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Stem cells are thought to inhabit in aunique microenvironment, known as “niche,”” in which they undergo asymmetric cell divisions
that results in reproducing both stem cells and progenies to maintain various tissues throughout life. The cells of osteoblastic lineage
have been identified as a key participant in regulating the number of hematopoietic stem cells (HSCs). HSCs receive their regulatory
messages from the microenvironment in the bone marrow. This would account for a reason why the localization of hematopoiesis is
usually restricted in the bone marrow. To clarify the above possibility we employed a cell implantation-based strategy with a unique
osteoblast cell line (KUSA-A1) derived from a C3H/He mouse. The implantation of KUSA-A 1 cells resulted in the generation of
ectopic bones in the subcutaneous tissues of the athymic BALB/c nu/nu mice. Subsequently the mice obtained a greater amount of
the bone marrow than normal mice, and they showed an increased number of HSCs. These results indicate that the newly generated
osteoblasts-derived ectopic bones are responsible for the increase in the number of the HSC population. Furthermore, the increased
number of HSCs directly correlates with both the magnitude of dynamic osteogenic process and the size of the newly generated bone

or “niche.” J. Cell. Physiol. 208: 188—194, 2006. © 2006 Wiley-Liss, Inc.

Stem cell with potential for self-renewal and multi-
lineage differentiation can be identified in various self-
renewing tissues, including epidermis, intestinal
epithelium, and testis, and hematopoietic stem cells
(HSCs) are also capable of both self-renewal and multi-
potency (Ikehara, 2000; Weissman, 2000). The most
important experimental evidence for the existence of
such cells is the ability of a single bone-marrow-derived
cell to reconstitute long-term hematopoiesis in lethally
irradiated recipients (Till and McCulloch, 1961;
Siminovitch et al., 1963; Till et al., 1964; Matsuzaki
et al., 2004). Molecular markers that characterize
transplantable cells with stem cell potential and allow
their selective purification have been identified, and this
achievement has been important to progress both
applied and basic science (Spangrude et al., 1988;
Goodell et al., 1996). As an example, CD34", c-kit",
Sca-1%, and Lin~ cells have been identified as the most
primitive HSCs (Osawa et al., 1996).

Stem-cell fate decisions in the developing embryo are
governed by complex interplays between cell-autono-
mous signals and stimuli from the surrounding tissues.
Stem cells are thought to inhabit in a unique micro-
environment, known as “niche,” in which they undergo
asymmetric divisions that generate both stem cells and
progenies to maintain the tissue throughout life
(Dzierzak et al., 1998; Matsuzaki et al., 2004). HSCs
migrate from the yolk sac to the liver during early
development, and they ultimately settle in the bone
marrow and spleen of the adult. The bone marrow and
spleen serve as the microenvironment that supports the
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HSCs via cytokines, membrane-bound molecules, and
gap junctions. And the classical experiment on HSC-
colony formation by Till and McCulloch (1961) showed
that reconstitution of hematopoiesis takes place only in
hematopoietic organs. The niche hypothesis was first
proposed by Schofield, 1978, and it is supported by the
evidence that HSCs have been successfully maintained
in co-culture systems with marrow-derived stromal cells
in vitro. Steel mice (SI/Sld) have a mutation at the Sl
locus, and spleen colonies cannot be produced in the
mice when transplanted with normal marrow cells.
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STEM CELL NICHE BY DYNAMIC OSTEOGENESIS

Steel mice have a defect in the hematopoietic micro-
environment, or the niche, where marrow stromal cells
constitute (Harrison and Russell, 1972).
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Bonemarrow stromal cells are capable of differentiat-
ing into adipocytes, endothelial cells, chondrocytes, and
osteoblasts (Pittenger et al., 1999). They are also capable
of transdifferentiating into cardiomyocytes, skeletal
myocytes, and neurons when exposed to inducers
in vitro and in vivo (Umezawa et al., 1992; Makino
et al., 1999; Kohyama et al., 2001; Takeda et al., 2004;
Mori et al., 2005; Terai et al., 2005). Previous studies on
therole of stromal cells in supporting HSCs have mainly
been based on in vitro culture. The trabecular area of
cancellous bone is the primary site of HSCs. They
arise next to the inner surface of bone, and then migrate
towards the blood vessels at the center of the bone
marrow cavity as they mature. Since the 1970s, efforts to
characterize the HSC niche have been focusing on
developing systems in vitro that mimic some of the
features of stem cell-niche interactions in vivo, and
single clones of stromal cells have been found to be
capable of supporting HSC self-renewal and differentia-
tion in vivo (Okada et al., 1991, 1992). Osteoblastic
marrow stromal cells are a regulatory component of the
HSCniche in vivo that influences stem cell function, and
some stromal cell clones are part of the bone-forming
‘osteoblastic’ lineage, which is consistent with a notion
that osteoblasts may be a component of the HSC nichein
vivo (Lord, 1990; Yoshimoto et al., 2003).

In the present study, we demonstrate that KUSA-A1
osteoblasts, whose number has been increased by local
injection into the tissues, support an increase in the
number of HSCs in both bone marrow and peripheral
blood as a result of an increase in size of the
microenvironment or niche in vivo. We provide in vivo
evidence that shows an extra osteogenic process inde-
pendent from that in the normal bone affects the
reproduction of stem cells.

MATERIALS AND METHODS
Mice and their major histecompatibility complex (MHC)
Class I

BALB/c nu/nu (H-2d), BALB/c (H-2d), C57BL/6N (H-2b),
and C3H/He (H-2k) mice were obtained from Clea Japan Inc
(Tokyo, Japan).

Cell lines and cell culture

KUSA-A1 cells, that was derived from a C3H/He mouse,
were maintained in the M061101 medium (okada@med-
shirotori.cojp, MED SHIROTORI Co., Ltd.,, Tokyo) on
100 mm culture dishes (Falcon 3003; Becton Dickinson
Labware, Bedford, MA) at 37°C under a humidified atmeo-
sphere of 5% COz. ST-2 cells were obtained from the RIKEN
cell bank, Japan, and were maintained in RPMI 1640
(Invxtrogen Corporation, Auckland New Zealand) supplemen-
ted with 10% FCS and 10-°M of 2-ME (GIBCO BRL) at 37°C
under a humidified atmosphere of 5% COq in air.

Cell transplantation

Freshly scraped confluent cells (5x 10%) were subcuta-
neously implanted into BALB/¢ nu/nu mice (Clea). These
animals were sacrificed by cervical dislocation between 3 and
10 weeks after implantation.

Antibodies

Phyceerythrin (PE)-conjugated antibodies to CD4, CD8,
CD3, B220, Mac-1, Gr-1, and Trel19 (Pharmingen, San Diego,
CA), fluorescein isothiocyanate (FITC)-conjugated antibody to
CD34, H-2k (Pharmingen), allophycocy antim (APC)-conju-
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Flow cytometric analysis

The monoclonal antibodies (mAbs) were either biotinylated
or fluoresceinated. Biotinylated mAbs were “detected with
streptavidin-conjugated Red 613 (Invitrogen Corporation).
Cells were incubated for 30 min on ice with CD16/32
(Fc I/ receptor; 1: 100; Fcblock) before staining with the
first antibody. Cells were stained with the first antibody,
incubated for 30 min on ice, and then washed twice with
washing buffer. The secondary antibedy was added, and after
incubating the cells for 30 min on ice, they were washed twice
with washing buffer and suspended in washing buffer. KUSA-
Al cell suspensions were prepared from monolayer cultures by
exposure to trypsin (0.02% for 3 min at 37°C), followed by two
washesin cold PBS plus 2% FCS and 0.01% sodium azide. After
staining with a series of monoclonal antibodies according to
manufacturer’s protocol, cells were analyzed by fluorescence-
activated cell sorter (FACS) with the FACS vantage system
(Becton Dickinson, San Jose, CA).

Colony-forming unit in spleen (CFU-8) assay of
hematopoietic cells obtained from ectopie bone
Freshly scraped confluent KUSA-Al cells (5 x 10% were
subcutaneously implanted into BALB/c nu/nu mice (Clea).
Hematopoietic cells were obtained from ectopic bone marrow
generated by KUSA-A1 cells, and were assayed for CFU-S.
Bone marrow cells (5x 10°) were implanted into lethally
irradiated BALB/c mice, and the number of colonies (Day 12
CFU-S) was counted 12 days after transplantation. Day 12
CFU-S including erythrocytic, granulocytic, megakaryocytic,
and lymphocytic lineages are derived from multipotent HSCs
and are more potent in terms of repopulating ability than day 8
CFU-S.

Soft X ray system

BALB nu/nu mice were examined by whole body soft X-ray
radiography at 25.0 kV and 3.0 mA for 10 sec (SRO-iM50,
Sofron, Tokyo) with X-ray RX film (Fuji Photofilm GmbH
Dusseldorf Germany).

RESULTS
Induction of hematopoiesis by KUSA-A1 cells

When KUSA-Al cells were implanted into the
subcutaneous tissue, solid hard masses (Fig. 1A) were
detected 5 weeks later as electron-dense nodules by soft
X-ray analysis (Fig. 1B) at all implantation sites, thatis,
in the dermal tissue right beneath the cutaneous
muscle. Histological examination revealed that the
implanted cells survived, and some of them showed
mitotic figures (Fig. 1C(a)). At 2 weeks following
implantation, an osteogenic matrix was formed in the
interstitium, but its matrix formation was still scanty
(Fig. 1C(b)). And marked formation of capillary vessels
containing erythrocytes in their lumen was observed. At
3 weeks, dense immature bone trabeculae with promi-
nent vascular formation and osteoclast induction were
seen (Fig. 1C(c)). By 4 weeks, mature bone trabecu-
lae and sinusoids formed (Fig. 1C(d)), and there were
mature granulocytic cells in the marrow space.
Hematopoiesis began by 3—5 weeks after implantation.

