformaldehyde. The 
brains were then dissected, fixed again overnight at 4 °C, and immersed in 
phosphate-buffered saline containing 20% sucrose. Thereafter, they were 
placed in OCT compound (Tissue-Tek, Tokyo, Japan), and tissue sections 
were cut to a thickness of 20 µm and mounted on glass slides. Migrated 
GFP+ cells were detected by fluorescence microscopy (Olympus). In addi-
tion, the sections were immunostained for neurons, microglia, and oli-
godendrocytes by incubation for 16 hours at 4 °C with mouse anti-NeuN 
antibody (1:500; Millipore, Billerica, MA), rabbit anti-Iba1 polyclonal 
antibody (1:500; Wako, Osaka, Japan), and mouse anti-oligodendrocyte 
marker O4 monoclonal antibody (1:50; Millipore), respectively. After 
washing the sections three times with phosphate- buffered saline, they 
were stained with Texas-red-conjugated donkey anti-rabbit or anti-mouse 
immunoglobulin G (1:200; Dako, Glostrup, Denmark). Finally, the sec-
tions were examined using a confocal laser scanning microscope (Leica, 
Wetzlar, Germany), and the  collected signals were digitally color enhanced 
before superimposition.

Quantification of sulfatide levels. Sulfatides was extracted from the 
organs and purified essentially as described.30 Quantification of sulfatide 
levels was analyzed as described previously.31 Amounts of sulfatide were 
quantitatively determined by densitometric scanning with a DT-20 MCP 
(Atto, Tokyo, Japan). Standard Sulfatide was obtained from Wako.

Alcian blue staining. To detect the accumulation of sulfatides, brain 
sections were stained with alcian blue (Sigma-Aldrich) as described 
previously.32
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Quantitative analysis. Quantitative analysis of GFP+ and alcian blue+ 
area was analyzed with a computerized image analyzer consisting of a per-
sonal computer running Lumina Vision software (Mitani) interfaced with 
a Olympus digital CCD camera (DP70) mounted on an BX60 microscope 
(Olympus). The percentages of GFP+ or alcian blue+ area were calculated 
by the following formula: GFP or alcian blue+ area (%) = [GFP or alcian 
blue+ area (µm2)]/[area of subfield (114,855 µm2)] × 100.33

Reverse transcription-PCR for detection of HoxB4 expression. RNA were 
extracted from fixed brain of transplanted mice (MIGMLD or B4MLD) 
8 months after transplantation using RecoverALL kit (Ambion, Foster 
City, CA). Reverse transcription-PCR was performed as described previ-
ously34 using human HoxB4 specific primers (sense: 5′-GTCTGTCCCCTC 
GGGCTCCTG-3′ and antisense: 5′-TTGGGCAACTTGTGGTCTTTT-3′). 
β-Actin was also amplified as a control.35

Behavior test. Motor coordination and balance were assessed in the mice by 
measuring their ability to traverse a graded series of narrow beams to reach 
an enclosed safety platform.36 The beams consisted of long (1 m) stainless 
steel rods, starting at a cross-sectional diameter of 20 mm (O’Hara, Tokyo, 
Japan). The beam was placed horizontally, 50 cm above the bench surface, 
with one end mounted on a narrow support and the other end attached to 
an enclosed box (20 cm2) into which a mouse could escape. The mice were 
trained to traverse the beam to the enclosed box. The time required to tra-
verse each beam (“latency”) and the number of times the hind feet slipped 
off a beam (“slips”) were recorded for each trial. Analysis of each measure 
was based on the mean scores of three trials.

Statistical analysis. Results are expressed as means ± SE of duplicate or 
more data obtained from three or more independent experiments. Data 
were analyzed using two-tailed Student’s t-tests. Values of P < 0.05 were 
considered significant.
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