To determine whether the size of the bone generated
by KUSA-Al cells depends on the implanted cell
number, we implanted different numbers of KUSA-A1
cells into subcutaneous tissue (Fig. 1D). The results
showed that bone size was clearly depending on the
number of cells implanted. Nevertheless, hematopoiesis
occurred regardless of the number of cells implanted and
bone size.
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Fig. 1. Time course analysis of hematopoietic induction by KUSA-

Al-induced membranous osteogenesis. KUSA-Al cells were
implanted into the subcutaneous tissue of BALB/c nu/nu mice at a
density of 2 x 107 cells/200 pl. A: Macroscopic view of hone formation
at 5 weeks after KUSA-A1 cell injection. B: Soft X-ray image of a bone
nodule formed by KUSA-Al cells 5 weeks after implantation.
C: Histopathological examination of induction of hematopoiesis and
bone formation at 1 (2), 2 (b), 3 (¢), and 4 (&) weeks after KUSA-A1 cell
implantation. The mitotic figure of the implanted cell is indicated by
an arrowhead (a). Note that numerous osteoclasts (¢, arrows) as well
as osteoblasts and osteocytes (¢, arrowheads) were detected at 3 weeks
after implantation. Mature osteocyles were observed at 4 weeks
(d, arrowheads). Hematoxylin and eosin stain. Scale bars: 10 mm (A),
230 um (C~F). D: Correlation between the number of cells implanted
and the size of the bone nodules. Mlcrosco;nc view of the KUSA-A1
bone 5 weeks after implantation of 2x 107 (a, d), 1x 107 (b, e), or
5 % 10° (¢, f) KUSA-AL1 cells into subcutaneous tissue. Hematoxylm and
eosin stain. Scale bars: 2 mm (a—c), 250 pm (d), 300 pm (e), 250 pum ().

Expression of major histocompatibility antigen
(MHC) after implantation

Marrow stromal cells have been reported to be
immunologically tolerant, probably due to lack of
transplantation antigen expression. To determine
whether KUSA-A1 cells are tolerant when implanted
into an allogeneic host, KUSA-A1 cells, which are C3H/
He mouse origin, were implanted into BALB/c mice
(Fig. 2). Time-course analysis clearly revealed that all of
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the cells were rejected and formed no bone, but
numerous foreign body giant cells were observed
(Fig. 2C,D), suggesting that KUSA-A1 cells are immu-

nogenic in our experimental setting:

To determine alterations in MHC antigens after
implantation, flow cytometric analysis was performed
on KUSA-A1 cells (Fig. 2E, open peaks) and cultured
mesenchymal cells obtained from KUSA-Al-induced
ectopic bone (Fig. 2E, closed peaks) in BALB/c nu/nu
mice. The KUSA-A1 cells started to express one of the
MHC antigens, H-2k, after implantation into BALB/c
nu/nu mice, but expression of Sca-1 was downregulated.
Expression of Lin (CD3, CD4, CD§, B220, Gr-1, Mac-1,
and Ter119), c-kit, and CD34 remained unchanged after
implantation.

MHC expression of the hematopoietic cells in the
KUSA-A1 cell-induced bone

Morphological analysis showed that hematopoiesis
took place in the KUSA-Al-induced ectopic bone
(Fig. 3A-E). Megakaryocytes (arrows in Kig. 3D),
erythrocytes (Fig. 3D,E), and granulocytes (Fig. 3D,E)
were detected as well as osteoblasts (arrows in Fig. 3E)
and mature osteocytes (arrowheads in Fig. 4E). The
hematopoietic cells isolated from the KUSA-A1 cell-
induced ectopic bone expressed the H-2d antigen,
implying that they were derived from the host cells
and had not differentiated from the implanted KUSA-A1
cells.

Cytokine production by the implanted KUSA-A1
cells may not be atiributable to the migration of
hematopoietic cells

To determine whether cytokines, that is, interleukin-
6, macrophage-colony stimulating factor, stem cell
factor, fms-like tyrosine kinase-3 ligand, and thrombo-
poietin, were produced by the implanted cells and
contributed to the hematopoiesis, ELISA analysis was
performed on the serum from mice with cell implanta-
tion as well as conditioned medium of the KUSA-A1
cultures (Fig. 3F). RT-PCR analysis of cytokine gene
expression revealed that the KUSA-A1 cells express
CSF-1, thrombopoietin, angiotensinogen, c-kit ligand,
leptin, lymphotoxin A and B, 114, IL5, IL6, IL10, IL12B,
IL16, IL17B, IL19, and angiopoietinl genes (Supple-
mentary Figure 1S) and transcriptome analysis
revealed that KUSA-A1 cells express the SDF-1 gene
at a high level (a frequency of 1.1 x 107°) (Sharov et al.,
2003). However, none of the cytokine levels increased in
the serum.

Analysis of KSL cells in the femur and the ectopic
bone, and CFU-S in the peripheral blood and the
ectopic bone

To investigate whether HSCs as well as mature
hematopoietic cells migrates into the ectopic bone, the
proportion of KSL cells was examined. The proportion
was found to be the same, that is, 0.08%, in both the host
femur (Fig. 4A) and the KUSA-A1 ectopicbone (Fig. 4B),
suggesting that the ectopic bone as well as native bone
serves microenvironment for HSCs.

The number of CFU-S were also counted in the host
femur, peripheral blood, and KUSA-Al-induced bone
marrow (Fig. 4C- E) and were found to account for
11.2+0.8/1.0 x 10° the cells in the KUSA-Al-induced
ectopic bone (Fig. 4E, right). By day 12 the CFU-S of the
host femur had increased from 28.3 + 6.0 to 35.0 £ 3.4/
10° cells (Fig. 4E, left). At day 12 CFU-S were also
detected in the peripheral blood from the mice and
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Fig. 2. Rejection of the implanted KUSA-A1 cells in an allogeneic
combination. Microscoépic view of the generated bone 18 days after the
implantation of 5 x 10° KUSA-A1 cells, which were derived from C3H/
He mice, into the subcutaneous tissue of syngeneic C3H/He mice (4, B)
or allogeneic BALB/c mice (C, D). Hematoxylin and eosin stain. Parts
B and D are higher magnifications of A and C, respectively.
E: Alterations in cell surface antigens after implantation. Flow

accounted for 7.0+ 1.7/10° cells (Fig. 4E, middle). In
contrast, no CFU-S was detected in the peripheral blood
from the mice without KUSA-A1 cell implantation.

Since the upregulation of HSCsin the femurs from the
KUSA-A1 cell-implanted mice was rather surprising to
us, the time-course of the KSL cell numbers in the
femurs from the mice with KUSA-A1 ectopic bone was
investigated (Fig. 4F). The number of KSL cells started
toincrease at 3 weeks, continued to increase to 0.47% by
5 weeks, returned to the basal level, that is, 0.08% at
6 weeks, and then fell down to 0.07% at 7 weeks,
implying that the HSC number is strongly correlated
with the process of dynamic membranous osteogenesis
at the implanted site.

DISCUSSION

Bone remodeling occurs continuously throughout life,
and HSCs may mobilize during this remodeling process.

Journal of Cellular Physiology DOI 10.1002/jcp

cytometric analysis was performed on KUSA-A1 cells (open peaks)
and cultured mesenchymal cells obtained from KUSA-A1 ectopic bone
(closed peaks) in BALB/c nu/nu mice. The mesenchymal cells were
obtained from the KUSA-A1l ectopic bone, and analyzed by flow
cytometry. One of major histocompatibility antigens, H-2k, was
upregulated, and Sca-1 antigen was downregulated.

The finding in this study support such hypothesis that a
very specific niche may be functionally enhanced by
bone remodeling (Watt and Hogan, 2000), while a stable
or static microenvironment does not support hemato-
poietic mobilization. For example, accelerated bone
remodeling by physical exercise and Vitamin D intake
trigger increasing mobilization of HSCs. On the other
hand, lack of dynamic bone remodeling in bedridden
elderly, astronauts, dieters, postmenopausal women,
and patients immobilized for long periods results in
downregulation of HSCs in bone marrow.

Upregulation of HSCs by “dynamic” membranous
ossification of implanted KUSA-Al osteoblasts

The cell implantation-based strategy employed in this
study revealed that increased niche size following
subcutaneous implantation of an osteoblast cell line
in syngeneic or immunodeficient mice resulted in
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Fig. 3. Hematopoietic cells of host origin in the ectopic bone and
serum levels of cytokines after subeutaneous implantation of KUSA-
Al cells. A: Flow cytometric analysis of the H-2d antigen in the
hematopoietic cells of ectopic bone and KUSA-AL1 cells in vitro. The
hematopoietic cells in KUSA-A1 bone were examined for expression of

the H-2d antigen of the host mice, B—E: Histopathological appearance
of the hematopoietic cells used for flow cytometric analysis. Tri-
lineage cells, that is, megakaryocytes (D, arrows), erythroblasts (D, E),

increases in the HSC population. In the HSC population,
both the CFU-S and KSL cells increased. The niche that
regulatesthe generation and differentiation of the HSCs
was formed following KUSA-A1 cell implantation, and
subsequent membranous ossification in vivo. The
enlarged area of niche, that is, the inner surface of bone
during the dynamic process of membranous osteogen-
esis may account for the dramatic upregulation of HSCs
in the host bone marrow. Once the osteogenic process is
terminated, the number of osteoclasts decreases and no
bone is remodeled. Furthermore, the number of the KSL
cells returns to the basal level in host bone marrow.
These facts suggest a correlation between the osteogenic
process (Fig. 1C) and increasing number of KSL cells
(Fig. 4F).

The source of the CFU-S in the peripheral blood of the
mice implanted with KUSA-A1 osteoblasts may be the
bone marrow of (a) the ectopic bone; (b) the host femur;
(c) both the ectopic bone and the host femur (Fig. 4C).
Mobilization of CFU-S from ectopic bone into the
peripheral blood is the most likely cause since the
induction of HSCs was accompanied by dynamic
osteogenesis. The increased HSC number in the host
bone marrow can be explained by HSC mobilization
from ectopic bone into the peripheral blood. In the
normal mice, such migration or mobilization of hemato-
poietic cells occurs during development. Hematopoietic
events in the mouse begin in the yolk sac and aorta-
gonad-mesonephros region at day 7 of gestation, and

Journal of Cellular Physiology DOI 10.1002/jcp
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and gramilocytes (E), were observed. Osteoblasts and mature
osteocytes are indicated by arrows and arrowheads, respectively
(E). Scale bars: 2 mm (B), 400 um (C), 100 pm (D, E). F: Serum levels
of interleukin-6 (IL-6) (a), macrophage-colony stimulating factor
(M-CSF) (b), stem cell factor (SCF) (e), fms-like tyrosine kinase-3
(F1t-3) ligand (d), and thrombopoietin (TPO) (e), measured by the
ELISA method. The blood samples were obtained at 5 weeks after
implantation.

they shift the site to the fetal liver at mid-gestation
followed by the bone marrow shortly before birth. The
prevailing notion has been that this sequence reflects
the migration of HSCs from the yolk sac to the definitive
hematopoietic sites. Observation in this study, that is,
the gemeration of ectopic bone in the subcutaneous
tissues and the resultant migration of HSCs via the
peripheral blood, seems to mimic above process during
developments (Dzierzak et al., 1998).

Unexpected upregulation of MHC antigen after
implantation of donor cells

Although most HSCs have been reported to express
MHCs, that is, HLA in humans, and H-2 antigens in
mice, no mesenchymal stem cells have been reported to
express MHC antigens at least in vitro (Jiang et al.,
2002). Since lack of these antigens on the cell surface
may contribute to the induction of tolerance in these
cells when transplanted in allogeneic combination, the
complete rejection of the transplanted mesenchymal
cells and de novo expression of the H-2 antigen after in
vivo implantation was contrary to our expectation. We
do not know the molecular mechanisms responsible for
upregulated expression of H-2 and downregulated
expression of Sca-1 after cell implantation, but care
should be exercised when mesenchymal cells are
implanted for therapeutic purposes, because mem-
brane-bound molecules, including functionally essential
molecules, might be modulated after implantation.
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Fig. 4. Mobilization of c-kit' Sea-1' Lin (KSL) cells in the ectopic
bones generated by KUSA-A1 cells. A and B: Flow cytometric analysis
of hematopoietic stem cell markers was performed on hematopoietic
cells in the femur of BALB/c nu/nu mice (4) and the ectopic bone
generated in BALB/c mu/mu mice (B). KSL cells accounted for 0.08% of
the hematopoietic cells in KUSA-AL1 bone. C: Proposed mechanism of
HSC mobilization in the peripheral blood of mice with the ectopic
bone, and the increased HSCs in the femur of mice implanted with
osteoblasts. Osteoblastic cells whose number has been increased by
local injection into the tissues support an increase in number of HSCs
in hoth hone marrow and peripheral blood, as a result of an increase in
size of the microenvironment or niche in vivo. The niche size defined
by dynamic osteogenic process affects the number of stem cells.
D: Experimental design to investigate mobilization of CFU-S in the
peripheral blood of mice with the ectopic bone, and the proportion of
KSI, cells in the femur of mice implanted with KUSA-Al cells.

Crucial role of marrow stromal subsets
in HSC regulation

HSCs are a subset of bone marrow cells that are
capable of self-renewal and of forming all types of blood
cells. The increases in bone size generated by the
spindle-shaped KUSA-A1 osteoblasts correlated with
theincrease in the number of HSCs. The osteoblasts and
a subpopulation of the HSCs expressed N-cadherin, a
cell-surface molecule that helps cells adhere fo one
another, and N-cadherin and -catenin may form impor-
tant components of the interaction between HSCs and
their niche (Zhang et al., 2003). The Notch signaling
pathway is also known to regulate cell-fate decisions in
many organisms (Calvi et al., 2003). Involvement of
cytokine signaling in HSC regulation has been reported
to be crucial to the development of blood-forming tissue
in embryos. The doubling of bone size mirrored the
increase in the HSC population in the mice implanted
with KUSA-A1 cells.

The strategy to increase the size of the HSC popula-
tion by implanting osteoblasts into the subcutaneous
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Hematopoiesis was induced in the ectopic bone by KUSA-A1 cell
implantation (See Fig. 3). The hematopoietic cells in the ectopic hone
and the host femur were analyzed for further CFU-S analysis in mice
exposed to 850 cQy irradiation. E: CFU-S assay in the marrow cells of
the femur of mice not implanted with any cells; the fernoral marrow
cells of mice with ectopic bone; peripheral blood cells of mice not
implanted with cells; peripheral blood cells of mice with ectopic bone;
marrow cells in ectopic hone. The blood samples were obtained at
5 weeks after implantation. The number of HSC or CFU-s increased to
11.24 0.8/1.0 x 10° cells in the KUSA-Al-induced ectopic bone. CFU-s
in the peripheral blood increased to 7.0+ 1.7/10° cells at day 12 after
implantation of the KUSA-A1 cells while no CFU-s were detected in
the peripheral blood from mice without cell implantation. F: Time
course of the proportion of KLS cells in the femur of mice implanted
with KUSA-A1 cells.

tissue to increase the osteoblast cell population may be
proven to be of certain clinical value in the future. The
concept that a microenvironment or niche controls HSCs
may be useful for HSC expansion in vivo, and has
potential implications for HSC harvesting and recovery
after transplantation (Fig. 4C). Direct implantation of
KUSA-A1 cells into syngeneic or immunodeficient mice,
in order to better understand the interactions between
HSCs and bone marrow, may therefore lead to the
development of practical methods of manipulating stem
cells and define a model for investigating the impact of
the microenvironment on cell physiology (Li et al., 2000).
Cellular and molecular identification using the strategy
of niche-constituent cells or signaling pathways will
provide pharmacological targets with therapeutic
potential for stem-cell-based therapies.
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Adult stem cells from bone marrow, referred to as mesenchy-
mal stem cells or marrow stromal cells (MSCs), are defined as
pluripotent cells and have the ability to differentiate into
multiple mesodermal cells. In this study, we investigated
whether MSCs from rat, mouse, and human are able to dif-
ferentiate into steroidogenic eells. When iransplanted into
immature rat testes, adherent marrow-derived cells (includ-
ing MSCs) were found to be engrafted and differentiate into
steroidogenic cells that were indistinguishable from Leydig
cells. Isolated murine MSCs transfected with green fluores-
cence protein driven by the promoter of P450 side-chain cleav-
ing enzyme gene (CYP11A), a steroidogenic cell-specific gene,
were used o detect steroidogenic cell production in vitro.

During in vitro differentiation, green fluorescence protein-
positive cells, which had characteristics similar to those of
Leydig cells, were found. Stable transfection of murine MSCs
with a transeription factor, steroidogenie factor-1, followed
by treatment with cAMP almost recapitulated the properties
of Leydig cells, including the production of testesterone.
Transfection of human MSCs with stereidogenie factor-1 also
led to their conversion to steroidogenic cells, but they ap-
peared to be glucocorticoid- rather than testosterone-produc-
ing cells. These results indicate that MSCs represent a useful
source of stem cells for producing steroidogenic eells that may
provide basis for their use in cell and gene therapy. (Endo-
erinology 147 41044111, 20068)

TEM CELLS ARE self-renewing elements with the ca-
pacity to generate multiple distinct cell lineages. They
existin various tissues, even in adults, and have been isolated
from a variety of differentiated tissues, including bone mar-
row, umbilical blood, brain, and fat (1-6). Among these, bone
marrow-derived mesenchymal stem cells (MSCs), also
known as marrow stromal cells, are defined as pluripotent cells
and have been shown to differentiate into adipocytes, chon-
drocytes, osteoblasts, and hematopoictic-supporting stroma
both in vivo and ex vivo (1-3). Purthermore, they are able to
generate cells of all three germ layers (7, 8). In addition io their
multipotency for differentiaion, MSCs have attracted consid-
erable interest for use in cell and gene therapy because these
cells can easily be obtained from adult marrow tissue (§~10).
The gonad and adrenal gland are the primary stercido-
genic organs in mammals. In the gonad, male Leydig cells or
fernale granulosa and theca cells are responsible for the pro-
duction of androgens and estrogens. The adrenal cortex pro-
duces glucocorticoids and mineralocorticoids, although
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some androgens are also produced in many species, except
rodents. These steroidogenic organs develop from the com-
mon adrenogenital primodium, which originates from the
intermediate mesoderm (11). Fetal-type steroidogenic cells
appear when the adrenogenital primodium differentiates
into the adrenal cortex and the gonads of the two sexes. These
are replaced by adult-type steroidogenic cells during the
period between birth and puberty (12, 13), but these pro-
cesses are poorly understood.

One approach to resolving the complexities of organogen-
esis Is to use stem cells as a model system for differentiation.
In this study, the differentiation of MSCs into steroidogenic
cells was examined in vivo and in vitro by several methods.
Anumber of studies have reported that the injection of MSCs
into some tissues leads to the differentiation of the injected
cells into tissue-specific cells, probably due to the microen-
vironment near the injection sites. To determine whether
MSCs are able to differentiate into steroidogenic cells, we
injected a purified population of rat MSCs into the prepu-
bertal rat testis and examined the fate of these cells by im-
munohistochemistry. In addition, the spontaneous differen-
tiation of MSCs to specific cells can be monitored by the
expression of specific genes in the differentiated cells. One
such experimental approach, known as a promoter-sorting
method, is to use fluorescence-activated cell sorting (FACS)
to select green fluorescence protein (GFP)-positive MSCs in
which the expression of GFP is under the control of the
promoter of a gene that is expressed in a cell type-specific
fashion. In this study, to demonstrate the emergence of ste-
roidogenic cells from isolated MSCs in vitro, a GFP expres-
sion vector driven by the CYP11A promoter (CYP11A is a
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gene encoding the cholesterol side-chain cleavage enzyme,
an essential enzyme for steroidogenesis) was integrated into
the MSCs, and GFP-positive MSCs were then separated by
fluorocytometry. Finally, to achieve the efficient differenti-
ation of the isolated MSCs in vitro, the orphan nuclear re-
ceptor, steroidogenic factor (SF)<1 was ectopically expressed
inMSCs. MSCs successfully differentiated into steroidogenic
cells using any of these procedures. These results indicate
that MSCs represent a useful source of stem cells for pro-
ducing steroidogenic cells that may provide basis for their
use in cell and gene therapy.

Materials and Methods
Animals

GIP transgenic rats [SD TgN(act-EGFPYOsbCZ-004] were kindly pro-
vided by Dr. M. Okabe (Osaka University, Osaka, Japan). Sprague Daw-
ley rats were purchased from Sankyo (Shizuoka, Japan). At all times, the
animals were treated according to National Institutes of Health guide-
lines. The donor animals used in this study were generally 4-5 wk old,
and the recipient animals were 3 wk old.

Histology and immunofluorescence analysis

Immunohisto- and cytochemical staining with antirat P450 side-chain
cleaving enzyme (P450scc) (C-16; Santa Cruz Biotechnology, Santa Cruz,
CA), antimouse 3B-hydroxysteroid dehydrogenase I (33-HSD I) (kindly
provided by Dr. A. Payne, Stanford University Medical Center, Stanford,
CA), antipig cytochrome P450 17 «-hydroxylase (P450c17) (kindly pro-
vide by Dr. D. Hales, University of Tllinois at Chicago, Chicago, IL) or
anti-GFP (Medical & Biological Laboratories Co., Ltd.) were performed
on 10-um frozen sections or cultured cells on glass slides using standard
protocols. Appropriate Cy3- or fluorescein isothiocyanate-conjugated
secondary antibodies (Sigma, St. Louis, MO) were used for deteciion.

Cell culture, stable transfection, and hormone assay

MSCs from GFP transgenic rats were collected and cultured as de-
scribed by Pochampally et al. (14). Mouse (KUM9) (15) or human (hWMSC-
hTERT-E6/E7) (16) bone marrow-derived MSCs were maintained in
Iscova’s MEM or DMEM with 10% fetal calf serum. Plasmid DNA was
transfected using the LipofectAmine PLUS reagent (Invitrogen, Carls-
bad, CA) or calcium phosphate coprecipitation. Cells were used for the
experiments after 10-12 passages, and steroid hormone production was
sustained for at least 4 months. The levels of each steroid hormone in the
media were measured by RIA.

Transplantation

Bone marrow cells from TgN(ActbEGFP) transgenic rais (1 X 109
were injected into the testes of 3-wk-old SD rats. Two to three weeks after
transplantation, testes were removed to examine histochemically sur-
vival and differentiation of transplanted cells.

Plasmid construction

A 2.3-kb fragment of the human CYP11A (P450scc gene) promoter
that functions specifically in steroidogenic organs (17) was obtained by
PCR using pSCC2300-LacZ. (kindly provided by Dr. B. C. Chung, In-
stitute of Molecular Biology, Taipei, Taiwan) as a template and inte-

CA). The EcoR1-Stul restriction fragment, containing the CYP11A pro-
moter-GFP, was then excised and inserted into EcoRl and Swnl site of
pPUR (CLONTECH). The expression vector for rat SF-1 cDNA contain-
ing the entire coding region was generated by RT-PCR and subcloned
into pIRES-puro2 vector (CLONTECH).

FACS analysis and cell purtfication

Cells were harvested by treatment with 0.25% trypsin/EDTA, after
which they were neutralized with DMEM with 10% fetal calf serum,

Endocrinology, September 2006, 147(9):4104-4111 4105

washed twice with PBS, and filtered through a 35-mm pore size nylon
screen. FACS analysis was performed onaa flow cytometer with a 488-nm

argon-laser-and-GEP-pesitive-cells-were-isolated:

RT-PCE and real-time PCR

Total RNA from the cultured-cells-was extracted using the Trizol-

reagent (Invitrogen). RT-PCR was performed as described previously
(18). The reaction mixture was subjected to electrophoresis in a 1.5%
agarose gel, and the resulting bands were visualized by staining with
ethidium bromide. Real-time PCR was performed as described by Ru-
tledge and Cote (19). Reagents for real-time PCR were purchased from
Applied Biosystems (Warrington, UK), except for SYBER green PCR
master mix {QIAGEN, Valencia, CA}. Reactions were carried out and
fluorescence was detected on a GeneAmp 7700 system (Applied Bio-
systems). The primers used are shown in Table 1.

Western blot analysis

The extraction of protein from the cultured cells and subsequent
quantification was performed as described previously (20). Equal
amounts of protein (50 ug) were resolved by 12.5% SDS-FAGE and
transferred to polyvinylidene difluoride membranes. Western blot anal-
yses of SF-1, steroidogenic acute regulatory protein (StAR), P450scc,
3B-HSD1,P450¢17, and B-tubulin were carried out with antisera directed
against SF-1 (Ad4BP, kindly provided by Dr. K. Morohashi, National
Institute of Basic Biology, Okazaki, Japan), StAR (kindly provided by Dr.
W. Miller, University of California, San Francisco, CA) (21), P450scc
(kindly provided by Dr. B. C. Chung) (22), 38-HSD I (kindly provided
by Dr. A. Payne), P450c17 (kindly provided by Dr. ID. Hales) (23), and
B-tubulin {D-10, Santa Cruz). ECI. Western blot reagents (Amersham
Pharmacia Biotech, Piscataway, NJ) were used for detection.

Results
Transplantation of rat bone marrow mesenchymal
stem cells

In the prepubertal testis, fetal-type Leydig cells are re-
placed by aduli-type Leydig cells, which originate from mes-
enchymal precursor cells that are present in the testicular
interstitium (12). To determine whether MSCs can be en-
grafted into the testis and converted into steroidogenic cells
we took 1 X 10° bone marrow cells from TeN(ACbEGFP)
transgenic rats that had been maintained in culture (Fig. 1A)
and injected them into the testes of 3-wk-old SIJ rats. As
shown in Fig. 1C, donor engraftment was confirmed (100%)
at various periods after transplantation (1-4 wk). A histo-
chemical examination revealed that the GFP-positive cells
present in the testes were located in the interstitium and were
not observed within the seminiferous tubules (Fig. 1D). An
immunohistochemical study showed that most of the GFP-
positive cells in the interstitium were also positive for three
Leydig cell markers, P450scc (Fig. 1E), 38-HSD I, and P450¢17
{data not shown). These results indicate that donor derived-
plastic adhered marrow cells had in fact differentiated into
steroidogenic Leydig-like cells in vivo.

Gene promoter sorting

Although these data suggest that the injected stem cells
differentiated into Leydig cells, the apparent stem cell plas-
ticity may also be explained by possible cell-nuclear fusion
between donor and recipient cells, as has been recently sug-
gested (24). Therefore, we next performed in witro experi-
ments to determine whether purified murine MSCs
{(mMSCs), KUM9 (15), have the capacity to differentiate into
steroidogenic cells. To detect a cell population committed to
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TABLE 1. Primers for RT-PCR and real-time PCR

~
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Gene Sequence— Gene Sequence
RT-PCR RT-PCR
SF-1 F-CGCACAGTCCAGAACAACAAGCA hHSD3b2 F-CAGTGTGCCAGTCTTCATCT
R-CGGTTAGAGAAGGCAGGATAGAG B R~AGCAGGAAGCCAATCCAGTA
mStAR F-GAAGGARAGCCAGCAGEAGAACG hP450c17 F-CATGCTGGACACACTGATGC
R-CTCTGATGACACCACTITGCTCC R-GGTTGTATCTCTARRATCTGT
mP450sce P-TTCCGOTTTTCCTTTGAGTCCAT hHSD17b3 F-GCRCATTTTACAARAGATGACAET
R~GTETCTCCTTGATGCTEGCTTTC R-TCATGGCCAAGGCAGCCACAGGT
mHSD3b1 F-ACTGCAGGAGGTCAGAGCT hP450¢21 F-TGCCTGCCTATTACARATET
R-GCCAGTAACACAGAATACC R~GGTGAAGCARRAARACCACG
mHSD3bE P-TCTGGAGCAGATCAGGETC hP45011 bl F-ACATTGCETGCCGCGTETTCCTC
R-GCCCGTACARCCGAGRATATT R-GAGACGTGATTAGTTGATGEC
mP450c17 F-AAATAATAACACTGEGEARGEC hP450 11b2 F-TACAGGTTTTCCTCTACTCGE
R-TGEETOTCGETETAATSACATGE R -AGATGCAAGACTAGTTAATC
mP450c21 F-AGAGSGATCCGCITEEEECTEC hP450aro F-CTGGAAGAATGTATGGACTY
R-GGAGGAATTCCTTATGGATGGC R-GATCATTTCCAGCATESTTTT
mP450 11b1 F-TCACCARATGTATCAAGRAATGTGT P-Actin F~GGGAAATCGTGCGTGACATIARG
R~-CCATCTECACATCCTCTTTCTCTT R-TQTETTGGCGTACAGETCTTTG
mP450 11b2 F-CCAARCAGATGTATCTGGRAGETGC hIGF-2 F-AGTCGATGCTGETGCTTCTACCTCTT
R~-CCATCTGCACATCCTCTTECCTCA R-TGCCECAGTTTTECTCACTTCCGATT
mLHR P-CTCCACCTATCTCCCTGTC Real-time PCR
R-TPCTTTCTTCGECAAATTCCTG
mACTHR F-GCTCCARGGATCATTTACTIGC mP450sce F-CCAGTETCCCCATGCTCAAC
R-CGCCAGGAGGCTTAACATAAC R-TGCATGGTCCTTCCAGGTCT
GAPDH F-ACCACAGTCCATGCCATCAC mHSD3b1 F-TAACAATTTALCAGCCCCTCCTARGG
R-TCCACCACCCTGTTECTGA R-ATCCAGCCATGGTCAACACA
GFP F-TGACCACCCTGACCTACGGCET mHS8D3bs F-ARACCATCCTCCACTETTCTAGCT
R-GGTAGIGETTGTCCEGTAGCA R-TGGAGATGGTCAGCCACAAG
mHSD17b3 F-ATTTTACCAGACAAGACATCT mP450e17 F-AGTTTGCCATCCCGAAGGA
R-GGGGTCAGCACCTGRAATARTG R-CTGGECTGETCCATTCATTT
mP450aro F-TCAATACCAGGTCCTGECTA mHS8D17b3 F-TGGGACARTGGGCAGTGAT
R-GTATGCACTGATTCACGTTIC R-GCCAACTCAAATGAATAGGCTTTC
hStAR P-GAGAGTCAGCAGGACAATGES B-Actin F-CAACCGTGAAAARGATEACCCAGATC
R~-CTCETTGATGATGCTCTTGS R-AGTCCATCACAATGCCTGTGGTAC
hP450sce F-TAGTGTCTCCTTGATGITGES

R-GAAAGGRAGTGTTCACTCACG

F, Forward; R, reverse.

the steroidogenic lineage, we first introduced a human
CYP11A1 promoter/GFP gene construct into the mMSCs.
This was accomplished by using a 2.3-kb fragment of the
promoter region of the human CYP11A1 (a gene that encodes
cytochrome P450sce, cholesterol side-chain cleavage en-
zyme), which has been shown to selectively drive transgene
expression to adrenal and gonadal steroidogenic cells (17). In
some of the transformed cell lines, GFP fluorescence was
detected, as shown in Fig. 2, B and C, but the number of
GFP-expressing cells was very low. Thus, GFP-positive cells
were enriched by sorting with flow cytometry (Fig. 2E, 1-5%
of total cells). As shown in Fig. 2, F and G, enriched GFP-

positive cells were also positive for P450scc, indicating that
a very small but distinct portion of the mMSCs had spon-
taneously differentiated into cells that produce the steroid
hormone-synthesizing enzyme. Further analysis of the dif-
ferentiated cells revealed the expression of several genes that
are specific to testicular Leydig cells, as shown in Fig. 2H.
These include a nuclear orphan receptor SF-1, 38-HSD types
1and VI, and LH receptor (Fig. 2H, lane SCC+). LH receptor
and 38-HSD VI are known to be typical markers for androgen
producing cells, such as Leydig cells (25). These observations
further support the i vivo findings that rodent MSCs have
the capacity to differentiate into Leydig-like cells in the testis.
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F1a. 1. Transplantation of G¥FP-positive MSCs
into the testis. A, Fluorescence view of M8Cs
from a green rat 3 d after the first passage.
Fluorescence microscopic view of testis before
{B) or 3 wk after (C) MSC transplantation.
Double staining of frozen sections from the tes-
tis 5 wk after MSC transplantation with anti-
GFP (D} and anti-P450scc (E} antibodies. F,
Merged fluorescent image of D and E. 8T, Sem-
iniferous tubule.

Stable transfection of SF-1 into mouse MSCs

1t is noteworthy that SP-1 expression was induced in the
GFP-positive cells (Fig. 2H). SF-1, also known as Ad4BP,
regulates the cell-specific expression of a variety of proteins
that are involved in steroidogenesis, in addition to its roles
in reproduction and gonadal differentiation (26). Therefore,

A
husanCYPIIAT promoter EGEP-

Endocrinology, September 2006, 147(83:4104--4111 4107

we next examined the effects of the stable transfection of SF-1
to mMSCs. Various cell lines that stably express SP-1 were
isolated. As shown in Fig. 3C, 5F-1-induced morphological
changes in the cells, such as the accumulation of numerous
lipid droplets. However, the transformed cells did not ex-
press steroidogenic enzyme genes or produce any steroid

2308 155
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Fi;. 2. Spontaneous differentiation of KUMY into steroidogenic cells. A, Schematic representation of the S8CC-reporter gene (SCC-GFP). The
SCC-GFP reporter plasmid confains the 2300-bp upstream sequence of the human CYP11A1 gene and the puromycin-V-acetyltransferase gene
(PURO-pA) driven by the Simian virus 40 early promoter (8V40 e.p.). Phase-contrast (B) and fluorescent (C) images of mMSCs transfected with
SCC-GFP and selected by puromycin are shown. Flow cytometric analysis of enhanced GFP (EGFP) expression in KUM9 transfected with
conirol-GFP (D) or SCC-GFP (B} are shown. KUMS-derived cells expressing GFP (F} under the contro} of the human CYP11A1 promoter were
immunocytochemically stained with anti-P450sce antibody (G). H, SCC-GFP-positive (SCC+} and negative (SCC -) populations were sorted

and analyzed for various marker genes by RT-PCR.
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F1c. 3. Differentiation of KUMS into
steroidogenic cells. Phase-contrast im-
ages of mMSCs untransfected (A) or
stably transfected with the control (B)
or the SF-1l-expression (C) vectors are
shown. An immunoblot analysis was
performed with an antibody against
SF-1 (insets). D, RT-PCR analysis of
each clones cultured with or without
8-bromoadenosine-cAMP  (8br-cAMP)
for 7 d (C: without 8br-cAMP; A: with
8hr-cAMP). Data were compared with
those from mouse adrenal and testicu-
lar tissues. Fluorescent images of 4',6'-
diamino-2-phenylindole staining (B
and G) and a P450sce immunostaining
(F and H) of KUM9 transfected with the
SF-1-expressing vector and then cul-
tured with (G and H) or without 8br-
cAMP (E and F).

hormones (Fig. 3D and Table 2). Therefore, we next added
cAMP to the cultures because cAMP is known to induce
steroidogenesis in a number of steroidogenic cell lines. Treat-
ment of confluent cultures with cAMP was found to induce
both P450scc mRNA (Fig. 3D) and protein (Fig. 3H) in the
transformed cell lines, SF7 and SF9, whereas no induction
was observed in untransfected (KUM9) or vector-transfected
(pIRES) mMSCs (Fig. 3D). Treatment of the cells for a period
of 7 d further induced the expression of other stercidogenic
enzyme genes, as shown in Fig. 3D. Several cell lines showed
similar expression patterns (two of which are shown in Fig. 3D).

3B-HSD types I and VI were induced 3 d after cAMP
treatment (Fig. 4). In the testis, the formation of testosterone
is dependent on 3B-HSD activity, and isoform types Iand VI
have been shown to be expressed in the adult mouse testis
(27). P450c17 and 17B-hydroxysteroid dehydrogenase HI

Yazawa ot al. ¢ Differeatiation of Stem Cells into Stervidogenic Cells

KiiMe DIRES  SFT  SF9

E
£
ke

-1

testly

T A

Sp-3
StAR
PifGace
HEB3BE
HEDING
P45l
HEDITH3
P48%ars
Pd50e21
P80 $151
PASS 1102

GAPHH

(17B-HSD 1I) were induced 5 d after the treatment (Fig. 4).
It is interesting to note that the order of induction of the
enzymes is similar to the sequential order for the steroid
hormone synthetic pathway. 38-HSD enzymes are essential
for the production of progesterone, and P450c17 and 173-
HSD III are both required for the production of testosterone
in testicular Leydig cells. Consistent with the expression
pattern of the steroidogenic enzymes, testosterone was the
major sex steroid hormone produced in the transformed cell
line, SF9, when treated with cAMP for 7 d (Table 2). Two
adrenal-specific steroid hormones, glucocorticoids and min-
eralocorticoids, were not detected in these cells. These results
clearly demonstrate that the stable expression of SF-1 and the
addition of cAMP induced the differentiation of mMSCs into
steroidogenic cells and that these cells have properties that
are similar to those of testicular Leydig cells.

TABLE 2. Production of steroid hormones by MSCs stably expressing SF-1 (SF9-KUMS or SF4-hMSC) in the presence (-+) or absence ()

of 8br-cAMP (ng/ml)

Cell {cAMP)} Progesterone Testosterone Estradiol Glucocorticoid Aldosterone
pIRES-KUMS (—) N.D. N.D. N.D. N.D. N.D.
pIRES-KUMS (+) ND. N.D. N.D. N.D. N.D.
SF9-KUMS () N.D. N.D. N.D. N.D. N.D.
SF9-KUMS (1) 243 4.25 1.6 + 0.29 N.D. N.D. N.D.
pIRES-hMSC () N.D. N.D. N.D. N.D. N.D.
pIRES-bMSC (+) N.D. N.D. N.D. N.D. N.D.
SF4-hMSC () N.D. N.D. N.D. N.D. N.D.
SF4-hMSC (+} 270 = 82.5 17.5 = 0.20 0.21 = 0.11 520 + 200 1.56 » 0.42

Data are means and SEM values of at least duplicate assays. N.D., No detectable values,
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Fic. 4. Time-dependent induction of steroidogenic enzymes by
cAMP. KUMS cells stably transfected with SF-1-expression (SF9) or
control (pIRES) vector were cultured and treated with 8-bromoad-
enosine-cAMP for the indicated times. A, P450sce, 33-HSD I, 38-HSD
VI, P450c17, and 173-HSD I mRNA levels were analyzed by RT-
PCR and real-time PCR. Real-time PCR data are the mean values of
at least triplicate assays. The 7-d value was arbitrarily taken as 1.0.
B, Immunoblot analyses were performed with antihodies against
StAR, P450sce, 33-HSD I, P450c17, and S-tubulin using the same
lysates. The data were corpared with that from MA-10 cells treated
with ¢cAMP (4 h).

Stable transfection of SF-1 into human MSCs

We next examined the issue of whether the same approach
could also be used to induce the differentiation of human MSCs
(hMSCs) into steroidogenic cells. Similar to the results obtained
with mMSCs, hMSCs (hMSC-TERT-E6/E7) expressed no ste-
roidogeric enzymes or StAR before transfection with SF-1 even
after cAMP treatment (Fig. 5). After SF-1 transfeclion, all the
transformed cell lines became positive for StAR gene expres-
sion, and the expression levels were further increased by cAMP
treatment. Most of the steroidogenic enzymes, P450scc, 3-HSD
11, P450c17, cytochrome P450 steroid 21-hydroxylase (P450¢21),
cytochrome P450 aromatase (P450arom), and cytochrome P450
steroid 11 B-hydroxylase, were also substantially induced by
cAMP stimulation. A significant difference between mMSCs
and hMSCs was the strong expression of the P450c21 gene in
the case of hMSCs. This caused a difference in the kinds of
steroids produced by mMSCs and hMSCs. As listed in Table 2,
glucocorticoids were the major steroids produced by the trans-
formed hMSCs, hSF4, whereas testosterone was the major
product from the transformed mMSCs, mSF9. The hSH4 cells
mainly produced cortisol, the major glucocorticoid produced
by the human adrenal gland. These results clearly demonstrate
that the stable expression of SF-1 and subsequent cAMP treat-
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F1c. 5. Tnduction of steroidogenic enzymes in hMSCs. hMSCs were
stably transfected with the control (pIRES) or 8F-1-expression (SF3,
-4)vector. RT-PCR analysis of each clone was cultured with or without
8-bromoadenosine-cAMP (8br-cAMP) for 7 d (C: without 8br-cAMP; A:
with 8br-cAMP). The data were compared with that from human
testis and NCI-H295R, a human adrenocortical tumor cell line,
treated with ¢cAMP (24 h).

ment induced the differentiation of hMSCs into steroidogenic
cells. In addition, the cortisol-producing cells also expressed
ACTH receptors and can respond to ACTH for the quick pro-
duction of cortisol at nanomolar levels (data not shown).
Human MSCs also expressed P450arom as in the case of the
human adrenocortical carcinoma NCI-H295R cell line (Fig. 5),
whereas normal adrenal cells do not express it (28). However,
hSE3 or -4 did not express IGF-II, an adrenocortical tumor
marker. It has recently been shown that P450arom is expressed
in human bone marrow stroma cells under certain conditions
{29). Thus, it is probable that the expression of P450arom in
hMSCs was not the result of a malignant phenotype or the
differentiation of the cells by SF-1 and cAMP treatment.

Stable transfection of SF-1 into cells other than MSCs

We next examined the effects of transfection of SF-1 into
several cell lines other than MSCs, ie. a human cell line
HEK?293, murine embryonic stem cells, and murine cell lines
F9 and NIH3T3. None of the transfected cell lines autono-
mously produced steroid hormones, although some were
induced to express the P450scc and 38-HSD genes (Fig. 6).

Discussion

The findings presented herein demonstrate that rodent
MSCs have the potential to differentiate into stercidogenic
cells with characteristics that are very similar to testicular
Leydig cells. It has been postulated that mesenchymal pro-
genitors of Leydig cells are present in the testicular intersti-
tium (12). Immature Leydig cells are gradually replaced by
mature Leydig cells that are thought to differentiate from
these mesenchymal progenitors during the prepubertal pe-
riod. In fact, the injection of MSCs into the testis during this
critical period caused the differentiation of MSCs into ste-
roidogenic cells that were indistinguishable from Leydig
cells. Concerning the in vivo experiments, the possibility of
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cell fusion between donor MSCs and recipient testicular Ley-
dig cells or their progenitor cells cannot be excluded. How-
ever, it should be emphasized that very small but distinct
portions of mMSCs underwent spontaneous differentiation
into Leydig-like cells in vitro. Lo et al. (30) demonstrated, by
means of a cell transplantation assay, the presence of stem
cells or progenitors for Leydig cells. Therefore, our data
strongly suggest that bone marrow-derived MSCs share
common properties with testicular MSCs or Leydig cell pro-
genitors. Conversely, testicular MSCs or Leydig cell progen-
itors might also have pluripotent characteristics, similar to
bone marrow-derived MSCs, as has been reported for some
other MSCs (4, 31).

In addition, transfection of cultured mMSCs with SF-1 fol-
lowed by cAMP stimulation resulted in their differentiationinto
Leydig cells. The same procedure also led to the successful
induction of hMSCs into steroidogenic cells. In this case, how-
ever, most of the cell lines expressing SF-1 largely produced
glucocorticoids rather than testosterone. This was mainly due
to the strong induction of P450c21 gene expression in the hM-
5Cs. To investigate the issue of whether hMSCs are able to
differentiate into Leydig cells, we also injected hMSCs to the
testis of nude mice or rats {data not shown). Unfortunately, the
human cells did not survive for more than several weeks in the
rodent testis.

Because the established cell lines need much longer times
than general steroidogenic cells to produce steroid hormones
by cAMP stimulation in this study, we speculate that cAMP
treatment of this study is necessary for the induction of the
cellular differentiation rather than direct stimulation of gene
transcription of steroidogenic enzymes.

In hMSCs, the stable expression of SF-1 and cAMP treat-
ment induced the expression of the StAR gene, which is
essential for the transfer of cholesterol from the outer to the
inner membrane of mitochondria in which the conversion of
cholesterol to steroid hormones begins (21). The same treat-
ment failed to induce StAR gene expression in several cell
lines {(other than MSCs) including embryonic stem (ES) cells
and therefore failed to induce any steroid hormones. The
expression of the P450scc or 33- HSD gene was induced at
low levels in some of them, however (Fig. 6). It has been
reported that the stable transfection of SF-1 into ES cells

results in morphological changes and the induction of
P450scc enzyme expression, (32). No autonomous produc-
tion of steroid hormones was observed, however, probably
because of the deficiency of cholesterol storage and mobili-
zation and the lack of StAR protein expression (32). There-
fore, our present observations suggest that MSCs, but not £
cells, are excellent precursors of steroidogenic cells. In con-
trast to human cells, StAR was constitutively expressed in
KUMS9 as well as the freshly isolated rat MSCs {our unpub-
lished data). Therefore, we speculate that StAR gene expres-
sion is not always under the control of SF-1, and the pattern
of expression may be different between species, even in the
same tissues. In addition to the steroidogenesis, the move-
ment of cholesterol to the inner mitochondrial membrane is
also important for its metabolism, because one of the rate-
determining steps, the 27-hydroxylation of cholesterol, is
catalyzed by sterol 27-hydroxylase, which is located in the
inner mitochondrial membrane (33, 34). Cholesterol metab-
olites, such as oxysterols have been proposed to be potential
regulators of genes in cholesterol homeostasis (33). We found
that sterol 27-hydroxylase mRINA was detectable in rat and
mouse MSCs {data not shown), suggesting that it is involved
in cholesterol metabolism. Therefore, it is assumed that the
StAR protein in KUMY is present to promote the cholesterol
metabolism, despite the fact that steroidogenesis does not
take place. In support of this hypothesis, ectopic expression
of the StAR protein increases the metabolism of cholesterol
in rat primary hepatacvtes (34).

Gondo et al. (35) recently reported that the adenovirus-mediated
forced expression of SF-1 transforms primary long-term cultured
murine bone marrow cells into ACTH-responsive steroidogenic
cells. In contrast to our observation obtained from murine MSCs,
their steroidogenic cells produce both gonadal and adrenal ste-
roids. There are two possible explanations for their results: 1) their
cells were a mixed adrenal/gonadal phenotype or 2) were a mix-
ture of adrenal or gonadal phenotypic cells. The latter seems to be
more likely because our study clearly demonstrated the differen-
tiation of adult stem cells derived from both murine and human
into gonadal or adrenal steroidogenic cells. Therefore, with respect
to the difference between mouse and human cells, we assume that
the mouse MSCs used in our study were already commitied to the
gonadal lineage, whereas the hM5Cs were already committed to
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the adrenal lineage. In support of this hypothesis, it has frequently
been reported that MSCs are heterogeneous populations that have
a different differentiation potential (1,2,10)- In-a-future study, the
same freatment of various mouse or human MSCs need to be
carried out, followed by observations of whether both adrenal and

gonadal phenotypes are obtained. This might also provide a tool.

for revealing the pathway leading to the differentiation of the cells
into adrenal or gonadal steroidogenic cells.

In summary, we demonstrate here that MSCs have the
capacity to differentiate into steroidogenic cells, both in vivo
and in vitro. MSCs represent not only a powerful tool for
studies of the differentiation of the steroidogenic lineage but
may also offer a possible clinical stem cell resource for dis-
eases of steroidogenic organs.

Acknowledgments

We are grateful to Drs. K. Morohashi, W. Miller, B. C. Chung, A
Payne, and D. Hales for providing plasmids and antisera. We also thank
Drs. M. Ascoli and J. Toguchida for the generous gifts of MA10 and
hMSCs and Ms. Y. Tnoue, T. Satake, and K. Matsuura for technical
assistance.

Received February 8, 2006. Accepted May 16, 2006.

Address all correspondence and requests for reprints to: Kaoru Miy-
amoto, Department of Biochemistry, Faculty of Medical Sciences, Uni-
versity of Fukui, Shimoaizuki, Matsuoka-cho, Fukui 910-1193, Japan.
F-mail: kmiyamot@fmsrsa.fukui-med.ac.jp.

This work was supported in part by a grant from the Smoking Re-
search Foundation and the 21st Century Center of Excellence Program
{Medical Science).

Al authors (1Y, TM., K.Y, HK, TS,
have nothing to declare.

MY, TK,Z5, AU, KM)

References

-

. Friedenstein AJ, Gorskaja JF, Kulagina NN 1976 Fibroblast precursors in
normal and irradiated mouse hematopoietic organs. Exp Hematol 4:267-274
2. Prockep DJ 1997 Marrow stromal cells as stem cells for nonhematopoietic
tissues. Science 276:71-74
. Ferrari G, Cusella-De Angelis G, Coletta M, Paolucci E, Stornaiuclo A, Cossu
G, Mavilie F 1998 Muscle regeneration by bone marrow-derived myogenic
progenitors, Science 279:1528-153C
4. Lee 0K, Kuo TK, Chen WM, Lee KD, Hsieh SL, Chen TH 2004 Isolation of
multipotent mesenchymai stem cells from umbilical cord blood. Blood 103:
1669~-1675
. D’Amour KA, Gage FH 2003 Genetic and functional differences between
multipotent neural and phuripotent embryonic stem cells, Proc Natl Acad Sdi
USA 100(Suppl 1):11866-11872
6. De Ugarte DA, Morizono K, Elbarbary A, Alfonso Z, Zuk PA, Zhu M, Dragoe
JL, Ashjian I, Thomas B, Benhaim F, Chen I, Fraser J, Hedrick MH 2003
Comparison of multi-lineage cells from human adipose tissue and bone mar-
row. Cells Tissues Organs 174:101-109
. Kopen GC, Prockop DJ, Phinney DG 1999 Marrow stromal cells migrate
throughout forebrain and cerebelhum, and they differentiate into astrocytes after
mu_\h()n into neonatal mouse brains. Proc Natl Acad Sci USA 96:10711-10716
8. ()rhz LA, Gambelli F, McBride C, Gaupp D, Baddoo M, Kaminski N, Phin-
ney DG 2003 Mesenchymal stem cell engraftment in lung is enhanced in
response to bieomycin exposure and ameliorates its fibrotic effects. Proc Natl
Acad Sci USA 100:8407-8411
9. Chamberlain IR, Schwarze U, Wang PR, Hirata RK, Hankenson KD, Pace
JM, Underwood RA, Song KM, Sussman M, Byers PH, Russell DW 2004
Gene targeting in stem cells from individuals with osteogenesis imperfecta.
Science 303:1198-1201
Prackop DJ, Gregory CA, Spees JL 2003 Ope strategy for cell and gene
therapy: harnessing the power of adult stem cells to repair tissues. Proc Natl
Acad Sci USA 100(Suppl 1%:11917-11923
11. Hatano O, Takakusu A, Nomura M, Morshashi K 1996 Identical origin of
adrenal cortex and gonad revealed by expression profiles of Ad4BP/SF-1.
Genes Cells 1:663-671

w

W

~1

10.

20.

2

29,

30.

. Peng L, Arensburg J, Orly J, Payne AH 2002 The murine

Endocrinology, September 2006, 147(9:4104--4111 4111

. Roosen-Runge EC, Anderson D) 1959 The development of the interstitial cells

in the testis of the albino rat. Acta Anat (Basel) 37:125-137

13. Holmes PV, Dicksan AD 1971 X-zone degeneration in the adrenal glands of

adult-and immature female mice: J-Anai 108:159=168

. Pochampally RR, Neville BT, Schwarz EJ, Li MM, Prockop DJ 2004 Rat adult

stem cells (marrow stromal celis) engraft and differentiiate in chick embiyos
without evidence of cell fusion. Proc Natl Acad Si USA 101:9282-9285

i5.-Makino S, Fukuda K, Miyeshi S, Konishi F, Kodama H, Pan J, Sano M,

Takahashi T, Hori 8, Abe H, Hata J, Umezawa A, Ogawa S 1999 Cardiomy-
ocytes can be generated from marrow stromal cells in vitro. J Clin lavest
103:697-705

i6. Okamoto T, Aoyama T, Nakayama T, Nakamata T, Hosaka T, Nishijo K,

Nakamura T, Kiyono T, Toguchida J 2002 Clonal heterogeneity in differen-
tiation potential of immortalized human mesenchymal stem cells. Biochem
Biophys Res Commun 295:354--361

17. Ha MC, Chou S}, Huang YY, Hsu NC, Li H, Chung BC 1999 Tissue-specific,

hormonal, and developmental regulation of SCC-LacZ expression in trans-
genic mice leads to adrenocortical zone characterization. Endocrinclogy 140:
5609-5618

. Mizutani T, Yamada K, Yazawa T, Okada T, Minegishi T, Miyamaoto K 2001

Cloning and characterization of gonadotropin-inducible ovarian transcription
factors (CIOT1 and -2) that are novel members of the (Cys)(2)-(His)(2)}-type
zine finger protein family. Mol Endocrinol 15:1693-1705

. Rutledge RG, Cote C 2003 Mathematics of quantitative kinetic PCR and the

application of standard curves. Nucleic Acids Res 31:93

Yazawa T, Mizutani T, Yamada K, Kawata H, Sekiguchi T, Yoshino M,
Kajitani T, Shou Z, Miyamote K 2003 Involvement of cyclic adenosine 5'-
monophosphate response element-binding protein, steroidogenic factor 1, and
Dax-1 in the regulation of gonadetropin-inducible ovarian transcription facior
1 gene expression by follicle-stimulating hormone in ovarian granulosa cells.
Endocrinology 144:1920-1930

. Bose HS, Whittal RM, Baldwin MA, Miller WL 1999 The active form of the

stervidogenic acute regulatory protein, StAR, appears to be a molten globule.
Proc Natl Acad Sci USA 96:7250-7235

. Hu MC, Guo IC, Lin JH, Chung BC 1991 Regulated expression of cytochrome

P-450scc (cholesterol-sidie-chain cleavage enzyme) in cuitured cell lines de-
tected by antibody against bacterially expressed human protein. Biochem J
274(Pt 3):813-817

. Hales DB, Sha LL, Payne AH 1987 Testosterone inhibits cAMP-induced de

novo synthesis of !,L\'dlg celi cytochrome P-450(17«) by an androgen receptor-
mediated mechanism. ] Biol Chem 262:11200-11206

. Medvinsky A, Smith A 2003 Stem ceils: fusion brings down barriers. Nature

422:823-825

. O’Shaughnessy PJ, Willerton L, Baker PJ 2002 Changes in Leydig cell gene

expression during development in the mouse. Biol Reprod 66:966-975

5. Parker KL, Schimmer BP 1997 Steroidogenic factor 1: a key determinant of

endocrine development and function. Endocr Rev 18:361-377
3£-hydroxysteroid
dehydrogenase (38-HSD) gene family: a pestulated role for 33-HSD Vi during
early pregnancy. Mol Cell Endocrinol 187:213-221

. Staels B, Hum DW, Miller WL 1993 Regulation of steroidogenesis in NCI-

H295 cells: a cellular model of the human feial adrenal. Mol Endocrinol 7:423~
433

Heim M, Frank O, Kampmann G, Sochocky N, Pennimpede T, Fuchs P,
Hunziker W, Weber P, Martin I, Bendik I 2004 The phytoestrogen genistein
enhances osteogenesis and represses adipogenic differentiation of human pri-
mary bone marrow stromal cells. Endocrinology 145:848-859

Lo KC, Lei Z, Rao Ch V, Beck J, Lamb 1DJ 2004 De novo testosterone production
in luteinizing hormoune receptor knockout mice after transplantation of Leydig
stem celis. Endocrinology 145:4011-4015

. De Bari ¢, Dell’Accio F, Tylzanowski P, Luyten FP 2001 Muliipotent mes-

enchymal stem cells from adult human synovial membrane. Arthritis Rheum
44:1928-1942

. Crawford PA, Sadovsky Y, Milbrandt J 1997 Nuclear receptor steroidogenic

factor 1 dizects embryonic stem cells toward the steroidogenic lineage. Mo} Cell
Biol 17:3997-4006

. Bjorkhem 1 2002 Do oxysterols conirol cholesterol homeostasis? | Clin Invest

110:725-730

. Pandak WM, Ren S, Marques D, Hall E, Redford K, Mallonee D, Bohdan P,

Heuman D, Gil G, Hylemon P 2002 Transport of cholesterol into mitochondria
is rate-limiting for bile acid synthesis via the alternative pathway in primary
rat hepatocytes. | Biol Chem 277:48158-48164

. Gondo S, Yanase T, Okabe T, Tanaka T, Morinaga H, Nomura M, Goto K,

Nawata H 2004 SF-1/Ad4BF transforms primary long-term cultured bone
marrow cells into ACTH-responsive steroidegenic ceils. Genes Cells
9:1239-1247

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

Downloaded from endo.endojournals.org at Keio Univ Igakubu Library on February 26, 2007

— 211 —



> doi:10.1016/i.ymthe.2005.09.020

Histopathological and Behavioral Improvement of Murine
Mucopolysaccharidosis Type VI by Intracerebral
Transplantation of Neural Stem Cells

Yasuyuki Fukuhara, ' Xiao-Kang Li,? Yusuke Kitazawa,® Masumi Inagaki,* Kentaro Matsuoka,’
Motomichi Kosuga,1 Rika Kosaki, 2 Takuya Shimazaki,® Hitoshi Endo,” Akihiro Umezawa,®
Hideyuki Okano,® Takao Takahashi,? and Torayuki Okuyama'-**

IDepartment of Clinical Genetics and Molecular Medicine, *Department of Innovative Surgery, SDepartment of Reproductive Biology, and
Spepartment of Pathology, Natienal Center for Child Heulth and Development, 2-1 0-1 Okura, Setagaya-ku, Tokyo 157-8535, Japan
?Departinent of Pediatrics and SDepartenent of Physiology, Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan
*National Center of Neurology and Psychiatry, 1-7-1 Kounodai, Ichikawa-shi, Chiba 272-8516, Japun
“Biochemistry of Experimentul Medicine, Jichi Medical School, Minamikawachi-machi, Kawachi-gun, Tochigi 329-0498, Japan

*To whom correspondence and reprint requests should be addressed. Fax: +81 3 3416 2222. E-mail: okuyama-t@ncchd.go.jp.

Available online 28 November 2005

The therapeutic efficacy of neural stem cell transplantation for central nervous system (CNS) lesions
in lysosomal storage disorders was explored using a murine model of mucopolysaccharidosis type
VIl (MPS ViI). We used fetal neural stem cells derived from embryonic mouse striata and expanded
in vitro by neurosphere formation as the source of graft materials. We transplanted neurospheres
into the lateral ventricles of newborn MPS VI mice and found that donor cells migrated far beyond
the site of injection within 24 h, and some of them could reach the olfactory bulb. A quantitative
measurement indicated that the GUSB activity in the brain was 12.5 to 42.3% and 5.5 to 6.3% of
normal activity at 24 h and 3 weeks after transplantation. in addition, histological analysis revealed a
widespread decrease in lysosomal storage in the recipient’s hippocampus, cortex, and ependyma. A
functional assessment with novel-object recognition tests confirmed improvements in behavioral
patterns. These results suggest that intracerebral transplantation of neural stem cells is feasible for
treatrnent of CNS lesions associated with lysosomal storage disorders.

Key Words: neurosphere, mucopolysaccharidosis type Vi, intracerebral transplantation

INTRODUCTION genitor {4] and retrovirally transduced syngeneic fibro-

Mucopolysaccharidosis type VII (MPS VII), or Sly syn-
drome, is a congenital lysosomal storage disorder (LSD)
characterized by a systemic deficiency of g-glucuronidase
(GUSB) activity {1]. This defect results in a progressive
accumulation of undegraded glycosaminoglycans and
subsequent lysosomal distension in multiple tissues,
including the central nervous system (CNS). Enzyme
replacement therapy and bone marrow transplantation
are effective for correcting visceral manifestations of the
disorder |2,3|. However, effective treatment of the CNS in
patients with LSDs remains a major challenge.

With respect to cell therapy directed to the CNS in an
MPS VII mouse, there are reports that the intracerebral
transplantation of a genetically engineered neural pro-

Abbreviations used: CNS, central nervous systemn; GUSB, f-ghicuro-
nidase; MPS V11, mucopolysaccharidosis type VI

blasts |5} corrected the lysosomal storage of the recipient’s
brain tissues. We also previously reported that adeno
virally transduced rat amniotic epithelial cells injected
into adult MPSVII mouse brains survived at the injection
point for more than 9 weeks and the subsequent supply of
enzyme resulted in pathological improvement in multiple
areas of the MPS VII mouse brains {6}].

In this study, we used fetal neural stem cells derived
from embryonic mouse striata and expanded in vitro by
neurosphere formation {7,8] as the source of graft materi-
als. Neural stem cells are considered to be good candidates
for cell therapy to treat CNS dysfunction. In fact, fetal
neural tissues have been successfully used in human
Parkinson disease patients {9,10}; however, as many as
four to eight fetuses were required to obtain a sufficient
number of cells to treat a single patient. Expansion of
neural stem cells in vifro may overcome the above practical
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and ethical problems associated with fetal tissue trans-
plantation and provide a source for graft material.

Here we describe improvements in the histopathology

of the hippocampus, cortex, and ependyma and in non-
spatial hippocampus-dependent learning and memory
evaluated in a novel-object recognition test at 2 months
after transplantation. These data suggest that early trans-
plantation of neurospheres into the CNS may prevent or
delay some of the progressive mental impairment associ-
ated with this LSD.

ResuLTs AND DIsCussioN

Production and Secretion Capacity of GUSB Enzymes
by Neurospheres

The neurosphere is a floating cell cluster containing plenty
of neural stem cells and is generated from a fetal mouse
brain by neurosphere formation }7,8}. Briefly, when we
culture fetal corpus striatum containing neural stem cells
in a serum-free medium with growth factors, only neural
stem cells can survive and form floating cell clusters called
neurospheres. We initially determined the endogenous
GUSB activity of neurospheres obtained from normal
C57BL/6 mice. The GUSB activity of the neurosphere
and its culture medium proved significantly higher than
that of bone marrow cells (Figs. 1A and 18). We also
evaluated the difference in GUSB activity before and after
differentiation. Most neurospheres differentiate into neu-
ral cells in vive according to their microenvironments after
transplantation [8}]. The GUSB activities in differentiated
cells and their culture media were almost equivalent to
those of bone marrow cells, suggesting that the GUSB
activity of the neurospheres was reduced, although it was
maintained to the extent necessary for a therapeutic effect
even after differentiation.

Intercellular Transport of the GUSB Enzyme

It is well known that most lysosomal enzymes can be
taken up into cells by M6P receptor-mediated endocy-
tosis, and that this process is efficiently blocked in the
presence of M6P [11}. When we transferred the culture
medium of neurospheres generated from C57BL/6 fetal
mouse brains to dishes of the primary culture of neurons
generated from C3H mice, 21.9% of the heat-stable
C57BL/6 mouse-derived GUSB in the culture medium
was internalized into the neurons in the absence of M6P
{Fig. 1C). In contrast, it was significantly reduced in the
presence of 10 mM M6P (Fig. 1C). This suggests that
endocytosis by M6P receptors leads to the internalization
of the GUSB enzyme secreted from the neurospheres to
the neurons.

Lysosomal Enzyme Activities of the Neurosphere

Many 1SDs display CNS symptoms. Most lysosomal
enzymes have common transport systems mediated by
the M6P receptor, and therefore the same transplantation
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FIG. 1. Neurosphere GUSB activities and secretion via cell-to-cell transport.
Lanes 1, neurospheres; 2, differentiated cells from neurospheres; 3, bone
marrow cells; 4, 3521 cells (fibroblasts that originated from an MPS Vil mouse).
The GUSB activities of the neurosphere and its culture medium proved
significantly higher than those of bone marrow cells. The GUSB activity in
differentiated cells from neurospheres and that of its culture medium were
almost equivalent to those of borie marrow cells. (A) GUSB activity in cell pellets
of the neurosphere, bone marrow, and 3521 cells. (B) GUSB activity in a culture
medium of the neurosphere, bone marrow, and 3521 cells at the time of the first
passage. (C) Cell-to-cell transport of GUSB secreted from neurospheres. The
ratio of the heat-stable GUSB activity in C3H mouse neural cells to the total heat-
stable GUSB activity in the culture medium was calculated. The means %
standard errors are provided.

MéP-

strategy could be available if neurospheres can produce
and secrete significant amounts of lysosomal enzymes.
We determined the specific activities of several lysosomal
enzymes in neuwrospheres and compared them with those
in marrow stromal cells and human granulocytes. Similar
or higher activities of lysosomal enzymes were identified
in the neurosphere (Table 1).

Distribution of Donor Cells after Neonatal
Transplantation

We performed a syngeneic transplantation experiment
using neurospheres obtained from CAG-EGFP transgenic
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TABLE 1: Activities of lysosomal enzymes in the neurosphere and their related diseases”

Lysosomal enzyme Disease Neurosphere MscP Granulocytes
a-t-lduronidase MPS | 39.2 574 56-201 (n = 6)
iduronate sulfatase MPS 11 40.5 20 12-26 (n = 5)
Heparan-N-sulfatase MPS A 1.1 43 0.2-3(n=4)
GalNAc-6-S-sulfatase MPS IVA 53 15.2 8.1-20(n=15)
Arylsulfatase B MPS VI 55.3 15.5 9-32(n=15)
@-Glucosidase Gaucher disease 3.0 6.5 0.2-0.6 (n = 100)
a-Galactosidase A Fabry disease 189 68.8 49.8-116.4 (n = 48)
j3-Galactosidase MPS IVB 501 309 37.6-230.1 (n = 100)
«-Mannosidase a-Mannosidosis 61.0 48.0 121.1-345.1 (n = 100)
{3-Hexosaminidase Sandhoff disease 1024 3062 401.7-1426.0 (n = 100)
j-Hexosarninidase A Tay-Sachs disease 527 481 251.1-607.4 (n = 48)
Arylsulfatase A MLD 435 278 109.0-217.2 (n = 100)

“ We quantitatively assayed for a variety of lysosomai enzymes as well as GUSB. Several kinds of lysosomal enzymes were found to be high in the neurosphere. This result suggests that the
neurosphere may be applied for the treatment of different types of congenital metabolic disorder. Data are given in nmol/mg protein/hi. Enzyme activities in human granulocytes were

measured as described elsewhere {27].
B MSC, marrow stromal cell.

mice {C57BL/6 background) as donor cells and newbom
MPS VII mice as recipients. We injected 2.5-5 x 10*
neurospheres (Fig. 2A) into the lateral ventricles of
neonatal MPS VII mice within 1 to 3 days after delivery.
A large number of donor cells were located mainly in the
periventricular area at the hippocampus level in the
brain, but a small number of GFP-positive cells were
observed at varying distances away from the periventri

FIG. 2. Distribution of the donor cells in a mouse brain
following transplantation of neurospheres. (A) Neuro-
spheres generated from GFP transgenic mice under a
fluorescence microscope. (B) A slice at the hippo-
campus level in the brain at 24 h after transplantation
under a fluorescence microscope. GFP-positive cells
were located mainly in the periventricular area. (C) A
slice at the olfactory bulb fevel in the brain at 24 h after
transplantation. GFP-positive cells were also detected
under a fluorescence microscope; some of them were
found to form a line (a chain migration). (D) A slice at
the hippocampus level in the brain under a fluores-
cence microscope at 3 weeks after transplantation.
GFP-positive cells were found to be branched and to
form a network with the recipient brain tissue. (E~H)
The brain of an MPS VIl mouse at 24 h after
transplantation of neurospheres. The recipient brain
was stained red by GUSB staining in accordance with
the GFP-pasitive area. (E~G) Coronal sections of the 40
telencephalon at the caudal level. (H) Olfactory bulb.
(D) Quantitative determination of the GUSB activity was
performed at 24 h and 3 weeks after transplantation.
The brains of the transplant recipients were divided
coronally into three parts and quantitatively assayed
for GUSB activity (n = 3). The regions used for
evaluation at the designated times were defined by
anatomical landmarks in the anterior-to-posterior
plane: a, offactory bulbs; b, caudal edge of the

Ulny, protein/hr

cular area at 24 h (Fig. 2B). We identified some of the
GFP-positive cells in a linear formation at the level of the
olfactory bulb, indicating a specific manner of migration
in this area that is referred to as chain migration {12} (Fig.
2C). The overall distribution of the donor cells through-
out the brain was essentially identical in all mice
examined histologically (n = 3), with findings similar to
previous reports {4,13~15]. There was evidence of GUSB

35
6 é 16

01

olfactory bulbs to the rosiral edge of the hippo-
campus; ¢, hippocampus to the posterior cofliculus.
The cerebellum was dissected free and was not
included in the assay.

< mormal MPS
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staining in accordance with the GFP-positive area,
indicating a rise in GUSB activity (Figs. 2E-21).

We previously reported that neurosphere-derived
donor neurons extend their processes into the host
tissues and form a synaptic structure [8]. The GFP-
positive cells had extended their processes and formed
synaptic structures as well 3 weeks after transplantation
(Fig. 2D). These data suggest that the donor cells
migrated from the periventricular area and some of
them reached the olfactory bulb as early as 24 h after
transplantation.

Quantitative Gusb Assay in Transplanted Mouse
Brains

We divided the brains of the transplant recipients
coronally into three parts and quantitatively assayed
them for GUSB activity at 24 h (n = 3) and 3 weeks (n =
3) after transplantation (¥ig. 2I). GUSB activity was 12.5
to 42.3% of normal activity at 24 h. There was 5.5 to
6.3% of normal activity at 3 weeks after transplantation.
This is an amount at which that lysosomal distensions
in the neuron and glia could also be reversed [16}. These

results imply that donor cells provided the recipient
brain with GUSB activity to the extent that lysosomal
storage in the recipient brain could be prevented for at
least 3 weeks. o

Histological Analysis and Tumorigenesis Assessment
of the Treated Mice

We tested the treated MPS VII mice for reduction of
lysosomal distensions in the neurons and glia at 2 months
after transplantation (n = 2) (Figs. 3 and 4). We performed a
histological analysis on hippocampus, cortex, and epen-
dyma using an optical microscope (hippocampus, cortex,
and ependyma) and an electron microscope {cortex). In
the hippocampus of the untreated MPS VII mice, most of
neurons contained marked cytoplasmic vacuolation (lyso-
somal storage) as well as astrocytes. In contrast, those of
the treated hippocampuses were almost eliminated espe-
cially from neurons in this area. In the cortices, we also
observed extensive neuronal and glial vacuolation, and
the treatment reduced them remarkably as well. An
electron microscope demonstrated that lysosomal storage
in some neurons was completely eliminated in this area

FIG. 3. Toluidine blue-stained, 0.5-um-thick sections
from the hippocampus, cortex, and ependyma are from
2-month-old MPS Vil mice (n = 2). Intravenisicular
injection of neurospheres decreases lysosomal storage
in the hippocampus, cortex, and ependyma. Black
arrows indicate distended vacuoles in neurons; white
arrows indicate storage in glia.
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FIG. 4. Electron microscopic analysis of lysosomal
storage in a mouse brain following transplantation of
neurospheres. (A) Cortex of a control untreated MPS
Vil. mouse at 2 months after transplantation. Abundant
white cytoplasmic vacuoles represent distended lyso-
somes. (B) Cortex of a MPS VIl mouse at 2 months after
transplantation. Lysosomal storage granules in this
area were remarkably reduced in size and number,
and those in some neurons were completely elimi-
nated. (A’ and B’) Magnified photographs of the
circumscribed areas in (A) and (B).

{Fig. 4). In the ependyma, the amount of storage appeared
to be significantly reduced in the treated mice. To evaluate
quantitatively the improvement of the pathology in the
treated mice, we counted neurons and glia containing
apparent vacuolation in each hippocampus and cortex of
the treated and the untreated mice (n = 2, total 300 cells in
each area) in the HPF (x600). In both areas, we observed a
remarkable decrease in the number of neurons and glia
with apparent lysosomal storage, and this finding was
almost equal in two treated mice, indicating an improve-
ment of the pathology in the treated mouse brains (Table
2). We carefully assessed all transplanted mice for the
presence of tumorigenesis. We dissected the brains of the

TABLE 2: The percentage of cells with apparent
vacuolization in the brain of MPS VIi mice treated with
intraventricular injection of neurospheres® (n = 2)

Untreated Treated

Hippocampus 89.3% 17.3%

Neuron 90% 18.4%

Glia 92% 13.9%

Cortex 42% 15.3%

Neuron 37.7% 11.7%
Glia 55.6% 30%

* Toluidine blue sections of hippocampus and cortex were analyzed for lysesomal
distention, and we counted neurons and glia containing much vacuolation in 300 cells in
each of hippocampus and cortex in the HPF (%600).

dead mice during the course of the study and macroscopi-
cally analyzed them for tumor formation, but we could not
identify any tumor formation among them.

Mouse Hearing Acuity Assessment

Measurements of the auditory brain-stem response (ABR)
have been useful in assessing functional improvements
after treatment |17]. We tested three treated MPS VII
mice, three untreated MPS VII mice, and three C57BL/6
mice. There was no significant difference in the ABR
thresholds among the treated and the untreated MPS VII
mice (Fig. 5A). It is well known that malalignment and
focal loss of stereocilia occur as the disease progresses,
leading to a sensorineural hearing loss |18]. As the ABR
was performed at 2 months, it may have been too early to
assess the sensorineural hearing loss.

Behavioral Assessment

We used a novel-object recognition test, a tool for
studying nonspatial hippocampus-dependent memory,
to determine whether an improvement in mental status
could be achieved by transplantation {19-21]. We carried
out this test as described |19} with several modifications
at 2 months after transplantation (n = 3). We used normal
siblings of the treated MPS VII mice as the control mice.
In summary, after the mice were habituated to an open
field, two vellow objects (A, B) were placed diagonally in
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